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and Neuroscience, Közép fasor 52, H-6726 Szeged, Hungary

bUniversity of Szeged, Department of Neurology, Semmelweis Str. 6,

H-6725 Szeged, Hungary
Abstract—Four-vessel occlusion (4VO), a frequently used

model of global cerebral ischemia in rats, results in a dys-

function in wide brain areas, including the cerebral cortex

and hippocampus. However, there are pronounced differ-

ences in response to global ischemia between the labora-

tory rat strains used in these studies. In the present work,

the immediate acute effects of 4VO-induced global ischemia

on the spontaneous electrocorticogram (ECoG) signals

were analyzed in Wistar and Sprague–Dawley rats. The

ECoG was isoelectric during the 10 min of global cerebral

ischemia in Wistar rats and the first burst (FB) was seen

10–13 min after the start of reperfusion. In Sprague–Dawley

rats, the FB was detected immediately after the start of 4VO

or a few seconds later. The burst suppression ratio (BSR) in

Wistar rats decreased to 45% in 5 min after FB, and after

25 min it was approximately 40%. In Sprague–Dawley rats,

the BSR was 55% immediately after the FB and it decreased

steeply to reach 0% by 10 min. There was also a significant

difference between the two strains in the frequency compo-

sition of the ECoG pattern. The power spectral densities of

the two strains differed virtually throughout the post-

ischemic state. The histological results (Evans Blue, Cresyl

Violet and Fluoro Jade C stainings) supplemented the elec-

trophysiological data: the neuronal damage in the CA1 pyr-

amids in Wistar rats was severe, whereas in the Sprague–

Dawley animals it was only partial. These observations

clearly demonstrate that the use of different rat strains

(e.g. Wistar vs. Sprague–Dawley) can be a source of consid-

erable variability in the results of acute experiments on

global ischemia and it is important that the laboratory rats

used in such experiments should be carefully chosen.
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INTRODUCTION

A physiological, uninterrupted blood supply is essential for

the appropriate functioning of the central nervous system

(Heiss et al., 1977). Depending on the variety and severity

of a circulatory failure which leads to brain ischemia,

damage may occur in several ways (Hossmann, 2008).

Accordingly, different experimental models of ischemia

are required which correspond to the various clinical

pathophysiological situations (Perel et al., 2007).

Application of an appropriate model is essential in the

investigations of ischemic pathophysiological conditions

and for the evaluation of treatment strategies for

patients with cerebrovascular diseases (Khaja and

Grotta, 2007; Sacco et al., 2007).

Many independent research groups have reported

significant discrepancies between the data recorded in

human pathophysiological states and the data obtained

from animal experiments. It is clear that the most

important step in designing an animal experiment is the

selection of a suitable model and the method for the

induction of ischemia. In this respect, it should be borne

in mind that there is a considerable diversity in cerebral

vascular architecture in the different species, and there

are also interstrain and even intrastrain anatomical

differences in the vasculature of mice (Barone et al.,

1993) and rats (Oliff et al., 1995a,b, 1996). As merely one

example, there are six different variations in the anatomy

of the arterial circle of rats (Brown, 1966). In

consequence of such anatomical differences, it has been

found that the specific features of the different rat and

mouse strains (Ginsberg and Busto, 1989; Barone et al.,

1992) supplied by the different vendors (Marosi et al.,

2006) are the determining factors most strongly

influencing the outcome of global or focal cerebral

ischemia (Barone et al., 1993). To the best of our

knowledge, there are no published comparative

morphological and electrophysiological data dealing with

the ischemic interstrain differences between Wistar and

Sprague–Dawley rats.

The primary aim of the present study was to

investigate whether any difference in cerebral cortical

activity and the consequent histological changes can be
d.
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observed following global cerebral ischemia in Wistar and

Sprague–Dawley rats supplied by the same vendor

(Charles River Laboratories). A further goal was to

emphasize that such differences can greatly influence

the results of experiments and even the clinical

application of neuroprotective strategies.
MATERIALS AND METHODS

Animals and housing conditions

Male Wistar and Sprague–Dawley rats (250–300 g)

supplied by the same vendor (Charles River Laboratories,

N= 28) were housed individually in standard plastic

cages, with free access to food and water. The animal

house was light-controlled in 12 h cycles and the animals

were kept under conditions of constant room temperature

(22 ± 1 �C) and humidity. Every effort was made to

minimize the number of animals used and their suffering.

