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CEREBRAL ACTIVITIES IN RATS WITHIN DIFFERENT PERIODS
AFTER EXPERIMENTAL UNILATERAL CEREBRAL ISCHEMIA

INTRODUCTION
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A model of cerebral ischemia in the left hemisphere was established in rats by occlusion
of the left middle cerebral artery (MCAQ). Twenty-five Sprague-Dawley rats were divided
into five groups, the control (C) group and animals 4, 24, 48 h and one week (4h, 24h, 48h,
and 1w, respectively) after MCAO. The footprint pattern test (FPT) was used to compare the
gait in the MCAO groups with that in the C group. Ongoing EEGs were recorded and analyzed
(spectral power densities of different rhythms were calculated). Somatosensory evoked
potentials (SSEPs) were induced by stimulation of the right median nerve and averaged. Rats
of group 4h displayed significantly worse gait parameters compared to those in the C group
(P < 0.01). The 24h, 48h and 1w groups demonstrated no significant differences from this
aspect, as compared with the C group (P > 0.05). Compared with the latter group, mean
EEG mean powers of the EEG rhythms in the MCAO groups were significantly lower
(P <0.01), latencies of the SSEP components were longer, and peak amplitudes were reduced
significantly (P < 0.01). All EEG and SSEP parameters demonstrated trends toward normal
values with increase in the time interval after MCAO but were not restored completely.
Therefore, functional behavioral tests, EEG, and SSEP monitoring at different phases after
experimental cerebral ischemia can provide valuable information on the states of neural
activities, which are well correlated with the motor function recovery.

Keyword: experimental cerebral ischemia, occlusion of the middle cerebral artery
(MCAO), gait, EEG, somatosensory evoked potentials (SSEPs).

(MCA), which generates a focal cerebral infarct,
closely resembles that found in ischemic stroke

Stroke is a disease of the high morbidity and mortality
in the world. About 80-85% of all stroke cases are
of an ischemic nature [1]. Animal models are highly
valuable for gaining a comprehensive understanding
the mechanisms underlying an ischemic injury after
stroke onset, as well as subsequent evolution of
changes and recovery of the functions. Different animal
models of cerebral ischemia have certain advantages
and disadvantages, and various output measures to
characterize the consequences of ischemia are used
[2, 3]. Preclinical studies demonstrated that cerebral
ischemia after occlusion of the middle cerebral artery
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patients [4, 5]. Computerized tomography (CT) and
magnetic resonance imaging (MRI) are sensitive to
ischemic stroke, but these imaging techniques are
rather expensive and “massive” (low-resolution).
Moreover, the relationship between the post-stroke
neurological status and functional outcome lacks a
clear interpretation by MRI [6, 7].

As a direct measurement of the cerebral functions,
EEG recording can detect subtle changes in mass
cerebral electrical activities, which may be interpreted
as a response to cerebral ischemia [8]. In animal
models of cerebral ischemia, several studies reported
that “flat” EEG patterns during global ischemia are
observed, and these is followed by poor recovery
[9, 10]. Various EEG activities were associated
with exacerbated brain injury during focal cerebral
ischemia [11, 12]. Such EEG parameters as coherence,
synchrony, and entropy of potentials in most brain
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regions are subjected to significant changes after
bilateral carotid artery ligation [13]. Oscillation
powers within the EEG spectrum bands correlate with
different severity of injuries in the rat sensorimotor
cortex [14]. EEG measures are highly sensitive to the
dynamics of functional changes in brain tissues, and
EEG retains a useful approach in evaluation of the
processes induced by cerebral ischemia. Nevertheless,
relatively few preclinical studies have adopted EEG
measures as quantitative surrogate markers for
estimation of brain dysfunctions in stroke models.
EEG measurements in animals are limited by some
significant factors, such as poor source anatomical
localization, anatomical specificities, restricted
number of EEG electrodes, anesthesia depth, etc.

