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The hippocampal formation is one of the brain regions most sensitive to ischemic damage. However, there are no studies about changes
in hippocampal neuronal activity during and after a selective unilateral hippocampal ischemia. We developed a novel unilateral cerebro-
vascular ischemia model in mice that selectively shuts down blood supply to the ipsilateral hippocampal formation. Using a modified
version of the photothrombotic method, we stereotaxically targeted the initial ascending part of the longitudinal hippocampal artery in
urethane anesthetized and rose bengal-injected mice. To block blood flow in the targeted artery, we photoactivated the rose bengal by
illuminating the longitudinal hippocampal artery through an optical fiber inserted into the brain. In vivo field potential recordings in the
CA1 region of the hippocampus before, during and after the induction of ischemia demonstrated a high-frequency discharge (HFD)
reaching frequencies of �300 Hz and lasting 7–24 s during the illumination consistent with a massive synchronous neuronal activity. The
HFD was invariably followed by a DC voltage shift and a decreased activity at both low (30 –57 Hz)- and high (63–119 Hz)-gamma
frequencies. This decrease in gamma activity lasted for the entire duration of the recordings (�160 min) following ischemia. The
contralateral hippocampus displayed HFDs but with different frequency spectra and without DC voltage shifts or long-lasting decreases
in gamma oscillations. Our findings reveal for the first time the acute effects of unilateral hippocampal ischemia on ensemble hippocam-
pal neuronal activities.

Introduction
Precerebral or cerebral artery occlusions account for 70 – 80% of
acute strokes (Williams et al., 1999). The hippocampus plays
important roles in learning, memory and epilepsy and is known
to have high susceptibility to ischemic damage compared with
other brain structures in both animals (Schmidt-Kastner and
Freund, 1991; Akai and Yanagihara, 1993; Ordy et al., 1993; Sug-
awara et al., 2002) and humans (Fujioka et al., 2000). In various
neurological disorders, including Parkinson’s disease and Alzhei-
mer’s disease, the neurodegeneration appears to be similar to that
observed after cerebral ischemia. Therefore, investigating the
mechanisms of ischemic injury in the hippocampus may provide
insights into other pathogenetic mechanisms and may help de-
velop new therapeutic strategies. However, currently much of
stroke research uses high-throughput models of mechanically
induced cerebral ischemia, which do not accurately mimic a
stroke caused by embolic or thrombotic occlusion of a cerebral
artery. Despite their widespread use, such stroke models have
several drawbacks: the procedures are invasive and technically
demanding; morbidity and mortality are high, and ischemic le-
sions are variable. These considerations make mechanical arterial
occlusion models less than ideal for many experimental arrange-

ments, especially when extended postischemia survival is re-
quired. Our present knowledge about the in vivo ischemia-
induced changes in hippocampal electrical activity is based on
models of mechanically evoked whole forebrain ischemia in rats
(Buzsáki et al., 1989; Freund et al., 1989). Currently there are no
data on how various hippocampal oscillatory activities might be
affected by hippocampal ischemia in vivo.

An alternative to the arterial physical occlusion model is the
technique of photothrombosis using the photosensitive dye rose
bengal (Watson et al., 1985). Here, an intense light beam interacts
with the photosensitizing dye to induce the formation of a clot in
brain blood vessels. Although there are several advantages of the
photothrombotic model (reproducible infarct area, depth, loca-
tion; relatively noninvasive) it has certain theoretical limitations.
In transcranial cortical photothrombosis the procedure preferen-
tially occludes small pial vessels, resulting in an end-arterial form
of ischemia considerably different from most cases of thrombotic
stroke in humans.

This study describes a novel, relatively noninvasive in vivo
mouse stroke model combining the advantages of photothrom-
bosis and stereotaxic localization. Our modified photothrom-
botic model is the first to target a deep brain hippocampal artery.
Thus, it is possible to more accurately mimic the thrombotic
occlusion of a relatively large-diameter specific cerebral artery in
mice, avoiding end-arterial mechanisms of photothrombosis.
Our model allowed us to investigate consequences of a selective
one-sided hippocampal ischemia. We describe changes in neuro-
nal activity in both hippocampi during and after unilateral hip-
pocampal ischemia. Most of the work in stroke models has been
done in rats because of their larger size and the substantial expe-
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rience in both stroke induction and behavioral testing in this
species. However, mice, and in particular genetically modified
mice, constitute a valuable animal model with a far wider spec-
trum of genetic manipulations than in any other mammalian
species. Therefore, a mouse stroke model should be extremely
valuable in future research addressing the pathomechanisms of
ischemia and the development of novel therapies.