The principles of animal care (NIH Publication No. 85-23)

and the protocol for animal care approved by both the

Hungarian Health Committee (1998) and the European

Communities Council Directive (86/609/EEC) were

strictly followed.
Preparation of the transient global cerebral ischemia
model (4VO)

From the total of 28 animals, the data on 14 (out of 17)

Wistar and 11 (out of 12) Sprague–Dawley rats could be

used in this study. The four-vessel occlusion (4VO)

procedure was based on the method of Pulsinelli and

Brierley (1979) as adopted by our laboratory (Sas et al.,

2008; Gellert et al., 2011). Under sodium pentobarbital

anesthesia (60 mg/kg, i.p.), the atlas bone was exposed

and both vertebral arteries were electrocauterized

through the alar foramina located on the lateral surface

of the atlas by alternate cooling and drilling, in order to

protect the brainstem from heat damage, which can

lead to a respiratory malfunction. The exposure and

cauterization of the vertebral arteries was judged to be

successful if both the proximal and the distal stump

emerged. Twenty four hours later, under sodium

pentobarbital anesthesia (60 mg/kg, i.p.), the common

carotid arteries (CCAs) were blunt-dissected free and

the animal was fixed stereotaxically. After preparation of

the skull for the extradural spontaneous

electrocorticogram (ECoG) baseline recording, the

CCAs were clamped with non-traumatic aneurysm clips

(Aesculap, B. Braun Medical Ltd., Hungary) for 10 min.

Twelve Wistar rats destined for histology did not receive

pentobarbital, but slight ether anesthesia during the

4VO (as is common for this strain in 4VO ischemia; Sas

et al., 2008). In order to rule out the putative

neuroprotective effects of pentobarbital anesthesia in

our 4VO model, 3 Wistar rats underwent pentobarbital

anesthesia during 4VO, too. The carotid artery blood

flow was recommenced by releasing the clips following

10 min of global cerebral ischemia. Body temperature

was monitored and maintained at 37 �C by means of an

automatic heat controller placed in the stereotaxic stand

(Supertech TMP-5a, Hungary). In order to reduce the
number of experimental animals and their suffering in

this study, the sham-operated group was omitted and a

control group was used for comparison, as in our

previous study (Sas et al., 2008), when a 4VO-induced

hippocampal injury was studied with Fluoro Jade C and

anti-neuronal nuclei (NeuN) labeling; it was found that

sham surgery caused no tissue damage, as assessed

by Fluoro Jade C staining on hippocampal slices (data

not shown).

Electrophysiology
Burst suppression ratio analysis. For electrophysio-

logical recordings, 4 Wistar and 4 Sprague–Dawley rats

were used. The intermittent cortical activity which could

be observed after ischemic insults was quantified by

estimating the burst suppression ratio (BSR), defined as

the percentage of time spent in suppression (Rampil

and Laster, 1992). We applied the method of Vijn and

Sneyd (1998) for burst identification. The resolution in

the BSR estimation was 10 s. In order to increase the

sensitivity of BSR extraction, the threshold amplitude

was adjusted on every channel used individually so as

to exclude differences originating from the experimental

conditions. The absolute value of a 5-min baseline

period for each channel was used to determine BSR

repeatedly with a decreasing voltage threshold and

200 ms for the minimum allowed BS duration. The

threshold with a BSR value of <5% (20–25 lV) was

used to monitor the changes in BSR after the first burst

(FB) following the 10-min global cerebral ischemia.

Analysis was carried out with custom-written routines in

MATLAB (MathWorks, Natick, USA).

