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Neuronal  activity  is  highly  sensitive  to changes  in oxygen  tension.  In  this  study,  we  examined  the  impact
of  hypoxic/ischemic  conditions  on  neuronal  ensemble  activity  patterns  in the mouse  brain  using  in  vivo
extracellular  electrophysiological  recordings  from  up  to  8 sites  in the  thalamus,  dorsal  hippocampus,
and  neocortex,  while  cerebral  hypoperfusion  was  induced  by unilateral  carotid  artery  occlusion.  After
a few  minutes,  the occlusion  triggered  a rapid  change  in  the power  of the  local  field  oscillations.  In the
hippocampus,  but  not  in  the neocortex,  the  absolute  power  changes  at all frequency  ranges  (relative  to
the  baseline)  became  less  pronounced  with  time, and  no  significant  changes  were  observed  30  min  after
ippocampus
eocortex
ocal field potential
etwork

the  occlusion-induced  hypoperfusion.  We  also  tested  whether  continuous  hypoperfusion  induced  by the
occlusion  for  up  to 1 week  alters  neuronal  activity.  In the  hippocampus  and  the  thalamus,  the  chronic
occlusion  did not  lead to a  reduction  in  the  power  of the  local field  oscillations.  These  results  indicate
that  certain  neuronal  populations  have  the ability  to maintain  internal  neurophysiological  homeostasis
against  continuous  hypoperfusion.

 201
©

. Introduction

Normal brain function is maintained by a stable energy sup-
ly delivered by continuous blood flow. Certain diseases that cause
n insufficient blood supply to the brain, such as cardiac arrest,
troke and head trauma, can result in cerebral hypoxic/ischemic
onditions, leading to long-term disability and neuronal death.
umerous studies have revealed signaling pathways and molec-
lar mechanisms underlying the neuronal degeneration observed
ith hypoxia/ischemia (Eltzschig and Eckle, 2011). However, there

s still a lack of information on the pathophysiological basis of
schemia.

In normal physiological states, the mammalian forebrain gener-
tes diverse rhythmic activity with a frequency band ranging from
pproximately 0.1 Hz to 200 Hz. This rhythmic activity is thought to

ink the firing of single neurons into collective neuronal ensembles
nd facilitate efficient information processing, including cogni-
ion, learning and memory (Buzsaki, 2006). However, only a few
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experimental studies have examined how decreased blood flow
affects ongoing neuronal oscillations (Barth and Mody, 2011;
Buzsaki et al., 1989; Monmaur et al., 1986). Unresolved ques-
tions include (1) how individual brain regions alter their network
activity patterns under hypoxic/ischemic conditions and (2) how
ischemia-induced activity patterns undergo further changes during
post-ischemic survival periods.

To address these issues, we examined electrical activity patterns
following the induction of hypoxia/ischemia using a multi-channel
electrical recording system to examine the mouse thalamo-cortico-
hippocampal network. The hypoxic/ischemic states were acutely or
chronically induced by (i) common carotid artery occlusion (CCAO)
(Ohtaki et al., 2005) and (ii) photothrombosis of blood vessels
(Barth and Mody, 2011) to induce moderate global hypoperfusion
and severe focal ischemia, respectively. Power spectrum analyses of
local field potentials (LFPs) revealed the pathophysiological effects
of hypoxia/ischemia on the temporal activity patterns of neuronal
networks in different brain regions.