Materials and Methods
Anesthesia and surgery
Surgeries were performed under aseptic conditions on male C57BL/6
mice according to a protocol approved by the University of California,
Los Angeles Chancellor’s Animal Research Committee. General anesthe-
sia was achieved using intraperitoneal administration of urethane (1.5
g/kg; U2500, Sigma) in a previously isoflurane anesthetized animal. To
overcome breathing problems commonly observed in mice during ure-
thane anesthesia (Moldestad et al., 2009), we first determined the optimal
urethane dose in our experiments. Above a urethane dose of 1.7 g/kg
wheezing and irregular breathing occurred on average at 96 � 10.2 min
after urethane injection (n � 10). In preliminary experiments we found
that the lowest dose of urethane to induce proper anesthesia without
breathing problems is 1.5 g/kg (n � 7). To avoid possible differences in
the metabolism of urethane we used mice from a narrow age and weight
range (weight, 24 –28 g; age, 10 –14 weeks). The level of anesthesia was
assessed throughout the experiment by monitoring reflex withdrawal to
a hindpaw pinch. Body temperature was maintained at 37°C using a
rectal probe and a water circulated heating pad. The animal was mounted
into a standard Stoelting instrument stereotaxic frame with blunt ear
bars. The cranium was exposed through a small midline scalp incision
and two, for the simultaneous bilateral recordings three small (� 0.5 mm
diameter) holes were drilled in the cranium. Individual coordinates were
determined by using the procedure described in the next section. With
the aid of a micromanipulator, a sterilized recording electrode (Plastics
One, or two Ag/AgCl glass electrodes in simultaneous bilateral AC/DC
recordings) was lowered at a speed of �70 –150 �m/s into the stratum
pyramidale of the hippocampal CA1 region [from the rostral confluence
of the nasal sinus, anteroposterior (AP), 5.19 � 0.02 mm; mediolateral
(ML), �1.45 mm; dorsoventral (DV), 1.45 mm], while through the other
hole a sterilized cannula guide (Plastics One) was lowered into the brain
at coordinates determined to reach the longitudinal hippocampal artery
(from the rostral confluence of the nasal sinus, AP, 7.14 � 0.03 mm; ML,
2.25 mm; DV, 2.38 mm). We used glass pipettes with narrow elongated
tips (tip outside diameter of �70 �m, diameter at the level of cortical
surface � 85 �m) to avoid the development of spreading depression-like
phenomena during the electrode insertion (Verhaegen et al., 1992). A
ground/reference electrode was placed under the scalp.

Localization of the longitudinal hippocampal artery
In mice, the major blood supply of the hippocampal formation is pro-
vided by branches of the basilar and internal carotid arteries (Dorr et al.,
2007). The posterior cerebral artery, a branch of the superior cerebellar
artery originating from the basilar artery, gives rise to the longitudinal
hippocampal artery. The longitudinal hippocampal artery heads dorsally
and then turns anterior to follow a path approximately parallel to the
longitudinal axis of the hippocampus, in close proximity to the hip-
pocampal fissure, to provide the blood supply to the ventral and dorsal
parts of the hippocampus. The internal carotid artery gives rise to the
anterior choroidal artery. The dorsally directed part of the anterior cho-
roidal artery provides the blood supply of the anterior portion of the
hippocampus (Dorr et al., 2007). To achieve a selective and extended
hippocampal stroke we targeted the initial ascending part of the longitu-
dinal hippocampal artery by using a modified version of the photo-
thrombotic method (Watson et al., 1985).

Successful localization of the longitudinal hippocampal artery was
critical for the implementation of this new model. To assess the position
of the artery we used two recently developed three-dimensional (3-D)
digital mouse brain atlases (Chan et al., 2007; Dorr et al., 2007). We
determined an optimal set of landmarks through the mouse skull, the

lambda sinus (LS), and the rostral confluence of the nasal sinus (RCS),
caudal to the olfactory bulb. We used green light penetrating through the
intact skull moisturized by silicone oil to better visualize the vascular
landmarks (Fig. 1 A). In accordance with previously published findings
(Chan et al., 2007), we found that the vascular landmarks are more
consistent than the bony bregma landmark between individual animals
since they act as landmarks of the brain vasculature itself (Fig. 1 B) (RCS-
bregma coefficient of variation, 6.3%; RCS-LS coefficient of variation,
2.2%; n � 46 mice). To further optimize the stereotaxic coordinates, we
individualized the coordinates by counting a ratio between the measured
RCS-LS distance and the RCS-LS distance found in the 3-D digital mouse
atlas (Chan et al., 2007; Dorr et al., 2007). The resulting factor served to
optimize the stereotaxic coordinates in each individual experiment.

Photostimulation
Mice mounted into the stereotaxic frame were given an injection of 10
mg/ml solution of rose bengal (100 mg/kg, i.p., Sigma) in physiological
saline. The distal end of a multimodal optical fiber with silica core (200
�m core diameter BFL37–200; Thorlabs) coupled to a 532 nm diode laser
was inserted into the cannula guide and advanced until flush with the end
of the cannula guide. To photoactivate the rose bengal and to induce
targeted hippocampal ischemia the longitudinal hippocampal artery was
illuminated (5–15 min, 14 –50 mW) through the cannula guide. To test
the effect of illumination alone, a separate group of animals were injected
with the appropriate aliquot of saline solution not containing rose bengal
and were then irradiated for 15 min.

2,3,5-Triphenyltetrazolium chloride staining
To determine the infarction area, in a separate group of experiments (n �
4) brains were removed 4 h after hippocampal ischemia induction. Brain
sections containing the hippocampi were sliced (300 �m slice thickness).
Slices were immediately immersed in 1% 2,3,5-triphenyltetrazolium
chloride (TTC) in artificial CSF at 37°C for 15 min for vital staining, and
transferred in 4% paraformaldehyde for immersion fixation for 24 h then
photographed.