Threshold-crossing event detection. The post-

ischemic burst period is characterized by a higher rate

of firing. The threshold for the quantification of

threshold-crossing events was defined with the BSR-

analyzing algorithm. The resolution of the BSR

estimation was 10 s. Raw data were filtered to 1.5–

50 Hz. The absolute value of ECoG 30–35 min after the

FB was used to determine BSR repeatedly with an

increasing voltage threshold, and one with a BSR

>98% was set for spike detection. The numbers of

threshold-crossing spikes were determined in every

5-min period during 30 min after the FB and divided by

the number of spikes counted between 30 and 35 min

after the FB. Analysis was carried out with the event

detection function of Stimfit 0.10 (http://www.stimfit.org/;

courtesy of C. Schmidt-Hieber, University College

London, London, UK; and P. Jonas, Physiological

Institute, University of Freiburg, Freiburg, Germany).

Spectral density estimation. For the conversion of

ECoG data from time domain to frequency domain and

for computation of the discrete Fourier transform and its

squared magnitude, Welch’s method was used to

calculate periodograms to estimate the power of ECoG

at different frequencies (Alkan and Kiymik, 2006).

Measurements of ECoG were made in every first 30-s

period of every 5 min after the FB. The segment length

http://www.stimfit.org/
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was 300 data points with 50% overlap. Analysis was

carried out with custom-written routines in MATLAB

(MathWorks, Natick, USA).

Statistical analysis. The normal distribution of the BSR

data could not be confirmed by using the Shapiro–Wilk

normality test, and the Levene test did not demonstrate

an equality of variances. The Mann–Whitney U-test, as

a non-parametric test on two independent samples, was

therefore chosen for the statistical analysis of the BSR

data. The Shapiro–Wilk normality test indicated the

normal distribution of the threshold-crosssing event

count data. The one-sample T-test was used to

determine the significance of the difference between the

two groups. Analysis was carried out with SPSS 18

(SPSS Inc, USA).
Histology

Coronal sections (20 lm) were obtained from the brains

with a vibratome (Leica VT1000 S). Stereotaxic

coordinates were defined according to the stereotaxic

brain atlas of Paxinos and Watson (1986). Fluorescence

and bright-field photomicrographs were obtained with an

Olympus BX51 microscope fitted with a DP70 digital

imaging system.

Cresyl Violet and Fluoro Jade C staining. After a 8-day

survival period, the animals (5 Wistar and 5 Sprague–

Dawley rats) received an overdose of chloral hydrate,

and were perfused transcardially with 0.1 M ice-cold

phosphate-buffered saline (PBS, pH 7.4), followed by

4% buffered paraformaldehyde. The brains were

removed, and postfixed overnight in paraformaldehyde

at 4 �C. Coronal sections (20 lm) were obtained

arbitrarily at the level bregma �2.3 to �4.3, and were

mounted on slides coated with 2% gelatin. The
Fig. 1. 60-min ECoG and BSR of Wistar (W) and Sprague–Dawley (SD) ra

cortex. BSR% is the percentage of time spent in suppression in every 10-s pe

5 min of baseline. Reperfusion (black arrow) denotes where the clips are rem

striped arrow indicates the first burst (FB) after the isoelectric pause.
morphological properties of the CA1 pyramids were

assessed by means of conventional Cresyl Violet

nuclear staining. To reveal neuronal degeneration,

staining with Fluoro Jade C was applied, this material

having a high affinity for the entire degenerating neuron,

including the cell body, dendrites, axon and axon

terminals (Schmued and Hopkins, 2000). The slides

were cover-slipped with Fluoromount and subsequently

protected from direct light.
Evans Blue staining. For Evans Blue staining (Rakos

et al., 2007), 2 Wistar and 2 Sprague–Dawley rats were

stained (1 animal as a control and 1 per strain during

permanent 4VO), as described earlier with some minor

modifications (see surgical procedures in Section 2.2).

Promptly after cauterizing of the vertebral arteries, both

CAAs were exposed and two ligatures were placed

upon each. The arteries between the two ligatures were

severed to ensure total interruption of the carotid flow.

