
Patients surviving ischemic stroke often express delayed
epileptic seizures (Cocito and others 1982; Kilpatrick and
others 1992; McNamara 1979; Varelas and Mirski 2001).
A distinction is often made between early- and late-onset
seizures (Olafsson and others 2000; Reith and others
1997; Sung and Chu 1989). Early-onset seizures occur
within the first or second week after stroke, but most of
them occur within the first 24 hours (Gupta and others
1988; Lancman and others 1993; Jensen and others
1991). Late poststroke seizures occur after a latency
period lasting from several months to years after the
insult. These seizures might result from ischemia-
induced neuronal death and associated morphological
and physiological changes that are only partly elucidated.
In half of cases, seizures after stroke have partial onset,
including simple partial and secondary generalized
seizures. After stroke, the estimated incidence of epilepsy
has been reported to vary from 2% to 20% depending on
the study design (Bladin and others 2000; Burn and oth-
ers 1997; Cheung and others 2003; Kotila and Waltimo
1992; So and others 1996). However, in a recent multi-
center prospective study, 28% of the patients who experi-
enced at least one poststroke seizure developed epilepsy
(i.e., recurrent epileptic seizures). As in posttraumatic
epilepsy, a late occurrence of the first seizure represents a
higher risk for epilepsy (Willmore 1990). Only a few
studies have focused on characterizing and understanding
the mechanisms of late-onset epileptogenesis in animal
models of ischemia (Kelly and others 2001; Kharlamov
and others 2003; Karhunen and others 2003; Luhmann

and others 1995; Epsztein and others 2006; Congar and
others 2000). A better understanding of these mecha-
nisms is, however, crucial for the treatment of poststroke
epilepsy and the design of new therapeutic strategies. 
In this review, we summarize the long-term morpho-
functional alterations observed in animal models of both
focal and global ischemia that could explain late-onset
seizures and epileptogenesis.

Animal Models of Cerebral Ischemia

Human ischemic stroke is diverse in its epidemiology,
pathophysiology, and clinical manifestations (Molinari
1983). The use and development of relevant animal mod-
els are crucial to the study of ischemic brain injury and
associated epileptogenic mechanisms. Rodent species are
highly suitable for the investigation of cerebral ischemia.
Rodent ischemic models can be divided into two major
categories: 1) models of transient global ischemia (as
occurs in cardiac arrest, coronary artery occlusion, or
heart bypass surgery in humans) affecting widespread
brain areas but typically giving rise to selective neuronal
alterations within vulnerable brain regions (e.g., CA1 in
the hippocampus) and 2) models of focal ischemia pro-
ducing local brain infarction, which represents a model for
human acute ischemic stroke (Brierley and others 1971).
This section briefly summarizes rodent models of greatest
current utility (see also excellent reviews by Ginsberg and
Busto 1989; Karhunen and others 2005).

Rat Models of Global Cerebral Ischemia

There are currently two types of the global cerebral
ischemic model: the two-vessel occlusion (TVO) model
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and the four-vessel occlusion (FVO) model. In the TVO
model, reversible high-grade forebrain ischemia is pro-
duced by bilateral common carotid artery occlusions
(CCAO) under anesthesia combined with systemic
hypotension sufficient to reduce forebrain blood flow
markedly. First proposed more than 15 years ago and
used to characterize energy state following high-grade
incomplete ischemia (Eklof and Siesjö 1972; Nordstrom
and others 1978; Nordstrom and Siesjö 1978), this
model induces neuronal injury to the hippocampal CA1
and CA4 pyramidal cells and subiculum after as little as
2 minutes of ischemia. The neocortex is then involved
within 4 minutes, and injury to the caudoputamen is
observed after 8 to 10 minutes of ischemia. Side-to-side
differences in the extent of hippocampal lesions can 
be observed with short periods of ischemia (Smith and
others 1984). The two-vessel occlusion model has the
advantage of only requiring a one-step surgical proce-
dure with a high survival rate suitable for chronic long-
term studies. This model is thus associated with a lower
experimental failure rate (from either acute death or an
inadequate extent of ischemia) than the four-vessel
occlusion model (see below). The principal drawback of
the two-vessel occlusion model is the need for anesthetic
drugs that might complicate the interpretation of the
pathologic outcomes. The variability in the level of
induced hypotension also generates interanimal incon-
sistency with respect to the pathologic outcomes.
Finally, this model cannot be used in awake animals, so
behavioral alterations immediately after occlusion can-
not be assessed.