2. Materials and methods
2.1. Animals

All experiments were performed with the approval of the
experimental animal ethics committee at the University of Tokyo

d.
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Fig. 1. Simultaneous in vivo electrophysiological recordings from the thalamo-cortico-hippocampal network during the induction of CCAO. (A) Illustration of the set-up used
for  multichannel recordings of neuronal activity during cerebral hypoperfusion. CCAO was  produced by pulling both ends of a string looped around the common carotid
artery.  (B) Histological verification of the recording sites in sequential coronal brain sections. Black dots indicate the endpoints of electrode tracts from the acute CCAO
experiments (n = 7 mice). (C) Representative simultaneous recordings of extracellular LFP signals from four brain regions from a mouse. CCAO was induced at time 0 min.
T s. (D) 
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he  corresponding recording sites are indicated by the blue arrows in the left panel
eocortex (left, n = 6 recordings from 4 mice) and hippocampus/corpus callosum (ri

approval number: P24-70) and according to the NIH guidelines for
he care and use of animals. A total of 17 male C57BL/6 mice (6–10
eeks old) with a preoperative weight of 18–28 g were used in this

tudy. The animals were maintained on a 12-h light/dark sched-
le with lights off at 7:00 PM.  All animals were purchased from
LC (Shizuoka, Japan). Mice were housed individually following
urgery.

.2. Surgery to induce brain hypoxia/ischemia
One of the following three surgeries was performed on each ani-
al: acute common carotid artery occlusion (CCAO), chronic CCAO,

nd photothrombosis. For acute CCAO, mice were anesthetized
Time changes in LFP power at a broad frequency (2–140 Hz) band for 80 min  in the
 = 12 recordings from 4 mice).

with urethane (1.0 g/kg body weight, intraperitoneal injection).
The left common carotid artery was  exposed, and an elastic string
with a diameter of ∼1 mm was  used to form a loop (∼1-mm
wide) surround the artery. Electrophysiological recording was then
performed as described below. During recording, the loop was
manually closed by pulling both ends of the string (Fig. 1A).
For chronic CCAO, mice were first anesthetized with pentobarbi-
tal (0.38 g/kg bodyweight, intraperitoneal injection), and the left
common carotid artery was ligated with the same type of string

used for acute CCAO. The mice were allowed to recover for one
week following the surgery, and electrophysiological recordings
were performed as described below (Fig. 2). For induction of
photothrombosis, mice were anesthetized with urethane (1.0 g/kg
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Fig. 2. Time course of the changes in LFP power following acute CCAO-induced
hypoperfusion. (A) A representative LFP recording from the hippocampus (top) and
the  corresponding LFP power in the fast gamma, slow gamma, theta, and delta
bands (bottom 4 panels). The gray lines represent baseline power during the pre-
occlusion period. (B) Relationship of CCAO-induced LFP power changes between
two frequency bands. For each electrode, the ratios of LFP power at 2 min, 30 min,
and 1 h after CCAO to the power at 2 min  before CCAO were plotted. All pairs had
significant positive correlations. (C) Time changes in LFP power at a broad frequency
(2–140 Hz) band after CCAO in individual brain regions. Each line represents a single
recording electrode (neocortex, n = 12; corpus callosum, n = 9; hippocampus, n = 9;
thalamus, n = 6). Data were normalized to the power at 0–2 min  before CCAO at the
individual recording sites. (D) Average percentage of the root mean square (RMS) of
LFP  power relative to the baseline values at 0 min, representing absolute changes in
LFP  power. Statistical significance is summarized in Table 1.
Research 109 (2016) 28–34

body weight, intraperitoneal injection). After restraining the mice
on a custom-made stereotaxic apparatus (Narishige), the skull was
exposed with an incision of the scalp and a craniotomy was per-
formed using a high speed drill. The opening (2.0 × 2.0 mm2) was
centered at 1.4 mm  posterior and 1.4 mm lateral to the bregma. An
optical fiber (200 �m core diameter, 0.48 numerical aperture, Thor-
labs) epoxied to ceramic zirconia ferrules (Precision Fiber Products)
was unilaterally inserted into the brain, along with recording elec-
trodes, in the center of the opening (Fig. 3A). After beginning the
electrophysiological recordings, the photosensitive dye rose bengal
(200 mg/kg, Waldeck GmbH & Co. KG) was administered intraperi-
toneally. To activate the dye, stimulation with green light (561 nm
wavelength) was focally applied 10 min  after the injection and
maintained for 10–15 min. The intensity of the light at the tip of
the plastic fiber was  2.3–4.9 mW.