For detection of the cerebral blood flow (CBF) during

4VO, animals were perfused transcardially with 0.1 M

ice-cold PBS (pH 7.4), followed by 50 ml of 2% buffered

Evans Blue dye. The brains were removed, and

postfixed overnight in 4% paraformaldehyde at 4 �C.
Coronal sections (20 lm) were obtained at the level

corresponding to the ECoG recording electrodes and

were mounted on slides coated with 2% gelatin. The

slides were cover-slipped with Fluoromount and

subsequently protected from direct light.
RESULTS

Electrophysiological results

In general, no systematic difference was detected in the

ECoG pattern originating from the two strains. During

the 10 min of global cerebral ischemia, the ECoG was
ts during and after 4VO, recorded from the primary somatosensory

riod. 4VO (empty arrow) denotes where the CCA occlusion starts after

oved from the CCAs and reperfusion of the cerebral area starts. The
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isoelectric on all four channels (SS1L, SS1R, M1L and

M1R) in the Wistar rats and persisted for at least

another 10 min after the start of reperfusion. The FB

occurred 10–13 min after the start of reperfusion. In the

Sprague–Dawley rats, the FB was detected immediately

after the start of 4VO or after a few seconds long

isoelectric pause, and firing continued during the global

cerebral ischemic period, but with smaller amplitudes

(Fig. 1). BSR analysis was carried out on the epidural

ECoG data of the Wistar and the Sprague–Dawley rats

(Fig. 2).

The ECoG data were used to compare the BSRs of

the two strains (Fig. 2). The BSR of the Wistar rats
Fig. 2. BSR data on Wistar and Sprague–Dawley rats in the 25-min

period after the FB. For every animal, the BSR data are the averages

of the BSR data computed from four recorded channels. Significance

level: ⁄⁄⁄p 6 0.001.

Fig. 3. 20-s samples of typical ECoG waveforms of Wistar (W) and Spragu
decreased to 45% in 5 min after the FB, and after

25 min it was approximately 40%. In the Sprague–

Dawley rats, the BSR was 55% immediately after the

FB and it decreased rapidly and reached 0% by 10 min.

The difference was statistically significant. In the ECoG

of the Wistar rats 15 min after the FB, brief suppressed

and brief burst periods alternated. The baseline ECoG

architecture and the ECoG pattern 15 min after the FB

were similar to those of the control in the Sprague–

Dawley strain (Fig. 3).

The ECoG pattern of the initial period of firing after the

FB differed in the two investigated strains (Fig. 4). In the

Wistar rats, the ECoG immediately after the FB

consisted of long stretches of suppressed ECoG

interrupted by brief occasional periods of bursts. The

ECoG during the first 2 min after the FB displayed a

completely different pattern in the Sprague–Dawley rats.

It consisted of a mixture of 3–10-s long continuous

bursts separated by 2–3-s long isoelectric pauses.

There was a considerable difference in the frequency

composition of the ECoG pattern between the two strains

as a consequence of 4VO. Typical power spectral

densities of selected bursts of the first 5-min ECoG after

the FB of the Wistar and the Sprague–Dawley rats were

compared (Fig. 5). Lower frequency components such

as those below 5 Hz had much smaller spectral power

in the bursts of the Sprague–Dawley animals. There

were marked differences in power density between 5

and 11 Hz and between 11 and 16 Hz, where the

Sprague–Dawley rats exhibited slightly smaller spectral

powers. In comparison with the power spectral density

of the Wistar rats, there were well-defined peaks at

5.5 Hz and 10.5 Hz for the Sprague–Dawley rats, and

they also gave a similar 16-Hz peak.
e–Dawley (SD) rats in the baseline period and 15 min after the FB.



Fig. 4. Typical ECoG waveforms of the first 20 s after the FB in Wistar (W) and Sprague–Dawley (SD) rats.