The FVO model is widely employed to produce high-
grade forebrain ischemia in awake, freely moving rats
with a high reproducibility in the resulting neuropathol-
ogy. This model is produced in two stages (Pulsinelli and
Buchan 1988). In the first stage, under anesthesia, an
atraumatic arterial clamp (Brown and Brierley 1968) is
placed around each common carotid artery (CCA) and
exteriorized through a ventral midline neck incision.
Through a dorsal incision, the alar foramina of the first
cervical vertebrae are identified; beneath these foramina
pass the two vertebral arteries. A small monopolar elec-
trocautery needle is then inserted through each foramen
to electrocoagulate the vertebral arteries. Successful elec-
trocoagulation of the vertebral arteries is essential to the
success of this model. Forebrain ischemia is produced
the next days, when the animals have recovered from the
procedure, by clamping the carotid arteries in the unanes-
thetized rat. Among rats with previous successful verte-
bral artery cauterization, the additional bilateral CCA
occlusion induces a prompt unconsciousness, attested by
the loss of the righting reflex associated with an isoelec-
tric electroencephalogram (EEG) within two to three
minutes that persists until recirculation. The lack of crit-
ical ischemia in the brainstem is attested by the persist-
ence of spontaneous respiration and preservation of the
corneal reflex. Radiotracer studies during ischemia have
shown a marked reduction of the local cerebral blood
flow (CBF) in the striatum and neocortex (<3% of con-
trol) and in the hippocampus (3%–7% of control)

(Pulsinelli and others 1982b). Diencephalic and cerebel-
lar CBFs are less severely affected (10%–15% of con-
trol), and CBF in the brainstem is maintained at
approximately 25% to 30% of control; the latter is prob-
ably obligatory if one wants to avert acute death from
brainstem ischemia (Pulsinelli and others 1982b).
Histopathology has been extensively assessed in this
model (Brown and Brierley 1968; Pulsinelli and Brierley
1979; Pulsinelli and Buchan 1988; Yoshida and others
1985; Blomqvist and others 1984; Globus and others
1988; Pulsinelli and others 1982a). Ten to 20 minutes of
ischemia are required to observe ischemic cell change in
the vulnerable parts of the hippocampus after approxi-
mately three days of survival. Consistent neuronal injury
to the striatum requires at least 20 to 30 minutes of
ischemia, and these changes are maximally expressed by
24 hours. Behavioral studies in the four-vessel occlusion
model have shown a permanent impairment of “working”
memory and a transient alteration of “reference” memory
following 30 minutes of ischemia—deficits probably
reflecting hippocampal injury (Volpe and others 1984),
as observed in patients after global ischemia (Zola-
Morgan and others 1986). To summarize, the four-vessel
occlusion model has been solidly validated and is widely
employed to produce reversible high-grade incomplete
forebrain ischemia. The advantages of this model include
applicability to either awake or anesthetized rats.

Rat Models of Focal Cerebral Ischemia

Rat models of middle cerebral artery occlusion (MCAO)
have demonstrated their relevance to the human clinical
settings of cerebral infarction (Laurent and others 1976;
Garcia 1984). The subtemporal approach (Bederson and
others 1986; Osborne and others 1987; Shigeno and oth-
ers 1985) has emerged as a standard method of proximal
MCAO and typically produces large cortical and sub-
cortical infarcts ipsilateral to the lesion. In rodents, the
hippocampus is likely to be also affected because it is
perfused by the posterior cerebral artery, which can be
blocked by MCAO. In this model, the lenticulostriate
arteries and the small cortical branches must be isolated
from both proximal and distal sources of collateral blood
supply for consistent infarcts to result. In general, a very
close topographic correspondence has been observed
between the zone of reduced regional CBF and the area
of histological abnormalities (Shigeno and others 1985).
Despite its widespread use, MCAO is an invasive and
technically demanding procedure, and the size and dis-
tribution of the lesions are often variable. Also, animal 
morbidity and mortality can be high (Kelly 2002). An
alternative approach to reversible MCAO makes use of a
variant of the photochemical method, in which thrombo-
sis is induced in a middle cerebral artery (MCA) seg-
ment by laser illumination following systemic
administration of rose Bengal (Shigeno and others 1985;
Prado and others 1988; Futrell and others 1988; Watson
and others 1985; Nakayama and others 1988). The
occlusive thrombus is composed of aggregated platelets
and erythrocytes (Nakayama and others 1988; Watson
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and others 1985). When instituted after one hour, the
neocortex is largely preserved from infarction, although
a mixed pattern of infarction and ischemic cell change is
evident in the striatum (Nakayama and others 1988).
This method is well characterized, is relatively noninva-
sive, and produces cortical infarcts within highly repro-
ducible areas in terms of depth and location (Kelly
2002). The MCAO in rats can also be performed by
inserting a filament into the lumen of the internal carotid
artery that is then advanced beyond the bifurcation of the
MCA (Longa and others 1989).