2.3. Electrophysiological recording

For electrophysiological recording, the mice were anesthetized
with urethane (1.0 g/kg, intraperitoneal injection) and restrained
with their head held in place by a metal plate. A craniotomy was
performed to create a hole (2.0 × 2.0 mm2) centered at 1.4 mm pos-
terior and 1.4 mm lateral to the bregma using a high-speed drill, and
the dura was  surgically removed. Two stainless-steel screws were
implanted in the bone above the cerebellum to serve as ground and
reference electrodes. A microdrive was  used to hold an electrode
assembly that consisted of 6–8 electrode wires, which was designed
and created using a 3-D printer (UP Plus 2, Delta Micro Factory
Corporation). Before inserting them into the brain, the length of
individual tetrodes was adjusted so that the final depth in the brain
ranged from 500 to 3500 �m.  The assembly was inserted into the
exposed area at a speed of 10 �m/s. The electrodes were allowed to
stabilize at their final position for 30 min  before recording began.
The electrodes were constructed from 17-�m-wide polyimide-
coated platinum-iridium (90/10%) wire (California Fine Wire), and
the electrode tips were plated with platinum to lower electrode
impedances to 150–300 k� at 1 kHz. To aid in the reconstruction
of the tracks left by the electrodes, the electrodes were coated with
DiI fluorophores that were applied by dipping the electrode tips
into a DiI solution (80 mg/mL, Invitrogen) dissolved in 1:1 ace-
tone/ethanol for 60 s before insertion. Electrophysiological data
were sampled at 2 kHz using a Cereplex direct recording system
(Blackrock). Recording began after stable neuronal unit activity was
observed. At the end of the recording, the electrodes stained with
DiI were carefully removed from the brain, unless otherwise spec-
ified. For CCAO experiments, occlusion of the left common carotid
artery was  confirmed, and only the animals with successful CCAO
were included in the data analysis. Recordings were performed at
a room temperature of 22–25 ◦C.

2.4. Histological analysis to confirm electrode and optical fiber
locations

For 16 mice, electrodes and optical fibers were stained with
DiI as described above before insertion into the brain. The mice
were perfused intracardially with cold 4% paraformaldehyde (PFA)
in 25 mM phosphate-buffered saline (PBS) and decapitated. The
brains were coronally sectioned at a thickness of 100 �m.  For
1 mouse, the electrodes were not stained with DiI, and they
were left in place after the final recording session. This mouse
was then intracardially perfused with cold 4% PFA in 25 mM
PBS and decapitated. To aid the reconstruction of the electrode

tracks, the electrodes were not withdrawn from the brain of this
mouse until 12 h after perfusion. After dissection, the brains were
fixed overnight in 4% PFA and then equilibrated with a sequence
of 20% sucrose and 30% sucrose in phosphate-buffered saline.
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thalamus, absolute power changes in lower frequency bands (i.e.,
delta and theta bands) became less prominent with time, whereas
those in higher frequency bands (i.e., slow gamma  and fast gamma

Table 1
Summary of the significance of LFP power changes shown in Fig.2D. LFP power
at  individual frequency bands was compared between pre-CCAO and post-CCAO
periods at 2 min, 30 min, and 60 min  after the induction of CCAO. P values less than
0.05 are considered statistically significant (Tukey’s test).

2 min  30 min  60 min

Neocortex
Delta P* = 7.2 × 10−3 P* = 5.9 × 10−3 P* = 0.043
Theta P* = 3.5 × 10−3 P* = 7.2 × 10−3 P* = 0.022
Slow gamma  P* = 0.010 P* = 0.046 P = 0.052
Fast gamma  P* = 0.012 P = 0.083 P = 0.072
Corpus callosum
Delta P* = 0.027 P = 0.33 P = 0.44
Theta P* = 0.016 P = 0.22 P = 0.37
Slow gamma  P* = 2.8 × 10−3 P = 0.057 P = 0.12
Fast gamma  P* = 1.9 × 10−3 P* = 0.021 P* = 0.026
Hippocampus
Delta P* = 2.3 × 10−4 P = 0.60 P = 0.55
Theta P* = 1.4 × 10−4 P = 0.41 P = 0.50
Slow gamma  P* = 2.9 × 10−4 P = 0.20 P = 0.43
Fast gamma  P* = 8.5 × 10−4 P = 0.24 P = 0.42
Thalamus
Y. Nishimura et al. / Neurosc