Electrophysiological recordings
During recordings, the stereotaxic apparatus was connected to ground.
To increase the signal-to-noise ratio in our recordings the preamplifier
headstage of a DC amplifier (model 2400, A-M Systems) was attached to
the electrode holder of the stereotaxic frame. In a set of experiments
contralateral and ipsilateral hippocampal activity were measured sepa-
rately, in different mice, in another set of experiments simultaneous
bilateral hippocampal recordings were carried out. Field potential re-
cordings were further amplified to a final gain of 2000� and were band-
pass filtered between 0.1 and 1000 Hz using a secondary amplifier (model
210A, Brownlee). In some unilateral and in all simultaneous measure-
ments we used low-pass-filtered (1000 Hz) DC recordings at a lower gain
(100�) on a second channel (on both sides in the simultaneous record-
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Figure 1. Localization of the longitudinal hippocampal artery. A, Determination of an opti-
mal set of landmarks through the mouse skull: the lambda sinus (bottom white cross), the
bregma (middle white cross) and the RCS (top white cross). The vascular landmarks can be
better visualized with green light penetrating through the intact skull. Scale bar, 2 mm. B, The
RCS-lambda distance is more consistent than the RCS-bregma distance (n � 46; RCS-bregma,
3.86 � 0.24 mm; RCS-lambda, 7.58 � 0.17 mm).
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ings) to observe the baseline changes during ischemia induction. All field
signals were referenced to the implanted reference electrode. Recorded
signals were digitized on-line (sampling frequency of 4096 s �1) with
PCI-MIO16E-4 data acquisition board (National Instruments). Data ac-
quisition was performed using a custom-written LabView-based soft-
ware (EVAN).

Data processing and analysis
A custom-written procedure running under IGOR Pro v6.12A (Lake
Oswego, OR) was used to perform the following analyses.

Frequency spectrogram. The magnitude of the spectrum was calculated
using a series of Gabor FFT windows of 64 points across the entire data
segment. The magnitude was obtained as the square root of the sum of
the squared real part and the squared imaginary part. Thus, the magni-
tude is a real quantity and represents the total signal amplitude in each
frequency bin (1.25 Hz bins). We further refer to this total FFT magni-
tude as amplitude. Frequency bands were created by averaging the spec-
tral values in the 1–2 Hz (delta), 4 –12 Hz (theta), 30 –57 Hz (low gamma)
and 63–119 Hz (high gamma) ranges (Buzsáki, 2006). For the three-
dimensional surface spectrogram, individual, normalized spectrograms
of the high-frequency discharges (HFDs) were averaged and the spectro-
gram of control activity was subtracted from the average spectrogram.
The control activity was defined as the average normalized spectrogram
before the HFD. After the subtraction, the resulting spectrogram only
shows the additional frequency components resulting from the HFD and
it was plotted as a 3-D surface diagram.

Separation of baseline and burst components. An all-point histogram
was generated from the spectral values of each of the four frequency
bands. For every 60 s epoch a Gaussian curve was fitted to the part of the
distribution not skewed from the peak value to the leftmost (smallest)
value of the histogram (see Fig. 5B). The mean of the fitted Gaussian
curve was considered to be the baseline value. To obtain the burst com-
ponent, the fitted Gaussian curve was subtracted from the histogram.
The cumulative sum of the difference (during each 60 s epoch) was
calculated and divided by the number of points in that segment of time to
yield the burst component (Glykys and Mody, 2007). This process was
repeated for each frequency band.

Detection and measurement of the large theta cycle. For event detection,
a threshold-crossing method was used with a custom-made Igor proce-
dure. The SD of a short 40-ms-long segment of the recording was deter-
mined; then, typically, a threshold setting of 50 –100 times this SD was
used. Segments (1.3 s long) of recordings containing the large theta cycles
(from 500 ms before to 800 ms after the peak) were aligned by their peaks
and were averaged; the corresponding low- and high-gamma compo-
nents were also averaged. The delay of the gamma components were
determined by calculating the differences between the peak of the average
large theta cycle and the corresponding average low/high gamma com-
ponents. Amplitudes were calculated by subtracting the baseline value
from the peak value of the average events and components.

Statistical analysis. Summary reports of data are presented as arith-
metic means together with the SEM unless otherwise noted. Numerical
comparisons across conditions for the same datasets were made using
pairwise t tests (with a significance level of �0.05).

Results
TTC staining
To demonstrate the extent of the hippocampal ischemia we
histologically characterized the tissue damage caused by the uni-
lateral hippocampal artery occlusion. We used urethane for an-
esthesia to preserve brain oscillatory activity. Since due to its
long-term toxicity, urethane is suitable only for acute, terminal
experiments, it was necessary to show the ischemic damage in an
early phase. The TTC staining rests on the functioning of mito-
chondrial enzymes (Liszczak et al., 1984). Under ideal conditions
this technique can detect irreversibly damaged brain areas as early
as 2.5 h after arterial occlusion (Liszczak et al., 1984). In our TTC
experiments (n � 4) 4 h after hippocampal ischemia induction
TTC staining did reliably delineate the extensive hippocampal

infarct area (pale areas versus noninjured deep red colored tissue,
Fig. 2).