Possible Mechanisms of Late-Onset 
Epilepsy after Ischemia

Acute Neuronal Death of Principal Cells

The brain is critically dependent on its blood flow for a
continuous supply of oxygen and glucose (Siesjö 1978).
Only a few minutes of severe global ischemia can induce
selective damage to particularly sensitive brain structures.
After a stroke insult, a specific pattern of neuronal degen-
eration is observed in cerebral structures, both in patients
and animal models (Crepel and others 1989; Arabadzisz
and Freund 1999; Pulsinelli and Brierley 1979; Pulsinelli
1985; Schmidt-Kastner and Freund 1991). For example,
in the hippocampus, an ischemic episode induces a
delayed selective damage of CA1 pyramidal neurons (two
to four days after ischemic episode), whereas CA3 and
dentate gyrus neurons are largely resistant (Petito and oth-
ers 1987; Pulsinelli 1985; Zola-Morgan and others 1992;
Fig. 1A,B). Most of the studies on ischemia have focused
on short-term effects (up to one week) (Schmidt-Kastner
and Freund 1991). Neuronal cell death is thought to result
from acute increased extracellular glutamate concentra-
tion, as well as N-methyl-D-aspartate (NMDA) receptor-
and calcium-dependent mechanisms (Krantic and others
2005). Among those acute processes, many studies have
reported a long-term enhancement of the glutamatergic
excitatory drive following energy deprivation that has
been primarily called anoxic long-term potentiation
(Crepel and others 1993a, 1993b; Crepel and Ben Ari
1996; Hammond and others 1994; Tekkok and Krnjevic
1995; Hsu and Huang 1997, 1998; Crepel and others
2003; Tsintsadze and others 1996; Klishin and others
1995; Urban and others 1990). This pathological long-
term potentiation is associated with a marked increase of
AMPA and NMDA receptor subunits, including the
GluR1, GluR2/3, NR1, and NR2B subunits (Quintana and
others 2006; Picconi and others 2006). In addition, it was
shown that the anoxia-induced LTP is correlated to a
structural remodeling, including the growth of filopodia,
enlargements of existing spines, and formation of new
spines (Jourdain and others 2002). It is largely suggested
that the anoxic LTP that leads to an increase of excitatory
drive can play a role in delayed neuronal cell death of prin-
cipal cells through the activation of calcium-dependent
pathways (Andiné and others 1988, 1992; Kirino 2000;
Meldrum 2002; Calabresi and others 2003; Papas and oth-
ers 1993).

Acute Neuronal Death of Different Types 
of Interneurons

Beside the loss of excitatory principal cells, many 
studies have shown that GABAergic inhibitory interneu-
rons are strongly affected by an ischemic insult (Mody
and others 1995; Neumann-Haefelin and others 1998;
Hsu and Buzsaki 1993; Arabadzisz and Freund 1999).
Global ischemia induces in the resistant CA3 area of 
the hippocampus an important reduction in the number
of GABAergic interneurons together with a loss of
GABAergic terminals within the stratum pyramidale.
Unlike pyramidal cells, GABAergic cells form a very
heterogeneous population of neurons that can be divided
into two main classes according to their axonal projec-
tion: somatic and dendritic targeting interneurons. These
two classes are known to play different functional roles
in the hippocampus (Miles and others 1996). The spe-
cific expression of various neuropeptides (such as chole-
cystokinin or somatostatin) or calcium-binding proteins
(such as parvalbumin or calretinin) is also a useful tool
to distinguish between different types of interneurons.