rozen coronal sections (40 �m)  were obtained, and serial sections
ere rinsed in water, counterstained with cresyl violet, and cov-

rslipped with Permount. Recordings were included in the data
nalysis only if the electrode’s deepest position was  in the targeted
rain regions.

.5. TTC staining

For 2,3,5-triphenyltetrazolium chloride (TTC) staining, the ani-
als were sacrificed and the brains were removed 12 h after

ippocampal ischemia induction and coronal brain slices with a
hickness of 400 �m were obtained with a vibratome (Dosaka EM).
lices were immediately immersed in 2% TTC in artificial CSF at
7 ◦C for 30 min.

.6. Data analysis

The power spectra of 2-min LFP signals were calculated by fast
ourier transformation using Matlab. The power of LFPs in the fol-
owing sub-frequency bands was calculated: delta (2–4 Hz), theta
4–10 Hz), slow gamma  (25–60 Hz), and fast gamma  (80–140 Hz).
n acute CCAO experiments, baseline power for statistical com-
arisons was defined as LFP power 0–2 min  before application of
CAO. The ratio of SD (standard deviation) to mean (i.e. coefficient
f variation) of LFP power during a pre-CCAO period was 21.8%.
ased on this value, we defined the threshold to detect signifi-
ance as a 50% (1.5 fold) change, which corresponds with  ̨ = 0.02.
ll values are reported as the mean ± SEM. To identify significant
ifferences, we performed Tukey’s test after one-way analysis of
ariance (ANOVA), Dunnett’s test after repeated measures ANOVA,
r a Mann–Whitney U test.

. Results

.1. Regional differences in neuronal network dynamics with
cute hypoperfusion

To induce a global hypoxic/ischemic condition in the forebrain
hile performing in vivo electrophysiological recordings, we  used
nilateral common carotid artery occlusion (CCAO) (Ohtaki et al.,
005), a technique that reduces the blood supply to the forebrain
Fig. 1A). Local field potential (LFP) signals were recorded from the
eep layers of the neocortex, the corpus callosum, the dorsal hip-
ocampus, and the thalamus of urethane-anesthetized mice. The
racks of electrodes stained with DiI were identified histologically
n the tissue (Fig. 1B). After obtaining 20 min  of stable recordings,
CAO was rapidly induced and the LFP signals were continu-
usly monitored for up to 80 min  (Fig. 1C). These recordings were
btained from 7 mice. To validate that no pronounced LFP changes
ccur without CCAO, we performed additional experiments from

 sham-operated mouse group in which the left common carotid
rtery was exposed and a loop of an elastic string was  formed
round the artery, same as in CCAO, but the artery was  not closed
Fig. 1D). In this group, no significant time-dependent changes in
FP power were observed for up to 80 min  (neocortex, n = 6 chan-
els from 4 mice, F = 0.78, P = 0.59; hippocampus/corpus callosum,

 = 12 channels from 4 mice, F = 1.72, P = 0.13; repeated measures
NOVA).