Hippocampal oscillatory activity in mice during
urethane anesthesia
As a first step in characterizing hippocampal oscillatory activity in
vivo, we performed field potential recordings from the stratum
pyramidale of dorsal hippocampal CA1 region of urethane anes-
thetized mice, since most previous studies were performed in
rats. As previously reported, rats anesthetized with urethane
demonstrate spontaneous and cyclical alternations in brain state
(activated-deactivated) that resemble sleep state alternations
(Clement et al., 2008). The activated state consists of theta activity
(Vanderwolf et al., 1978; Buzsáki et al., 1983; Bland, 1986;
Buzsáki, 2002) coexpressed with a faster gamma rhythm. The
deactivated EEG patterns are characterized by large-amplitude
slow irregular oscillatory activity. Intermittent, large-amplitude
transients (30 –120 ms) called hippocampal “sharp waves”
(Buzsáki, 1986; Suzuki and Smith, 1987) are characteristic of this
state. In our experiments robust theta oscillations were observed
in unperturbed urethane-anesthetized mice. Theta oscillations
periodically showed an increased amplitude which appeared on
the field potential recordings as large negative deflections (inter-
event intervals, 2.0 � 0.2 s, n � 6 mice) (Fig. 3A). Theta- and
gamma-frequency EEG rhythms coexist in the hippocampus of
the rat when awake or during ketamine-xylazine or urethane
anesthesia (Buzsáki et al., 1983; Soltesz and Deschênes, 1993;
Bragin et al., 1995). To examine this in mice, we performed de-
tailed frequency spectra analyses showing that the large theta
cycles are also accompanied by enhanced low- and high-gamma
range oscillations. Both gamma components peaked after the
maximum of the large-amplitude theta cycle (low gamma,
100.0 � 24.4 ms; high gamma, 73.8 � 25.6 ms; n � 7 mice) (Fig.
3A). This is in agreement with previous findings showing that the
amplitude of theta-coupled gamma oscillation is highest shortly
after the peak of the theta cycle (Wulff et al., 2009). In accordance

Figure 2. TTC staining. Consecutive TTC-stained coronal brain sections at 4 h following uni-
lateral (right side) hippocampal ischemia induction. The TTC staining delineates the extensive
hippocampal infarction. Scale bar, 2 mm; slice thickness, 300 �m.
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with previous evidence showing that urethane anesthesia decel-
erates the oscillation frequency (Ylinen et al., 1995), we observed
gamma activity only up to �120 Hz (Fig. 3B).

In control experiments, to test the effect of laser irradiation
alone, the appropriate aliquot of vehicle (saline solution) not
containing rose bengal was injected and was followed by a 15-
min-long irradiation (20 mW laser power). The green activating
light alone did not induce any changes in oscillations (Fig. 3B).

Electrical activity during acute hippocampal ischemia
We next sought to determine the acute impact of a unilateral
specific hippocampal ischemia on hippocampal electrical activ-
ity. We have performed in vivo field potential recordings in the
stratum pyramidale of the dorsal hippocampal CA1 region of
urethane anesthetized and rose bengal-injected mice (n � 12)
before and during the induction of cerebrovascular trauma. The
5- or 15-min-long laser illumination was started 6 min after in-
traperitoneal injection of rose bengal. On average, at 207.4 �
66.0 s (n � 12) after the onset of laser illumination small
sawtooth-shaped potentials appeared in the hippocampal field
potential recording, which then gave way to a shower of spikes
(Fig. 4A). The amplitude of the spikes first increased and then
decreased giving the discharge a triangular-shape. The shower of
population spike discharge (referred to henceforth as HFD) typ-
ically lasted 12.3 � 1.6 s (range, 7–24 s; n � 12). Frequency
spectrum analysis of the recorded hippocampal activity showed
high-frequency components during the discharge reaching fre-
quencies of �250 Hz and the maximal amplitude was in the low
gamma range (Fig. 4A–C). The HFD was invariably followed by a
characteristic baseline shift indicated by a deep sag in our DC
recording. By the time the fast DC drop was initiated, the HFD
started to decline (Fig. 4A).

Oscillatory activity after the injury
To examine how the hippocampal ischemia affects the hip-
pocampal oscillatory activity we divided the frequency spectro-
grams in four frequency bands: delta, 1–2 Hz; theta, 4 –12 Hz; low
gamma, 30 –57 Hz; and high gamma, 63–119 Hz. The HFD was
invariably followed by decreased amplitude at theta, low- and
high-gamma frequencies, but not at the lower delta range (Fig.
5A). This amplitude decrease developed in a step-like manner
after the HFD and lasted for the entire duration of the recordings
(�60 min after the laser illumination). To further refine our
analysis, burst and baseline components (determined as de-
scribed in the Materials and Methods) were separated for each
frequency band. Using this method, we found that in the theta
bands the burst component, in the gamma bands both the burst
and the baseline components decreased. The amplitude reduc-
tion was more pronounced in the low-gamma than in the theta or
high-gamma range [comparing averaged components of 8-min-
long segments 9 –1 min before and 1–9 min after the HFD; theta
baseline (given as percentage of control): 86.2 � 8.4%, p � 0.05;
burst: 78.0 � 6.2%, p � 0.05; low gamma baseline: 61.9 � 3.3%,
p � 0.05; burst: 57.6 � 2.8%, p � 0.05; high gamma baseline:
83.5 � 3.1%, p � 0.05; burst: 76.5 � 4.0%, p � 0.05; n � 9] (Fig.
5C). With lower laser power (below 14 mW, 13.2 � 0.2 mW, n �
3) the amplitudes tended to return (comparing averaged compo-