An important reduction in the number of cholecys-
tokinin (CCK)–positive interneurons and CCK-positive
terminals within the stratum pyramidale from postis-
chemic rats is observed months after ischemia (Epsztein
and others 2006; Fig. 1C,D). This suggests a permanent
loss for CCK-positive basket cells that contact the soma
of principal cells. In contrast, parvalbumin (PV)–positive
basket cells are well preserved (Luhmann and others
1995; Arabadzisz and Freund 1999; Freund and others
1990; Mudrick and Baimbridge 1989; Epsztein and oth-
ers 2006). Therefore, an important part of the periso-
matic inhibition is impaired in the resistant CA3 area
months after ischemia. Basket cells play a pivotal role in
the generation of fast network oscillations in the hip-
pocampus (Cobb and others 1995; Fisahn and others
1998; Csicsvari and others 2003; Hajos and others
2004). Recently, it has been proposed that this process
mainly involves PV basket cells (Freund 2003), whereas
CCK basket cells are involved in long-lasting inhibition
of principal neurons (Hefft and Jonas 2005) that might
contribute to the sparse coding of CA1 pyramidal place
cells (Klausberger and others 2005). Thus, the preferen-
tial loss of CCK but not PV basket cells after ischemia
may result in more selective coding impairments with a
good preservation of high-frequency oscillations.

The peridendritic inhibition is also strongly affected by 
a stroke episode. A dramatic decrease of somatostatin-
positive interneurons—which are known to preferen-
tially innervate pyramidal cell dendrites (Freund and
Buzsaki 1996; Somogyi and Klausberger 2005)—is also
observed in the CA3 area (Epsztein and others 2006;
Fig. 1E,F) and the dentate gyrus after an ischemic
episode (Arabadzisz and Freund 1999; Represa and oth-
ers 1991). The densities of calretinin-positive cell bodies
are also significantly reduced after ischemia (Freund and
Magloczky 1993; Epsztein and others 2006; Hsu and
others 1994). Because most of these neurons innervate
other interneurons that are also affected by ischemia
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(i.e., other calretinin, somatostatin, and CCK interneu-
rons; Gulyas and others 1996), the functional implica-
tions of their loss are not easy to predict. Interestingly, a
loss of specific populations of interneurons is also
observed in temporal lobe epilepsy, both in patients and
in animal models (Buckmaster and Jongen-Relo 1999;
Cossart and others 2001; Dinocourt and others 2003;
Kobayashi and Buckmaster 2003; Obenaus and others
1993), in different hippocampal fields.

Quantitative and Qualitative Permanent Changes
in GABAergic-Mediated Synaptic Transmission in
Resistant Areas Several Months after Ischemia

One major issue raised by brain lesions is the fate of sur-
viving neurons and synapses. Several days after the brain
injury, an impairment of the GABAergic transmission is
observed in the area adjacent to cortical lesions, as well as
in remote brain regions (Buchkremer-Ratzmann and others

Fig. 1. Loss of interneurons and reduction of the inhibitory drive in the CA3 area of the hippocampus from ischemic
rats. Gallyas or Nissl staining of hippocampal sections from rats sacrificed 4 days (Gallyas, A) or 10 days (Nissl, B) after
the ischemic insult. Note that CA3 pyramidal cells do not degenerate after an ischemic episode, in contrast to CA1
pyramidal neurons that are highly sensitive to an ischemic episode, as revealed by the Gallyas and Nissl staining
(degeneration of CA1 pyramidal cells shown between arrows). Representative sections from control (C, E) and ischemic
(D, F) animals stained with cholecystokinin (CCK; C, D) or somatostatin (E, F) antibodies performed in the CA3 area of
the hippocampus. Immunostaining with CCK antibodies reveals a significant loss of immunopositive cell bodies in CA3
associated with a decrease of immunoreactive puncta around pyramidal cell bodies in the CA3 field of ischemic (D) as
compared to control (C) animals. Somatostatin immunopositive neurons are significantly lost in the CA3 field of ischemic
(F) as compared to control (E) animals. lu, stratum lucidum; p, stratum pyramidale; or, stratum oriens. Scale bars: (A, B)
600 μm; (C–F) 100 μm; inset, 25 μm. Spontaneous (G) and miniature (H) inhibitory postsynaptic currents (IPSCs) respec-
tively recorded in the absence and the presence of tetrodotoxin (TTX; 1 μM) in a control and postischemic CA3 pyram-
idal cell. Vh: +10 mV. (I) Bar graph of the averaged frequency value of spontaneous (top) and miniature IPSCs (bottom)
in control (open bar; n = 12 and 10 for spontaneous and miniature events, respectively) and postischemic (closed 
bar; n = 13 and 10 for spontaneous and miniature events, respectively) CA3 pyramidal cells (**P < 0.01). Note that the
frequency of spontaneous and miniature IPSCs is decreased in postischemic cells.
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1996; Mittmann and others 1994; Neumann-Haefelin and
others 1995). These early alterations are likely to be per-
manent because the amplitude of evoked GABAergic
events is permanently reduced in the visual cortex several
months after the insult (Luhmann and others 1995). A per-
manent reduction in the frequency of spontaneous and
miniature synaptic GABAergic events has also been
reported in resistant CA3 pyramidal cells of the postis-
chemic hippocampus (Epsztein and others 2006; Fig.
1G–I). All together, these data indicate that a stroke episode
can induce a drastic reduction of the inhibitory drive in the
resistant area of the brain. Interestingly, in the postischemic
CA3 area of the hippocampus, the remaining inhibitory
synaptic events display an important enhancement of their
decay time constant (without any significant modification
of their rise times and amplitudes) (Epsztein and others
2006).