Somatosensory evoked potentials, SSEPs, reflect
sequential activation of neural structures along
the somatosensory pathway; estimation of the
intactness of somatosensory pathways is commonly
used for brain function monitoring. SSEPs have been
established as a useful electrophysiological tool
for the neurological outcome prognosis in patients
with hypoxic/ischemic brain injury [15, 16]. The
SSEP waveform is conventionally analyzed by the
respective peaks and latencies. Short-latency and
long-latency SSEP components were studied during
recovery from brain ischemia in a rat model [15].
The peak-to-peak amplitudes of the components of
primary somatosensory cortical responses to electrical
stimulation of the median nerve were used to predict
the neurological outcome [17]. Yet, there is no clear
view about mapping of the SSEP peaks with their
origins. Some SSEP peaks are so small that they
are over-ridden by preceding or subsequent peaks.
Definitions of the latencies are relatively subjective,
and justifications for such definitions are unclear.

Functional behavioral tests are an essential part of
preclinical research to assess the animal’s functional
status after stroke. These tests have been used to
measure the sensorimotor deficits in contralateral
forelimbs and hindlimbs [18]. The De Ryck’s test was
mainly assessed for estimation the forelimb function.
The beam walking test was used to assess the stroke
rat’s hindlimb motor function [8]. Gait analysis is used
to analyze the walking ability of humans and animals;
so, this technology can be applied for studying
locomotion after stroke. Behavioral tests can reflect
the functional recovery relatively directly.

There is conflicting evidence regarding to
correlations between the deficits in the sensorimotor
function and EEG/SEP features after brain ischemia.
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More investigations are necessary to exploit the
diagnostic methods. The purpose of our study was to
combine the gait test and analysis of the EEG patterns
and SSEP parameters at different post-stroke phases
and to find some correlations with functional recovery
in the rat stroke model. These measures could provide
a more comprehensive method to characterize the
consequence of cerebral ischemia.

METHODS

Animals. Two hundred adult male Sprague-Dawley
rats (aged 8-10 weeks, weighing 200-250 g) were
purchased from the Beijing HFK Bioscience Co Ltd in
these experiments (License No. SCXK, Beijing, 2009-
0007). They were housed in transparent Makrolon
cages during 12/12 h day/night cycle in a temperature-
controlled room (25°C) with free access to food and
water.

Middle Cerebral Artery Occlusion. The rats
were anesthetized by intramuscular injection of
10% chloral hydrate (0.4 ml/100 g, provided by
the Dept. of Pharmacology, Peking Union Medical
College Hospital) and placed in the prone position
in a stereotaxic system (DW-5, Chengdu Taimeng
Technology Co Ltd, China). The rat’s left carotid
region was exposed through a midline cervical incision

Fi g. 1. Topography of the MCAO operation in rats.

P u c. 1. Tonorpadist MCAO =a mrypi.
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(about 20 mm). The left common, internal, and external
carotid arteries (CCA, ICA, and ECA, respectively)
were isolated from the surrounding tissues. A nylon
suture (product code 2432-50, Beijing ShaDong
Biological Technology Co. Ltd.) coated with poly-L-
lysine, with its tip shaped round, was inserted into the
left ICA and advanced to a point approximately 18-
20 mm distal to the bifurcation of the ECA and ICA,
thereby occluding the origin of the middle cerebral
artery (MCA) (Fig. 1). During surgery, the core
temperature of the rat was maintained at 37 = 1°C by a
heating lamp. The state of the “stroke” rat was scored
as follows: (0) no neurological deficit was observed,
(1) failure to extend the right forepaw, (2) circling to
the right side, (3) falling to the right, and (4) inability
to walk and a depressed level of consciousness. Only
rats with a Longa’s score corresponding to 1 or 2 were
selected for the EEG study [19].