 
A

400

200

0

Fr
eq

ue
nc

y 
(H

z)

B

250 ms

400 µV

5 mV

15 mV

250 s

Figure 3. In vivo field potential recording from the dorsal hippocampal CA1 region in ure-
thane anesthetized mice. A, Field potential recording showing two large negative deflections
emerging from the normal theta rhythm (top). High (63–119 Hz range; middle)- and low-
gamma (30 –57 Hz range; bottom) components riding on the large negative deflection. B,
Frequency spectrogram of the hippocampal field potential recording. The laser illumination (20
mW) by itself did not induce changes in the spectrogram (dotted white lines mark the duration
of the laser illumination). Six minutes before the laser illumination physiological saline injection
was injected instead of rose bengal.

400

200

0

A

B

Fr
eq

ue
nc

y 
(H

z)

2 mV
3 s

40 mV

40 mV
3 s

C

0
403020

10

230

450

140

70

2

E
nhancem

ent (%
)

100 %

2 %

Frequency (Hz)

Time (s)
10

Figure 4. HFD during ischemia induction in the ipsilateral hippocampus. A, Frequency spec-
trogram of the in vivo recording from the dorsal hippocampal CA1 region (top), the recorded DC
activity (middle trace) and the average amplitude in the low gamma, 30 –57 Hz range. B,
Averaged HFD in the low-gamma range (dark trace, gray traces, �SD; n � 12). C, Color-coded
3-D surface spectrogram of the averaged HFD. Note the frequency components up to 450 Hz.

854 • J. Neurosci., January 19, 2011 • 31(3):851– 860 Barth and Mody • Hippocampal Oscillations during Ischemia



nents of 4-min-long segments 9 min before and right after the
HFD: theta baseline: 82.9 � 5.4%, burst: 84.9 � 3.1%, low
gamma baseline: 49.6 � 7.5%, burst: 56.1 � 8.1%, high gamma
baseline: 65.4 � 10.5%, high gamma burst: 81.3 � 2.6%; com-

paring averaged components of 4-min-
long segments 9 min before and 14 min
after the HFD: theta baseline: 91.4 �
18.9%, burst: 84.6 � 7.9%, low gamma
baseline: 87.4 � 2.6%, burst: 87.9 �
9.0%, high gamma baseline: 87.3 � 5.9%,
burst: 94.2 � 4.6%). Illumination with
lower-power (below 10 mW at the tip of
the optical fiber) did not evoke discharges
even after 15 min of illumination. This is in
agreement with previous findings showing
that there is a distinct laser power threshold
to induce photothrombosis (Silva et al.,
2005).

Alterations in the pattern of large
theta cycles
In the next step we investigated possible
changes in the large theta cycle-gamma
complex after the HFD caused by the isch-
emia. We have found that after the photo-
thrombosis-induced HFD the gamma
components accompanying the large theta
cycles largely decreased (low gamma ampli-
tude before: 9.4 � 1.2 mV, after: 4.3 � 1.1
mV, p � 0.05; high gamma amplitude be-
fore: 3.0 � 0.5 mV, after: 1.6 � 0.6 mV, p �
0.05, n � 4 mice) while the amplitudes and
inter-event intervals of the large-amplitude
theta cycles did not change (amplitude

before: 478.6 � 84.5 �V, after: 442.9 � 100.6 �V, p � 0.05;
inter-event intervals before: 1.91 � 0.1 s, after: 1.91 � 0.3 s,
p � 0.05) (Fig. 6 A–C).
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Electrical activity during and after the injury in the
contralateral hippocampus
Seizures induced in one hippocampus propagate to the contralat-
eral hippocampus and then to other brain areas (Goto et al.,
1994). We wanted to find out whether the HFD induced by uni-
lateral ischemia could propagate to the contralateral side. In 4
mice we performed unilateral hippocampal ischemia but re-
corded from the contralateral dorsal hippocampal CA1 stratum
pyramidale. During the induction phase of the ischemia the con-
tralateral hippocampal recording also displayed HFD with a sim-
ilar duration (15.7 � 0.5 s). However it was not followed by the
characteristic DC potential shift (Fig. 7A–C). Separating the base-
line and burst components in the four frequency ranges did not
reveal any alteration in the baseline or burst components (com-
paring averaged components of 8-min-long segments 9 –1 min
before and 1–9 min after the HFD; delta baseline: 106.6 � 22.7%,
p � 0.05; burst: 95.5 � 13.5%, p � 0.05; theta baseline: 96.1 �
7.5%, p � 0.05; burst: 87.7 � 5.6%, p � 0.05; low gamma base-
line: 104.0 � 9.3%, p � 0.05; burst: 98.8 � 4.0%, p � 0.05; high
gamma baseline: 99.9 � 5.9%, p � 0.05; burst: 94.5 � 2.1%, p �

0.05) (Fig. 8A,B). The contralateral cerebrovascular trauma in-
duction did not affect the inter-event intervals (before: 2.17 �
0.3 s, after: 2.15 � 0.2 s, p � 0.05) of the large theta cycles or the
amplitudes of their gamma components (low gamma amplitude
before: 10.5 � 0.2 mV, after: 12.3 � 1.0 mV, p � 0.05; high
gamma amplitude before: 3.8 � 0.5 mV, after: 4.1 � 0.8 mV, p �
0.05) (Fig. 9A–C).

Simultaneous bilateral hippocampal recordings
To characterize the obvious differences between ipsi- and con-
tralateral frequency spectrograms of the HFDs (Figs. 4, 7) and the
duration of the extracellular DC shift and decreased gamma ac-
tivity we performed 10 simultaneous bilateral AC/DC recordings
from the dorsal hippocampal CA1 region. In 4 cases we made
recordings up to 4 h following unilateral hippocampal ischemia
induction. These long recordings corroborated the differences
between DC shifts and revealed the long-lasting, large-
amplitude (�18.0 � 2.8 mV; n � 4) ipsilateral DC shift (Fig.
10 A) most likely reflecting the terminal negativity/depolariza-
tion (Higuchi et al., 2002). The gamma activity did not recover
in these recordings (comparing averaged components of
8-min-long segments 9 –1 min before and 160 –168 min after
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the HFD; low gamma baseline (given as percentage of con-
trol): 66.5 � 6.9%, p � 0.05; burst: 61.0 � 4.8%, p � 0.05; high
gamma baseline: 85.4 � 3.0%, p � 0.05; burst: 77.0 � 3.0%,
p � 0.05; n � 4).

Next we compared the HFDs preceding
the DC baseline shift. In each case we could
observe narrow fast population spikes in the
ipsilateral recordings which then disap-
peared by the end of the HFD (Fig. 10B).
Ipsilaterally the amplitude of the HFD in the
low- and high-gamma range rapidly de-
creased while contralaterally it continued to
rise reaching larger amplitudes, then gradu-
ally decreased (Fig. 10C). In contrast, at
higher frequencies (250–450 Hz) the ipsi-
lateral HFD had more prominent compo-
nents corresponding to the ipsilateral
narrow fast population spikes (comparing
ipsilateral and contralateral values in the
four frequency bands given as percentage of
the contralateral side the values were as fol-
lows; for peak amplitudes at: 30–57 Hz:
71.0 � 9.9%, p � 0.05; 63–119 Hz: 80.4 �
9.5%, p � 0.05; 121–250 Hz: 85.1 � 12.6%,
p � 0.05; 250–450 Hz: 203.7 � 33.4%, p �
0.05; for total areas at: 30–57 Hz: 67.3 �
7.9%, p � 0.05; 63–119 Hz: 75.2 � 8.3%,
p � 0.05; 121–250 Hz: 86.7 � 10.2%, p �
0.05; 250–450 Hz: 144.3 � 13.9%, p �
0.05) (Fig. 10C).

Discussion
The hippocampal formation is one of the
most sensitive brain areas to cerebrovas-

cular trauma, but to date there are no reliable, reproducible and
specific in vivo hippocampal ischemia models. There are also no
studies describing the electrical activity in the brain during and
immediately following hippocampal ischemia in vivo. Our novel
mouse model of photothrombotic ischemia in vivo allowed us to
examine its acute neuronal correlates.

The main findings of our study are as follows: (1) vascular
landmarks should be used for accurate targeting of deep brain
vasculature in mice; (2) unilateral hippocampal ischemia results
in a brief bilateral HFD (30 –250 Hz), peaking in the low-gamma
frequency (30 –57 Hz) range; (3) the fast decline, smaller ampli-
tude and the appearance of epileptiform spikes ipsilaterally re-
sults in different dynamics and frequency spectra of the HFDs of
the two hippocampi; (4) the HFD is followed ipsilaterally by a
characteristic extracellular negative field potential shift that
might resemble hypoxic terminal depolarization; (5) the HFD is
followed ipsilaterally by a step-like long-lasting decrease in the
gamma (30 –119 Hz) activity; (6) the contralateral hippocampus
displays only the HFD without any ensuing and lasting electrical
signs.