Fig. 5. Typical power spectral density of selected bursts of the first 5-min ECoG after the FB in Wistar (W) and Sprague–Dawley (SD) rats. Welch

periodograms (A and C) of the selected bursts (B and D).
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The power spectral density differed between the two

strains not only in the selected bursts, but also in almost

every period of the post-ischemic state. The ECoG

power spectra of each 5-min period in the 30-min period

after the FB in the two strains were compared. For both

strains, the spectrum of the baseline was different from

the spectrum of the first 5-min period after the FB. In

the 25–30-min period after the FB, the power spectrum

for the Sprague–Dawley rats was similar to the baseline

spectrum. For the Wistar rats in the same period, the

power spectrum was much more similar to the spectrum

of the 5–10-min period after the FB (Fig. 6). Threshold-

crossing event detection was used to compare the

amplitudes of the cortical activity after the FB in the two

strains. The spike count of the 30–35-min period after

FB was determined, and the spike count of every 5-min

period after FB was divided by this value (Fig. 7).
Histological results

The macroscopic observations on the transcardially

perfused brains demonstrated the homogenous

distribution of the fluorescent dye in the cerebrum,

cerebellum and olfactory bulb in the control Wistar and

Sprague–Dawley rats (Fig. 8). In the Wistar rats, the

permanent 4VO procedure resulted in complete

exclusion of the dye from the cortex and olfactory bulb.

The light reddish-brown color of the cortex in the Wistar

animals resulted from unwashed capillary blood.

Washing solution (0.1% PBS) did not eliminate the blood

from the cortical capillaries. A slight infiltration of Evans

Blue occurred in the cerebellar area (Fig. 8). However,

the olfactory bulb and cerebellum of the Sprague–

Dawley rats were strongly stained. The rather colorless

appearance of the cortex in the Sprague–Dawley



Fig. 6. Power spectral comparison of Wistar (W) and Sprague–Dawley (SD) ECoG in the post-ischemic period after the FB. Data on 1 min of

baseline, and on the first min of the 0–5-, 5–10- and 25–30-min periods following the FB were analyzed. Representative ECoGs from the primary

somatosensory cortex of Wistar rats and Sprague–Dawley rats and the Welch periodograms of the analyzed data. Power spectral density is given in

dB/Hz. In the periodogram of the 25–30-min period following FB the solid line is the spectrum of the given period, while the dashed line is the

spectrum of the baseline.

Fig. 7. Comparison of spike numbers of every 5-min period after the FB of Wistar and Sprague–Dawley rats, normalized to the spike number in the

30–35 min following the FB. ⁄⁄p 6 0.01; ⁄⁄⁄p 6 0.001.
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Fig. 8. Differences in staining observed macroscopically in Wistar and Sprague–Dawley 4VO animals. The macroscopic observation of

transcardially perfused brains also demonstrated homogenous distribution of the fluorescent dye in the cerebrum, cerebellum and olfactory bulb in

the control Wistar and Sprague–Dawley rats (panels A and C). The 4VO procedure on the Wistar rats resulted in complete exclusion of the dye from

the cortex and olfactory bulb. The light reddish-brown color of the cortex in the Wistar animals resulted from unwashed capillary blood. Washing

solution (0.1% PBS) did not eliminate the blood from the cortical capillaries. A slight infiltration of Evans Blue was seen in the cerebellar area.

However, the olfactory bulb and cerebellum of the Sprague–Dawley rats were strongly stained. The colorless appearance of the cortex in the

Sprague–Dawley animals resulted from the total elimination of the blood from the cortical capillaries.
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animals resulted from the complete elimination of blood

from the cortical capillaries (Fig. 8).

Fluorescent photomicrographs of 4VO Sprague–

Dawley rats revealed clearly-outlined strongly Evans

Blue-positive cells on a bright-red fluorescent

homogenous parenchymal background. In contrast,

Evans Blue -positive cells appeared only solely on a

similar parenchymal background in the Wistar rats.

Neurons remained unstained with round shape (Fig. 9,

panel A). The failure of Evans Blue staining in the

Wistar 4VO animals was due to the insufficient flow of

the dye.