Groups of Rats. The qualified 25 rats were selected
and randomly divided into five groups: control (C),
four h after MCAO (4h group), 24 h after MCAO (24h
group), 48 h after MCAO (48h group), and one week
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Fi g. 2. Measurements of the gait parameters of rats. A) Gait angle;

P u c. 2. BumiproBaHHs mapaMeTpiB JIOKOMOIL| y ITypiB.
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after MCAO (1w group) with 5 rats in each group.

Gait Test. The footprint pattern test (FPT) was
used to compare the gait in the MCAO groups with
that in the C group. To obtain footprints, the forelimb
and hindlimb feet of the rats were coated with
nontoxic paints, like red or blue and green or orange,
respectively [20]. The animals were then allowed to
walk along a 120-cm-long 25-cm-wide runway (with
45-cm-high walls) into an enclosed box. A fresh
sheet of white paper was placed on the floor of the
runway for each run. All rats were tested three times.
The footprint patterns were analyzed by four step
parameters (all measured in centimeters, see Fig. 2).
The gait angle (i) was measured between the line of the
rear feet on one side during one stride to the middle
toe of the opposite rear foot; (ii) the track width was a
distance between mid-points of the strides of the feet
on the same half (front or rear half); (iii) the foot base
was measured as the distance between mid-points of
the strides of the pairs of feet on the same side of the
animal, and (iv) the right foot base was the horizontal
distance of the right forelimbs.

B

RR

Track Width

Stride

RL

Right Foot Base

B) track width; C) foot base, and D) right foot base.
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EEG and SSEP Recording. Rats were fixed
in a stereotactic frame under 10% chloral hydrate
(0.4 ml/100 g) anesthesia. A scalp incision was
made above the midline. The skin and underlying
tissue layers were dissected to expose the cranium.
The frontal cerebral cortex was exposed by making
a craniotomy from about 0.5 mm posterior and
2.0 mm anterior to the bregma and from 0.5 to 1.5
mm lateral from the bregma with an electric cranial
drill. The dura remained intact, and its surface was
covered with 1.5 to 2% agar dissolved in 0.9% saline
[21]. The microelectrode was adjusted precisely to the
target area by carefully adjusting the position of the
micromanipulator and slowly advanced downward to
1.8 mm from the cortex surface. The silver epidural
ball EEG electrodes were spaced regularly on the
somatosensory cortex of the left forelimb with a grid
of penetrations separated by 0.5 mm. The reference
electrode was placed at the bregma, and the ground
electrode at the inner side of the right ear. EEG signals
were recorded using BL-420 biological experimental
system (Chengdu Thaimeng Technology Co. Ltd.) with
the sampling frequency of 500 sec™!, a bandpass filter
0f 0.053 to 100 Hz, and gain of 5-10%.

SSEP Stimulation. Stimulation of the median
nerve was achieved through inserting a pair of 1-cm
stainless steel needle electrodes into the right forepaw.
Direct-current stimulation was applied with the pulse
duration of 0.25 msec, 0.8 mA, and 2 sec! frequency.
The recording electrodes were the same as those for
EEG recording.

Signal Processing. The EEG data was stored for
offline analysis with MATLAB R2010b (Mathworks,
USA). Firstly, the power spectra were estimated by
the method of averaged periodograms or the Bartlett’s
method. The signal sequence x(n), n =0,1,...,N-1, was
divided into K small overlapping segments, each of
the segment had L samples, then K-L = N. The existing
recorded data were subdivided as: x,(n) = x(n + iL),
1=0,1,....K-1, n = 0,1,...,L-1 . Periodograms of the
K segments were plotted.

In this study, N = 15000, L = 2500, and K = 6.

Then, the mean powers within the 0 frequency band
(3to7Hz), o (7to 15 Hz), B (15 to 30 Hz), and y (30-
45 Hz) were calculated by equation.
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where f, and f, represent the low and upper frequencies
within the frequency band. M is the number of
frequency bins, which is determined by the bandwidth
and resolution of the frequency.