Cortical LFP patterns were classified by type into delta
2–4 Hz), theta (4–10 Hz), slow gamma  (25–60 Hz), and fast gamma
80–140 Hz) oscillations. As shown in a representative example

n Fig. 2A, a transient change in LFP power was observed after
CAO. Although the degree and direction of power changes var-

ed across recording sites, the temporal changes in LFP power
t different oscillatory bands within a recording site appeared
Research 109 (2016) 28–34 31

to be correlated with each other. To quantify this property, we
plotted the ratio of LFP power after CCAO to that before CCAO
for pairs of oscillatory bands (Fig. 2B). The plots revealed sig-
nificant positive correlations in all pairs of LFP bands (delta vs.
theta, R = 0.98, P = 2.8 × 10−79; delta vs. slow gamma, R = 0.88,
P = 7.5 × 10−37; delta vs. fast gamma, R = 0.82, P = 3.7 × 10−27; theta
vs. slow gamma, R = 0.95, P = 8.7 × 10−54; theta vs. fast gamma,
R = 0.89, P = 3.6 × 10−37; slow gamma  vs. fast gamma, R = 0.99,
P = 1.6 × 10−82, Spearman’s test), demonstrating that LFP changes
in response to CCAO showed a similar tendencies across different
oscillatory bands within the same recording site.

Although the changes in the patterns of LFP power were het-
erogeneous within each brain area, the recordings at most sites
started to show a prominent change in power as early as 2 min
after CCAO (Fig. 2C), indicating that a disruption of the functions of
the cortical network occurred a few minutes after CCAO-induced
hypoperfusion. In the neocortex, the corpus callosum, the dorsal
hippocampus, and the thalamus, 66.7%, 77.8%, 77.8%, 50% of elec-
trodes showed a 1.5-fold increase or decrease in the 2–140 Hz LFP
power 2 min  after CCAO, compared with the pre-occlusion period,
respectively. To quantify how the disruption in network activity
after CCAO behaved over time, we calculated the root mean square
(RMS) of LFP power, which represents the absolute rates of changes
in LFP power relative to the baseline values (Fig. 2D). A summary
of the significant changes in LFP power between pre-occlusion and
post-occlusion periods are summarized in Table 1. In the neocor-
tex, there were significant changes in absolute power at the delta
and theta bands at all time points during the recording session
(Table 1). In addition, 50% and 58.3% of electrodes showed a 1.5-fold
decrease in the 2–140 Hz LFP power 30 and 60 min, respectively,
after CCAO. These results suggest that network activity levels in
the neocortex continuously decreased during hypoperfusion. In the
corpus callosum and the hippocampus, the average absolute rates
of change were less pronounced over time, and no significant dif-
ferences were observed at 30 min  after CCAO, with the exception of
fast gamma  power in the corpus callosum (Table 1). These results
demonstrate that these two  brain regions are able to recover their
network activity levels during periods of reduced perfusion. In the
Delta P* = 0.018 P = 0.060 P = 0.10
Theta P* = 0.049 P = 0.050 P = 0.11
Slow gamma  P = 0.14 P* = 5.1 × 10−3 P* = 0.017
Fast gamma  P = 0.33 P* = 1.5 × 10−3 P* = 3.3 × 10−3
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Fig. 3. Time changes in LFP power following acute photothrombosis. (A) Illustration of the procedure. Rose bengal was injected intraperitoneally and focal ischemia was
induced by applying photostimulation to the dye via an optic fiber in the corpus callosum and the hippocampus. (B) Representative TTC staining showing the creation of
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 focal ischemic core after photothrombosis. (C) Time changes in LFP power at a br
ecordings from 3 mice). Each line represents a single recording electrode. Data we
NOVA revealed a significant time-dependent change in LFP power (F(6,42) = 5.74;

ands) became significant at 30 min  after CCAO (Table 1). These
esults suggest that adaptability to hypoxic conditions in the thal-
mus varies depending on the oscillatory patterns observed.