Global forebrain ischemia for 10 min in the Wistar rats

resulted in intense Fluoro Jade C staining throughout the

CA1 hippocampal subfield. Severe neuronal damage

developed. The region of basal dendrites in the stratum

oriens and the region of apical dendrites in the stratum

radiatum and lacunosum moleculare were also

homogenously Fluoro Jade C-positive. In the

hippocampal CA1 region of Wistar rats anesthetized
with pentobarbital, the Fluoro Jade C labeling revealed

the same level of injury in all animals as seen in Wistar

rats which received only slight ether anesthesia (data

not shown). In comparison, the neuronal damage in the

Sprague–Dawley rats was only partial: Fluoro Jade

C-positive pyramidal cells either appeared sporadically,

or no labeling was detected. Fluoro Jade C staining of

the apical dendrites followed the staining pattern of the

injured neurons. The dentate gyrus remained intact in

both strains (Fig. 9, panel B).

On staining with Cresyl Violet, the CA1 pyramidal cells

of the ischemic Sprague–Dawley rats appeared in a

normal cell shape. Neither shrinkage of the cell bodies

nor condensation of the nuclei was observed. In

comparison, the CA1 pyramidal cells in the Wistar rats

were pycnotic and degenerated. Cresyl Violet staining

also revealed reactive astrogliosis and the infiltration of

macrophages in the stratum radiatum and lacunosum

moleculare as a consequence of the neurodegeneration

(Fig. 9, panel C).



Fig. 9. Representative photomicrographs of coronal sections of a rat cortex and dorsal hippocampus. (A) Transcardial perfusion of Evans Blue

during 4VO in Wistar rats resulted in a homogenous light-red background staining of the brain parenchyma. EB+ neurons in cortical layers II–IV can

be observed sporadically (A, left and insert at higher magnification). Mostly unstained, EB� neurons can be observed. Transcardial perfusion of

Evans Blue during 4VO in Sprague–Dawley rats resulted in intensive Evans Blue staining throughout the cortical layers II–IV. Solely EB+ neurons

can be observed (B, right and insert at higher magnification). (B) Severe damage to the CA1 pyramidal cells is apparent in the sections obtained

from the Wistar 4VO group. The Fluoro Jade C signal (yellowish-green) of the injured cell bodies and processes is prominent along the CA1

subregion and dorsal subiculum. The Sprague–Dawley 4VO group exhibited a lower density of Fluoro Jade C-labeled neurons, and the neuronal

damage was partial. (C) Cresyl Violet nuclear staining revealed massive degeneration throughout the CA1 subfield in the Wistar rats. Shrinkage of

the cell bodies and nuclear condensation can be observed. In the stratum radiatum and lacunosum moleculare, reactive astrogliosis and the

infiltration of macrophages are to be seen as a consequence of neurodegeneration. In the Sprague–Dawley rats, the Cresyl Violet staining reveals

normal round-shaped neurons in the CA1 subregion. Neuronal degeneration can not be observed.
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DISCUSSION

The first mammalian species that was primarily

domesticated for scientific purposes was the Norway rat.

Among the 220 inbred rat strains, most of them existing

as outbred strains too, Wistar and Sprague–Dawley rats

became the strains most intensively used in scientific

research (Hedrich, 2000). The Wistar strain from the

Charles River Laboratories originated from the Wistar

Institute. In 1947 it was transferred to the Scientific

Products Farm, and the strain was introduced into the

Charles River Laboratories in 1975. The Sprague–

Dawley strain was initiated by R. Dawley in 1925; in 1979,

it was taken to SASCO from ARS/Sprague–Dawley.
Since 1996, it has been maintained by the Charles River

Laboratories. There are striking differences in the

physiological functions of the two rat strains at many

levels, e.g. behavior (Rex et al., 2004; Walker et al.,

2009; Valdez et al., 2011), learning and memory

(Meneses et al., 2011; Ricart et al., 2011), responses to

intoxication (Riley et al., 2009), general anesthesia (Siller-

Matula and Jilma, 2008), enzymatic activity (Saito et al.,

2004; Imamura and Shimada, 2005), gene expression

(Hill et al., 1996) and focal ischemic injury (Markgraf

et al., 1993; Walberer et al., 2006). Both Wistar (Pulsinelli

and Brierley, 1979; Sas et al., 2008; de la Tremblaye and

Plamondon, 2011) and Sprague–Dawley rats (Phillis

et al., 1994; Vered et al., 1994; Caragine et al., 1998; He
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et al., 2004; Zhou et al., 2004) are widely used in

experiments involving global ischemia, such as 4VO. To

the best of our knowledge, no comparative data have

been published that deal with the different ischemic

responses of the two strains. We therefore studied Wistar

and Sprague–Dawley rats to determine whether there

were interstrain differences in the responses to global

ischemia elicited by 4VO in terms of the acute

spontaneous electrical activity of the cerebral cortex and

the consequent neurodegeneration.