Because there is a relatively high amount of
electrical noise, while the SSEP amplitude is low,
SSEPs should be averaged. Two most important
parameters of SSEPs are the amplitude and latency
of the peaks. Here, the amplitude and latency were
defined as the first peak and its time delay with respect
to the stimulus onset.

Statistical Analysis. Experimental measurement
data are expressed as means + s.d. and were
statistically processed by SPSS 18.0 software (IBM
Corporation, USA) using one-way ANOVA analysis.
For intergroup differences, P < 0.05 was considered
statistically significant.

RESULTS

Footprint Test. Gait abnormalities were assessed
by analyzing the footprint pattern of rats when they
walked along a narrow corridor. Footprint patterns of
the C group and 4h group are illustrated in Fig. 3. It
can be seen that the C-group rats walked in a straight
line, with a regular even alternating gait, placing the
hindpaw precisely at the position where the ipsilateral
forepaw had been in the previous step (Fig. 3A). By
contrast, 4h-group rats progressively weaved from
side to side, while walking along the runway, adopting
staggering movements (Fig. 3B). The 24h, 48h, and
Iw groups walked approximately in a straight line,
just like that Fig. 3A.

The resulting footprint patterns were assessed
quantitatively by four measurements (gait angle, track
width, foot base, and right foot base; see Table 1).
The 4h group displayed a significantly smaller gait
angle (P =0.0023, i.e., P <0.01), a shorter track width
(P=10.0051, P <0.01), a shorter foot base (P = 0.0045,
P < 0.01) and a shorter right foot base (P = 0.0041,
P < 0.01), compared with the C group. Differences
of the indices in groups 24h, 48h and 1w from those
in the C group were noticeable but did not reach the
significance level (P > 0.05).

EEG Mean Spectral Powers. Table 2 shows the
EEG mean spectral power within the 0, o, B, and
vy frequency bands for the C, 4h, 24h, 48h, and 1w
groups. The EEG mean powers in each above band
were lower significantly (P < 0.01) after MCAO.
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T able 1. Gait Parameters

T a6uuual. Ilapamerpu Jokomouii

Gait angle, | Track width, | Foot base, | Right base,
Groups
deg cm cm cm
Control group 30.2+3.0 2.0+0.3 87+02 22+03
Group 4h 158+0.8" 05+0.1" 41+05" 05+0.1"
Group 24h 285+1.6 1.8+1.3 79+13 19+0.2
*P<0.01.

The respective shifts were dramatic at 4 h and
gradually decreased within later time periods. The
EEG mean powers increased obviously with time after
MCAO but did not reached the control values.

SSEP Parameters. SSEPs were obtained by
ensemble averaging of 100 successive stimulus-locked
sweeps for each rat. The average amplitudes and
latencies of SSEPs across five rats in the C, 4h, 24h,
48h, and 1w groups were compared. The amplitudes of
SSEPs in the MCAO groups were significantly lower
(Fig. 4A), while the latencies were significantly longer
(Fig. 4B) than those in the C group. The amplitude and
latency values demonstrated returns to those in the C
group with time after MCAO but did not reach the
control values even in the 1w group.

DISCUSSION

Stroke occurs when the blood flow to a part of the
brain becomes inadequate, and this results in sudden
death of cerebral cells. EEG is playing an increasingly
important role for analyzing brain activities and
evaluating the processes induced by cerebral
ischemia. The SSEP parameters reflect the integrity
and function of the neural transmission paths; these
values have been extensively studied for evaluation

Table2. Mean Spectrals Powers Within the Frequency Bands

of the neurological outcome after ischemic injury.
Behavioral tests reflect the functional recovery more
directly. Therefore, implementation of multimodal
and multiparametric techniques in preclinical
investigations with animal models would significantly
contribute to the elucidation of mechanisms underlying
brain impairment and recovery and aid in optimization
of the diagnostic methods.