In control pyramidal cells, many observations have
reported the existence of two main kinetic classes of
GABAA synaptic responses in the rat hippocampus
(Pearce 1993; Banks and others 1998) that correspond to
two anatomically segregated GABAergic synapses
(Pearce 1993; Banks and others 1998; Miles and others
1996). GABAA, fast synaptic events—which are rapidly
activated, rapidly decaying events—are mediated by
somatic and proximal dendritic synapses, arising from
basket and chandelier cells (Freund and Buzsaki 1996).
GABAA, slow synaptic events—which are slowly rising and
decaying events—are mediated by dendritic synapses
(Banks and others 2000). Therefore, in the postischemic
pyramidal cells, it can be hypothesized that the change in
decay time constant of GABAergic events could be due to
a preferential loss of a specific population of interneurons.
However, PV-positive interneurons that are mostly pre-
served by ischemia are known to generate fast decaying
events in CA3 pyramidal cells (Bartos and others 2002).
Alternatively, the kinetics changes observed could corre-
spond to changes in the subunit composition of GABAA
receptors. GABAA receptors are composed of five differ-
ent subunits commonly including tow α, tow β, and either
a γ or a δ subunit.

The distribution of specific subtypes is highly brain
region and cell type specific and varies during develop-
ment and in certain disease states. The presence of a
specific subunit subtype confers different pharmacolog-
ical and physiological properties to receptor isoforms.
Notably, the decay time constant of GABAergic events
is tightly regulated by the subunit composition of
GABAA receptors. In most brain regions, the postsynap-
tic GABAA receptors in very young animals incorporate
α2, α3, and/or α5 subunits (Poulter and others 1999;
Laurie and others 1992; Taketo and Yoshioka 2000;
Fritschy and others 1994). These receptors mediate rela-
tively long-lasting inhibitory postsynaptic currents
(IPSCs) (Bosman and others 2002; Brussaard and others
1997; Okada and others 2000; Dunning and others
1999). During development, the relative abundance of
α2, α3, and α5 subunits diminishes (Fritschy and others
1994; Heinen and others 2004; Laurie and others 1992).
Simultaneously, the α1 subunit, which is initially rare, is

strongly up-regulated and forms the dominant α subunit
in most brain regions during adulthood (Fritschy and
others 1994; Heinen and others 2004; Laurie and others
1992; Pirker and others 2000).