During 4VO-induced global ischemia in Sprague–

Dawley rats, the CBF is slowly reduced to 14% (slow

flow), which causes an approximately 60-fold increase in

the extracellular glutamate concentration (Caragine et al.,

1998). Surprisingly, when 11VO was applied, the CBF fell

more quickly to 5%, but the extracellular glutamate peak

was much less elevated (Caragine et al., 1998).

Prolonged glutamate-evoked NMDA receptor activation

causes acute excitotoxicity and an intracellular Ca2+

concentration overload (Dirnagl et al., 2003). Previous

studies have demonstrated that sustained elevations of

cytosolic Ca2+ levels contribute to functional loss and cell

death (Lipton, 1999; Hou and MacManus, 2002; Brostrom

and Brostrom, 2003). Reperfusion after an ischemic

event leads to a secondary Ca2+ rise, which is

responsible for delayed apoptotic injuries (Siesjo et al.,

1999). These data highlight the importance of the residual

blood flow for the outcome of ischemic states during

occlusion and early reperfusion. During the ‘slow flow’

state, there is a reduced oxygen supply and the

generation of free radicals may occur. Experimental data

have shown that there is a mutual interconnection

between excitatory amino acid release and free radical

formation (Pellegrini-Giampietro et al., 1990). If there is

an interstrain difference in the residual blood flow of

Wistar and Sprague–Dawley rats during 4VO, this could

explain our experimental data.

Evans Blue binds to serum albumin with high affinity

(Wolman et al., 1981). On injury of the blood–brain

barrier, as happens during brain ischemia (Dobbin et al.,

1989), the serum proteins such as albumin are

extravasated and this is followed by the uptake by

neurons, which results in fluorescent signals (Sasaki

and Schneider, 1976; Rakos et al., 2007). It may be

speculated that the macroscopic colorless appearance

of the cortex in Sprague–Dawley rats during permanent

4VO, and the presence of Evans Blue-positive cells in

the cortical areas of the same strain, may be

consequences of a higher residual blood flow in

Sprague–Dawley rats relative to Wistar rats during 4VO

(an interstrain difference), a situation called ‘slow flow’

by Caragine et al. (1998). The finding of Evans Blue-

positive cells in Sprague–Dawley rats also suggests a

failure in the blood–brain barrier integrity.

The electroencephalogram (EEG) is a functional

measure widely used to assess the efficacy of

experimental techniques applied to induce ischemia in

rodents (Giaquinto et al., 1994). The EEG data may be

utilized in power spectrum analysis via fast Fourier

transform (Henninger et al., 2007) or linear auto-

regressive modeling (Tseng et al., 1995). In laboratory
practice, however, for practical reasons the EEG

flattening is the simplest parameter for estimating

whether ischemia has indeed been induced or not

(Fortuna et al., 1997). The EEG is also closely

connected to CBF changes (Sharbrough et al., 1973).

Cortical pyramidal cells in layers III, V and VI are

extremely vulnerable to ischemic conditions, which can

lead to many pathological changes in the EEG patterns

(Jordan, 2004). When the normal CBF decreases, the

oscillations first lose their high frequencies. A further

decline in CBF causes a gradual increase in lower

frequencies, which indicates a specific ischemic

threshold at which neurons begin to lose their ionic

homeostasis (Foreman and Claassen, 2012). If the CBF

continues to decrease toward a crucial ischemic

threshold (10–12 ml/100 g/min and below), the EEG

becomes isoelectric and the neuronal damage becomes

irreversible (Sharbrough et al., 1973; Jordan, 2004).