The conventional approach in EEG investigations
in preclinical stroke models is to delineate the powers
within the EEG spectral bands (rhythms) and to draw
relevant inferences from the frequency-dependent
changes in EEG oscillations. In our study, the EEG
mean powers within the 0, a, B, and y frequency bands
decreased dramatically after MCAO and then increased
gradually within later time periods. It is obvious that

5

Fi g. 3. Footprints of rats of the control group (A; red is the forefeet
and green is the hindfeet) and of group 4h (B; blue is the forefeet
and orange is the hindfeet).

P u c. 3. Bigbutku namn uiypiB KOHTPOJbHOI rpymnu (4) Ta rpymnu
4h (B).

T aouauusa2. Cepenti 3HaueHHs clIeKTPAIbHUX NOTY:KHOCcTeil puTtmiB EET

Powers within the bands (rhythms), uV?

Groups o . 5 v
Control 139367.86 + 178.66 5389.33 £25.55 79.11 £4.16 0.30+0.12
4h 222 +0.40° 0.23+0.01" 0.01+0.01" 0.00 = 0.00"
24h 625.06 + 8.89" 21.70 + 1.44" 0.62+0.14" 0.10 +0.02"
48h 5875.45 +24.69" 574.19 £7.59 1481 +1.61° 0.15+0.02"
1w 77926.19 + 78.54" 1256.89 + 11.20" 46.46 +2.37 0.69 +0.03"
*P<0.01.
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electrical processes in the brain depend significantly
on the cerebral blood flow (CBF) and oxidative
metabolism of glucose delivered to the brain tissue via
the arterial blood supply. Occlusion of the MCA leads
to reduction of CBF in the brain regions supplied by
this artery. The insufficient oxygen delivery leads to
failure of synaptic transmission, which is supposed to
lead to electric silence in the ischemized area [22] and,
thus, for severe reduction in the EEG power observed
during an acute phase of ischemia in MCAO rats. The
degree of the EEG power reduction depends on the
model used and on the duration of vessel occlusion [23,
24]. With the establishment of collateral circulation,
CBF and oxygen delivered to the brain increase, and
the EEG power enhances along with this process but
does not reach pre-ischemia values.

The SSEP test is now widely used for evaluation
of the somatosensory pathway continuity. The sensory
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F i g. 4. Diagrams of the means of the amplitudes of SSEP
components (A) and latencies of their peaks (B) within different
periods. **P < 0.01, *P < 0.05.

P u c. 4. Jliarpamu cepejiHiX 3HAYCHb AMILIITYJ] KOMIIOHCHTIB

comatoceHcopHux BII (4) Ta mareHTHHX mepioniB iX mikiB (B) y
pi3Hi npomixkku 4yacy miciast MCAO.
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stimulus travels through the peripheral nerve, nerve
root, spinal cord, and subcortical brain relay structures
to the primary sensory cortex [25]. Unlike ongoing
EEG that represents spontaneous activity of the
cerebral networks SSEPs represent a compound series
of triggered electrophysiological activities. Greater
latencies and suppressed amplitudes of the SSEP
components in our study correlated with time intervals
following MCAO. Longer latencies showed that brain
ischemia induces cerebral edema that oppresses nerve
fibers and decreases the axon ability of transduction.
The neural conductivity is impaired immediately
after cerebral ischemia, while the disturbed synaptic
connections may have a prolonged effect on sensory
pathways [26, 27]. With functional recovery, both
the SSEP latencies and amplitude demonstrated
clear recovery trend toward normal values, but the
latter have not been attained even in the 1w group.
Therefore, the peak amplitudes and latencies of SSEPs
could act as complementary indicators to shed better
insight in the neurophysiology deficit caused by
ischemic injury.

It is noticed that gait, EEG parameters, and SSEP
parameters changed evidently after MCAO and then
demonstrate certain return to normal conditions. It
should be emphasized that behavioral parameters
(gait) demonstrated better recovery dynamics than
electrophysiological indices; the EEG and SSEP
parameters remained clearly below the normal values
even in the 1w group. The MCAO rats demonstrate,
in general, the strong self-recovery capability; this is
related to the specific features of the vascular net and
of the compensatory capabilities of the used animal
model species (rat) [3].