.2. Focal photothrombosis triggers irreversible power reduction
n the corpus callosum and hippocampus

CCAO-induced hypoperfusion was not sufficient to elicit long-
asting neuronal activity changes in the hippocampus. To test how

ore severe ischemic damage alters network activity in the hip-
ocampus, we next tested the effect of photothrombosis, a model
f ischemia that significantly reduces blood supply, to induce neu-
onal degeneration in a small area of the brain (Labat-gest and
omasi, 2013). In this model, the formation of a clot in brain
lood vessels was produced by applying photostimulation to the
hotosensitive dye rose bengal injected into the circular system
Watson et al., 1985). An optical fiber with a diameter of 200 �m
as inserted above the recording sites of the corpus callosum

nd the hippocampus (Fig. 3A). After obtaining 30 min  of sta-
le recordings, rose bengal was intraperitoneally injected, and
he site was stimulated 10 min  later for 10–15 min  with green
ight (561 nm). A focal ischemic core in the illuminated area was
erified by TTC staining (Fig. 3B). Similar to CCAO, hippocampal
ctivity showed an immediate change in response to photothrom-
osis (Fig. 3C). After a transient elevation of LFP power, which
ccurred within a few minutes of stimulation, the percentages
f 2–140 Hz LFP power continuously decreased to 73.3 ± 16.2%,
0.1 ± 15.0%, and 41.3 ± 7.2% at 10 min, 30 min, and 60 min, respec-
ively, after the onset of photostimulation. These results suggest
hat LFP power within the hippocampus never returned to the
re-photostimulation baseline when significant ischemia related
o neuronal degeneration was induced.

.3. Changes in neuronal activity after a chronic hypoxic state

We  next examined long-lasting changes in the neuronal activity
atterns in mice under chronic CCAO-induced forebrain hypoper-
usion (chronic CCAO mice). After the CCAO surgery, animals were
ontinuously subject to CCAO for 7 days. During the post-surgery
eriod, all 9 mice survived. On day 7 after surgery, the mice were
nesthetized with urethane for extracellular recordings using the
ame methods as in the acute CCAO experiments. Two of the 9

ice died under anesthesia, probability due to the effects of fore-

rain hypoperfusion. The remaining 7 animals were used for the
hronic CCAO experiment. For comparison, the data obtained from
he mice before application of CCAO in Fig. 2 were defined as data
equency (2–140 Hz) band after photothrombosis in individual brain regions (n = 8
malized to the power at 0 min at the individual recording sites. Repeated measures
002). *P < 0.05, Dunnett’s test.

from control mice. Recording sites in these animals are shown in
Fig. 4A. In the neocortex of chronic CCAO mice, LFP power at all fre-
quency bands was 1.3–2.5 times lower than that in the control mice
that did not undergo CCAO (Fig. 4B). Only the delta band, the low-
est frequency band, showed a significant decrease in power (delta,
U = 19, P = 0.028; theta, U = 27, P = 0.11; slow gamma, U = 35, P = 0.34;
fast gamma, U = 40, P = 0.56). In the hippocampus, we found pro-
nounced increases in the power of the theta, slow gamma, and fast
gamma  bands of chronic CCAO mice (delta, U = 37, P = 0.074; theta,
U = 23, P = 0.009; slow gamma, U = 20, P = 0.005; fast gamma, U = 24,
P = 0.01). No significant differences in LFP power were observed
between control and chronic CCAO mice in the corpus callosum and
the thalamus (corpus callosum: delta, U = 26, P = 0.95; theta, U = 22,
P = 0.60; slow gamma, U = 15, P = 0.18; fast gamma, U = 13, P = 0.11;
thalamus: delta, U = 12, P = 1.00; theta, U = 9, P = 0.61; slow gamma,
U = 11, P = 0.91; fast gamma, U = 10, P = 0.76), suggesting that activ-
ity patterns in these brain regions returned to normal during the 7
days of chronic hypoxia.