Following transient global cerebral ischemia, the EEG

activity returns from the isoelectric line to a post-ischemic

burst-suppression pattern through a sequence of bursts

of activity alternating with periods of electrical

suppression (Pulsinelli and Brierley, 1979; Geocadin

et al., 2002; Moldovan et al., 2004; Koenig et al., 2006).

The main strength of our study is the pronounced

interstrain difference in ECoG activity (BSR, FB and

spectral density) during and after ischemia, the analysis

of which on the one hand is rather sophisticated and

needs a knowledge of specific software, but on the

other hand the acquisition of its ‘raw’ data (e.g. the

ECoG waves themselves) is very easy, quick and

cheap. Our results have revealed that global ischemia

induced by 10 min of 4VO causes acute changes in the

electrical activity of the cortical neurons with associated

EEG changes. Besides BSR increase, changes can be

observed in the frequency spectrum and in the number

of spikes crossing through a post-ischemic activity

normalized threshold in both Wistar and Sprague–

Dawley rats, but not at the same level. When the 4VO

procedure was carried out on Sprague–Dawley rats, we

observed that the animals did not become fully

unconscious after carotid ligation. Neither loss of the

righting reflex nor dilation of the pupils was noted. This

latter interstrain difference is in complete agreement

with the observations of Kim et al. (2008). Carotid

occlusion for 10 min could be achieved only under deep

Nembutal anesthesia, rather than under ether

anesthesia as previously performed on Wistar rats.

Indeed, under simple ether anesthesia, the Sprague–

Dawley animals were fully awake within 5–6 min.

Histological experiments have demonstrated

pronounced neuronal injuries 8 days after 4VO in the

cortical and hippocampal areas. Fluoro Jade C and

Cresyl Violet stainings were used on the hippocampus

because the pyramidal neurons in the CA1 region in

Wistar rats are particularly vulnerable to ischemic

conditions (Schmidt-Kastner and Freund, 1991; Sas

et al., 2008; Gellert et al., 2011). Following global

ischemia, the glutamate transporter function is impaired

in the hippocampal astrocytes, and the excess and toxic

glutamate therefore cannot be removed from the
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extracellular space (Yeh et al., 2005). At the same time, it

should also be emphasized that fundamental interstrain

differences were found between the Wistar and

Sprague–Dawley rats (both supplied by the Charles-

River vendor) as concerns the acute and delayed

responses to 4VO-induced global ischemia. Cresyl

Violet, which stains nuclear structures non-specifically,

revealed an increase in cell number specifically in the

CA1 region, which can be ascribed to reactive

astrogliosis and macrophage proliferation after global

ischemia (Sugawara et al., 2002). In our experiments,

an increased cell number was observed in the same

area in the Wistar rats due to reactive microglia and

astrocytes, as revealed by CD11b and s100

immunostainings (L. Gellért, unpublished observations),

but not in the Sprague–Dawley rats.

Many previous studies have revealed significant

interstrain and intrastrain differences in rat collateral

anastomoses (Oliff et al., 1997), the infarct volumes

caused by focal cerebral ischemia (Oliff et al., 1995a,b),

the responses evoked in the hippocampal CA1 subfield

after 2VO (Marosi et al., 2006) and variable

neuroprotective effects of MK-801 (Oliff et al., 1996), but

the main reason for this variability is still unclear.

Although there are considerable discrepancies in

cerebral vascular anatomy (Brown, 1966), the collateral

anastomoses display nearly equal luminal widths for all

the strains/lines (Brown, 1966; Oliff et al., 1997). Oliff

et al. (1997) therefore suggest that the differences in

lesion size may be caused by the responses of the

tissue to ischemia besides the microvascular variations.

We conclude that the striking interstrain differences

between Wistar and Sprague–Dawley rats can be a

source of considerable variability in acute ischemic

responses, and it is extremely important to devote

attention to this in the planning of experiments (e.g. on

global ischemia), or when the results of similar

experiments or data to be found in the literature are

evaluated.
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