Oscillatory activity under urethane anesthesia in mice
Urethane, a carcinogenic substance, is favored for acute in vivo
electrophysiological experiments because it induces long-lasting
steady level of anesthesia with muscle relaxation (Maggi and
Meli, 1986a) and minimally affects the autonomic and cardiovas-
cular systems (Maggi and Meli, 1986b; Hara and Harris, 2002;
Janssen et al., 2004). Most of our knowledge about the specific
neurons involved in various brain oscillations comes from ure-
thane anesthetized rats (Klausberger and Somogyi, 2008). Ure-
thane affects both inhibitory and excitatory systems but the
magnitude of the alterations is less than that produced by other
more selective anesthetics (Hara and Harris, 2002). Based on

A

B
C

120

60

0

Fr
eq

ue
nc

y 
(H

z)

75 mV

0 mV

100 ms
25 mV

10 mV

250 µV

86420

16

0

4

8

12

Interevent intervals (s)

N
um

be
r /

 0
.2

5 
s

20

200 ms
500 µV

2.5 mV

8 mV

Figure 9. Gamma components are preserved on the large theta cycle after ischemia induction in the contralateral hippocam-
pus. A, Sample large theta cycle (second row from top) before (left) and after (right) the HFD with the corresponding frequency
spectrogram (top), low (bottom)-, and high (second from bottom)-gamma components. B, Distribution of the inter-event inter-
vals of the large theta cycle before (black) and after (red) the HFD. C, Averaged large theta cycle and the corresponding low- and
high-gamma components before (black) and after (red) the HFD.

A C

5 mV
1000 s

5 mV

1 mV

30 mV

15 mV

3 s

B

200 µV
50 ms

500 µV
2 s

30-57 Hz

250-450 Hz

121-250 Hz

63-119 Hz
*

* *
* *

Figure 10. Simultaneous bilateral AC/DC field potential recordings from the dorsal hippocampal
CA1 region during and after ischemia induction. A, Bilateral DC channels show the long-lasting ipsi-
lateralDCshift followingtheHFD(contralateral,gray; ipsilateral,black).B,BilateralACchannels(same
animal as in A). Bottom two traces, HFD preceding the DC drop can be observed in both hippocampi
(arrow in A indicates the timing of the sections). Top two rows show enlarged AC field potential
sections indicated by arrows on the bottom two traces (contralateral, gray; ipsilateral, black). Note the
contralateral large population spikes at both time points, and ipsilaterally the narrow fast spikes
(indicated by asterisks) at the first time point. C, Bilaterally averaged HFD in four frequency ranges
(contralateral, gray; ipsilateral, black; n � 10). The contralateral frequency components in the 30 –
119 Hz band continue to increase and achieve larger amplitude while the ipsilateral components are
starting to decline. Note that in the highest frequency range (250 – 450 Hz) the ipsilateral side over-
comes the contralateral side.

Barth and Mody • Hippocampal Oscillations during Ischemia J. Neurosci., January 19, 2011 • 31(3):851– 860 • 857



these data we have chosen urethane to use in our experiments to
preserve the oscillations in the brain, such as theta and gamma
rhythms, which are critically dependent on the fine interplay of
excitation and inhibition (Buzsáki, 2002; Bartos et al., 2007). It is
widely assumed that urethane anesthetized and unanesthetized
animals show many similarities in their brain activities. However
many laboratories experience low success rates using urethane
because breathing problems occur frequently during urethane
anesthesia, especially in mice (Moldestad et al., 2009). Tracheot-
omy can be a solution to the breathing problems (Moldestad et
al., 2009), but in our experiments, selecting mice in a narrow
weight and age range, individualizing and precisely determining
the dose of urethane and the previous anesthesia with a volatile
anesthetic eliminated the breathing problems without necessitat-
ing a tracheotomy.

TTC staining
Urethane anesthesia is usually restricted to terminal (acute) ex-
periments due to its potential long-term toxicity. This fact neces-
sitates showing the ischemic damage in early stage (�4 h after
ischemia induction). The 2,3,5-triphenyltetrazolium chloride
method rests on the functioning of mitochondrial enzymes
(Liszczak et al., 1984) and has been used by several groups to
mark cerebral infarct area (Bose et al., 1988; Park et al., 1988;
Hatfield et al., 1991; Goldlust et al., 1996; Kuroiwa et al., 2009;
Popp et al., 2009). An obvious advantage of this method is its easy
applicability, suitability for infarct volume evaluation and the
immediate availability of results (Bederson et al., 1986; Mathews
et al., 2000; Türeyen et al., 2004; Popp et al., 2009). Evidence
shows that only a sustained ischemia can result in an early (i.e.,
4 h after ischemia onset) reliable TTC stain (Popp et al., 2009),
agreement with the fact that irreversible injury to mitochondria
in brain cells may not occur until after a long period of ischemia
(Rehncrona et al., 1979). In our experiments 4 h after hip-
pocampal ischemia induction the TTC staining clearly showed
the extensive unilateral hippocampal damage demonstrating a
sustained hippocampal ischemia.