A combination of the gait, EEG, and SSEP measures
may provide valuable predictive biomarkers for the
functional brain tissue status.
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A XKan'!, JI. M. Xao', Ke. X. JIi', XK. X. JTio'!, A. Pon!,
M. I JIi', FO. K. Tiawn?, A. Jdorc. 3en’

AKTUBHICTb MO3KY V L[YPIB Y PI3HI IIEPIOJIN
IICJIST VHIJIATEPAJILHOT EKCITEPUMEHTAJILHOI
LIEPEBPAJIBHOI IIITEMI{

'Kosex HayK mpo KHUTTs Ta OioiHxkeHipiHTy [TekiHChKOTO
Texnonoriunoro YuiBepcurety (Kurait).

2 JlepxaBHuii odic inTenekTyanbnoi Biacuocti P.R.C, Tlexin
(Kurait).

Peszwome

Monens nepebpanbnoi imewmii B 7iBii miBKyni Oyia peamizoBa-
Ha Ha OCHOBI OKJI03ii cepenuboi Mmo3koBoi aptepii (MCAO).
25 mypiB ninii Coper-/loyni Oynau moxmineHi Ha I’ STh TPyH —
koHTponbHY (C) Ta Tpynu TBapuH uepes 4, 24, 48 roxn ta onuH
TiokaeHb micas MCAO (4h, 12h, 24h, 48h Ta 1w BiAmOBiIHO).
Tect i3 peectpauiero Bigoutkis nan (FPT) OyB BukopucTaHmit
17151 TOPIBHAHHA AKOCTI TokoMouii B rpynax MCAO 3 Ttakoro B
rpymi C. Y mypiB BigBoamnu Ta aHanizyBanu notouny EEIL, Bu-
3HAYaI04H CHEKTPaJbHY MOTYKHICTh PI3HUX PUTMIiB. YcepeaHe-
Hi comatoceHcopHi Bukiaukani norexnianu (CCBII) peectpy-
BaJM MiCs CTUMYIALII mpaBoro n. medianus. lypu rpynu 4h
JEMOHCTPYBAJIU 3HAYHO TipIli mapaMeTpH JOKOMOIIii MOPiBHIHO
3 takuMu B rpymi C (P < 0.01). BiaMiHHOCTI IHX mapaMeTpiB y
rpymax 24h, 48h Ta 1w He mocsranu piBHSA CTaTHCTUYHOI 3HA-
gymocTi. [TopiBHsAHO 3 rpymoto C 3HaYe€HHS CepeaHiX MOTYXK-
Hocteir putMmiB EEI' y rpymax MCAO Oynu icTOTHO HHDKYUMH
(P> 0.01), narentHi nepiogu komnoHeHTiB CCBII — noBmumu,
a aMIUTITYAH OUX KOMIOHEHTiB — MeHmuMH (P < 0.01). Xapak-
Tepuctuku jokomonii Ta mapamerpu EEI' Ta CCBII 3i 36i1b-
mEeHHAM 4acoBoro iHTepBany micas MCAO nemMoHCTpyBaiIu
TEHJICHIIII0 /10 TIOBEPHEHHS 10 HOPMAJIbHHUX 3HA4YCHb, aje HOP-
Maiizanis Oyna 4acTKoBOIo. TakuM YHMHOM, pe3ylbTaTH MOBE-
niakoBux TecTiB Ta MoHiTOpuHTY EEI" Ta CCBII y pi3Hi nepio-
I micis nepedpanapHoi imemii 1al0Th 00’ €KTUBHY 1HPOPMAIiI0
npo ctal aktuBHOCTI L{HC, K0Tpa mo0pe Koperoe 3 BiTHOBICH-
HSIM MOTOPHHUX (QYHKIIiH.
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