4. Discussion

Using a multi-channel extracellular recording technique, we
examined how cerebral hypoperfusion alters neuronal activity
patterns in the thalamo-cortico-hippocampal network. The main
findings of our study are as follows: (1) these brain regions
showed heterogeneous changes in their LFP power in response
to CCAO-induced hypoperfusion, (2) the hippocampus and the
corpus callosum, but not the neocortex, were able to restore
neurophysiological activity against CCAO-induced hypoperfusion
by reducing the fluctuations in the LFP power changes, and (3) LFP
power was potentiated and depressed in the hippocampus and the
neocortex, respectively, in mice chronically exposed to 7-day of
CCAO-induced hypoperfusion. The chronic depression of the LFP
power in the neocortex might be related to the inability to regain
normal LFP patterns during acute CCAO-induced hypoperfusion.
However, the chronic potentiation of hippocampal LFP power
might be due to excessive rebound of neuronal activity, a mecha-
nism that might be partly related to the acute (<30 min) recovery
effect in response to the hypoperfusion. The sensitivity of neuronal
activity patterns to hypoperfusion may  thus serve as a neurophys-
iological sign of the subsequent chronic dysfunction of neuronal
networks.
To mimic  ischemic stroke, in vivo mouse models have been
established for use in cerebrovascular research. These models
include middle cerebral artery occlusion (MCAO), CCAO, and pho-
tothrombosis (Barth and Mody, 2011; Durukan and Tatlisumak,
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Fig. 4. Changes in neuronal network activity after chronic CCAO-induced hypoperfusion. (A) Histological verification of recording sites in sequential coronal brain sections of
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hronic  CCAO mice. Black dots indicate the endpoints of the electrode tracts (n = 7 m
n  control mice without hypoperfusion. * and # indicate a significant increase and d

 test.

007). MCAO and photothrombosis focally induce brain ischemia
y significantly reducing blood flow. We  confirmed that pho-
othrombosis causes an irreversible disruption of LFP signals in the
schemic core of the hippocampus, which is associated with the
rogression of neuronal cell death (Labat-gest and Tomasi, 2013).
nlike the focal ischemia models, the unilateral CCAO used in this

tudy induces a global hypoxic state by reducing the circulatory
ow rate in the forebrain without inducing severe neuronal loss.

n this model, we demonstrated that some brain regions were able
o return to their normal activity levels within 1 h and that these
ctivity levels lasted for up to a week. We  note that our data was
btained from urethane-anesthetized mice. It has been shown that
reatment of urethane affects several types of ongoing oscillations
uch as theta and slow wave oscillations in the cortex. Further stud-
es are needed to clarify our finding is applicable to awake, drug-free
nimals.

Several mechanisms may  account for the greater ability to resist
hange in response to CCAO-induced hypoperfusion in the thal-
mus and the hippocampus. First, these brain regions might be
ore efficiently covered by a compensatory redistribution of blood

ow from the circulatory system via the circle of Wills. Second,
nherent recurrent connections between neurons or the rapid reor-
anization of functional connections may  allow these regions to
etain their normal network activity patterns under conditions of
ecreased perfusion. In addition, it has been widely demonstrated
hat a variety of cellular and molecular mechanisms are mobi-
ized during hypoxic/ischemic states, such as intracellular acidosis
Vannucci and Yager, 1992), glutamate release (Benveniste et al.,
989; Nishizawa, 2001), ATP production (Lifshitz et al., 2003), and
he activation/deactivation of signaling pathways associated with

euronal cell death (Durukan and Tatlisumak, 2007; Eltzschig and
ckle, 2011; Wei  et al., 2004). It remains unknown how these mech-
nisms might account for regional differences in the vulnerability
o the hypoperfusion.
B) The percentage of LFP power in chronic CCAO mice normalized to average power
se, respectively, between control and chronic CCAO mice. P < 0.05, Mann–Whitney

In neurophysiological studies, the application of unilateral CCAO
is considered a model for perturbing neuronal activity within a few
minutes. Our findings demonstrate that neuronal populations in
specific brain regions form a rigid homeostatic system to maintain
the overall power of organized oscillatory activity in the presence of
an intense external perturbation. As a pathophysiological study, our
findings of regional differences may  help explain hypoperfusion-
associated symptoms observed in both animals and humans and
may  help in developing therapeutic strategies to reduce or reverse
brain dysfunction due to hypoxic/ischemic damage.
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