HFD and DC shift during hippocampal ischemia
The HFD generated before the extracellular DC voltage shift in
our recordings from the dorsal hippocampal CA1 region is rem-
iniscent of the network activity observed in rat models of global
ischemia (Freund et al., 1989). In this four vessel occlusion
model, the ischemia induced in the entire forebrain resulted in a
rapid reduction of electrical activity in the hippocampus. The
cessation of the activity was accompanied by a similar short pe-
riod high-frequency (25–50 Hz) spindle. High-frequency electri-
cal activity, synaptic noise, and impulse firing precede the DC
voltage shift of the spreading depression as observed in cells in the
hippocampus and neocortex (Rosenblueth and García Ramos,
1966; Ichijo and Ochs, 1970; Munoz-Martinez, 1970; Higashida
et al., 1974; Somjen and Aitken, 1984; Haglund and Schwartzk-
roin, 1990). Lasting oscillations at high frequencies (200 – 600
Hz) have been recorded in normal neocortex, but hippocampal
“pathological high-frequency oscillations” probably represent
field potentials of population spikes from clusters of synchronous
pathologically bursting cells (Engel, Jr. et al., 2009).

In our experiments, the HFD was followed by a negative DC
shift in the extracellular field potential most likely due to an
ischemia-induced collective neuronal depolarization (Balestrino
and Somjen, 1986; Sick et al., 1987; Korf et al., 1988; Somjen et al.,
1989; Katayama et al., 1992; Lauritzen and Hansen, 1992; Kral et
al., 1993; Xie et al., 1995). The observed persistent reduction in

the gamma activity and long-duration DC shift resembles the
terminal depolarization characteristic of the ischemic core
(Higuchi et al., 2002). The fact that in our experimental arrange-
ment the recording electrode and the illumination site (occlusion
induction site) are �2 mm apart further supports the extensive
hippocampal infarction area.

Decreased gamma activity after HFD
Our data show that there is a step-like, large and lasting reduction
in the gamma activity after the HFD while the activities in the
lower frequency ranges remain preserved. In vivo and in vitro data
show increased energy demand during gamma oscillations
(Niessing et al., 2005) and that gamma oscillations are highly
sensitive to decreases in oxygen tension (Fano et al., 2007; Huchz-
ermeyer et al., 2008; Pietersen et al., 2009). How can we explain
the step-like reduction of the gamma activity after the HFD and
DC shift complex? The hypoxic spreading depression like depolar-
ization results in the rapid loss of transmembrane ion gradients.
Subsequent normalization requires oxidative energy (Hansen and
Lauritzen, 1984; Lipton, 1999) however in hypoxic brain tissue mi-
tochondrial enzymes become reduced (Rosenthal and Somjen,
1973; Mayevsky and Chance, 1974; Rex et al., 1999). Fast-spiking
interneurons, the pillars of gamma oscillations might be a critical
target of alterations in oxygen tension and mitochondrial function
(Ackermann et al., 1984; Fuchs et al., 2007).

A cellular substrate of the theta-gamma uncoupling may be
the selective impairment of fast inhibition onto hippocampal
parvalbumin-containing interneurons. It has been shown that
such uncoupling results when GABAergic inhibition is selectively
reduced in these cells (Wulff et al., 2009). It remains to be deter-
mined whether the function of GABAergic afferents onto the PV
cells is the first to be impaired by ipsilateral ischemia.

Changes in the contralateral hippocampus
Our data show that the HFD propagates to the contralateral
hippocampus but the characteristic DC voltage shift does not.
High-frequency activities originating in one hippocampus often
propagate to the contralateral side. Seizures induced by unilateral
microinjection of kainic acid into the dorsal hippocampus or the
early bursts and nonsynaptic late bursts of epileptiform activities
induced by lowering calcium in the CA1 of hippocampus regu-
larly propagate to the contralateral hippocampus (Goto et al.,
1994; Feng and Durand, 2005). However, we have found impor-
tant differences in the frequency spectra of the HFDs of the two
hippocampi: in the gamma range contralaterally achieves a larger
amplitude then gradually decreases while ipsilaterally a rapid de-
cline follows a smaller peak. In contrast, the appearance of epi-
leptiform spikes in the ipsilateral HFD results in more prominent
components above 250 Hz. This is similar to the findings for
seizure propagation in the unilateral kainic acid microinjection
epilepsy model where the epileptiform spikes in the histologically
intact contralateral hippocampus lacked any superimposed high-
frequency activity (Meier et al., 2007).

Hypoxic spreading depression like depolarization in the pho-
tothrombosis model with cortical ischemic lesions, only occurs
on the side of the lesion, not in the contralateral cortex (Schroeter
et al., 1995). Occlusion of the middle cerebral artery causes a
similar phenomenon in the contralateral cortex too but this is
explained by the massive damage secondary to edema-induced
compression (Witte et al., 2000). Our data show that the hypoxic
terminal depolarization induced by an unilateral hippocampal
ischemia spares the contralateral hippocampus.
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Conclusions
We have developed the first mouse model of unilateral extensive
hippocampal ischemia in vivo which allowed us to investigate the
electrophysiological changes during and after the ischemia in-
duction in both hippocampi. We also developed the technique of
occluding a deep brain artery in vivo. Our findings demonstrate
that the gamma oscillations are highly sensitive to acute ischemic
insult and are affected in a long-lasting manner, while the con-
tralateral hippocampus shows only transient changes in oscilla-
tory activity.

Our model can also be adapted to examine the effects of acute
ischemia on brain activity in freely moving mice and therefore,
the long-term effects of an acute cerebrovascular trauma on brain
excitability (e.g., epileptogenesis) providing new therapeutical
opportunities to prevent long-term brain disorders.
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