Synapses that have mostly α1 subunit–containing
GABAA receptors mediate relatively short-lasting IPSCs
(Bosman and others 2002; Goldstein and others 2002;
Koksma and others 2003; Vicini and others 2001).
Moreover, in adult hippocampal neurons, synapses on
axon-initial segments of pyramidal cells—which are pre-
sumably formed by CCK-positive cells—still express the
α2 subunit (Nusser and others 1996; Nyiri and others
2001). In contrast, synapses formed by PV-positive basket
cells on the somata of pyramidal neurons express mainly
α1 subunit–containing receptors (Klausberger and others
2002). As a result, altered expression and distribution of
certain GABAA receptor isoforms have the potential to
profoundly affect inhibitory neurotransmission. Perturbed
expression of GABAA receptors has been particularly
well studied in epilepsy. Several studies in animal models
have consistently found an up-regulation of α4-subtype
protein expression in animals with experimental epilepsy
(Schwarzer and others 1997; Sperk and others 1998;
Brooks-Kayal and others 1998). A down-regulation of the
α5 subunit has also been reported in the pilocarpine
model of temporal lobe of epilepsy (Houser and Esclapez
2003). In the postischemic tissue, it has been shown that
the α1 subunit shows an important decrease in the visual
cortex one week after the injury (Zepeda and others 2004;
but see Liu and others 2002), as well as in the photo-
chemically induced cortical infarct (Neumann-Haefelin
and others 1998). In contrast, a significant up-regulation
of the α3 subunit has been observed in the contralateral
cortex one month after the ischemic insult (Redecker and
others 2002). Interestingly, this dysregulation is modu-
lated by the NMDA receptor because application of MK-
801 completely blocked this alteration (Redecker and
others 2002). Prolongations of miniature synaptic
GABAergic events have also been reported in interneu-
rons and pyramidal cells from mice lacking the α1 sub-
unit (Goldstein and others 2002). Therefore, it can be
suggested that the change in the decay kinetics of
inhibitory events recorded months after ischemia in the
resistant CA3 area could result from a change in the sub-
unit composition of GABAA receptors in surviving
pyramidal neurons. This question is of particular interest
because GABAergic receptors have different pharmaco-
logical properties depending on their subunit composi-
tion. For example, studies in genetically engineered mice
have shown that the sedative, amnesic, and, in part, anti-
convulsive actions of benzodiazepines appear to be medi-
ated by α1 subunit–containing receptors, whereas
anxiolytic actions seem to be mediated by receptors that
contain α2, α3, or α5 subunits (Sieghart 2000).
Therefore, depending on the subunit composition of the
GABAergic receptors, different pharmacological agents
may be used to support the inhibitory drive in postis-
chemic and epileptic tissue. Finally, because the decay
kinetics for GABAergic events in postischemic CA3
pyramidal cells is close to the value reported for neonates’
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pyramidal cells (ca. 30 ms; Taketo and Yoshioka 2000), it
can be suggested that this change could reflect a “recapit-
ulation” of an early developmental mechanism, as
reported in epileptic tissue for the chloride-extruding K+-
Cl– cotransporter KCC2 and the GABAergic signaling
(Rivera and others 2005; Cohen and others 2002), which
could also have a positive effect on recovery after ischemia
(Cramer and Chopp 2000).

What could be the functional consequences of a
change in the kinetics of GABAergic synaptic events?
One can suggest that the prolongation of these events
can partly oppose the reduction of the inhibitory drive
due to the loss of the subset of GABAergic cells.
Moreover, interneurons are involved in the synchroniza-
tion of synaptic networks (Freund 2003; Traub and oth-
ers 1996). In vivo, the CA3 region of the hippocampus
can generate oscillatory activities in the γ frequency
band (Csicsvari and others 2003), and rhythmic
inhibitory postsynaptic potentials may be pivotal in
phase-locking the oscillatory activity of principal neu-
rons (Cobb and others 1995). Studies performed in vitro
and in vivo have shown that prolonging the decay time
constant of GABAergic events decreases the oscillation
frequency of the CA3 network (Fisahn and others 1998;
Traub and others 2000; Khazipov and Holmes 2003).
Therefore, the preferential loss of fast GABAergic
events in postischemic CA3 neurons would tune the
oscillatory behavior of the network toward slowest
bands. Because slow oscillations may be more efficient
in recruiting synaptic pathways, such a pattern could
also encourage the development of synchronized bursts
in a large population of neurons (Poulter and others
1999). Accordingly, GABAergic synaptic events decay
more slowly in seizure-prone rats overexpressing the
“embryonic” α2, α3, and α5 subunits than synaptic
events recorded in the control rat expressing mostly the
adult α1 subunit (McIntyre and others 2002; Poulter and
others 1999).

Axonal Sprouting and Increased Excitation
Several Months after Ischemia

Functional map reorganization is often observed in cerebral
tissues several months after an insult and lead to a partial
recovery of function, as recently exemplified in the visual
cortex (Zepeda and others 2004). This phenomenon is
thought to involve delayed morphological changes in the
neurons that survive the insult, as suggested by the complex
changes observed in the level of expression of proteins
involved in dendritic and axonal plasticity, such as MAP-2
and GAP-43 (Zepeda and others 2004; Stroemer and others
1993; Miyake and others 2002; Li and others 1998). In the
FVO model of global ischemia, an up-regulation of the
vesicular glutamate transporter 1 (vGLUT1) is observed in
the CA3 region of the hippocampus several months after
the insult, both in the stratum oriens and in the stratum
lucidum of CA3 (Epsztein and others 2006; Fig. 2A,B).
This is compatible with the sprouting of glutamatergic
fibers, as observed in animal models of temporal lobe

epilepsy (TLE) (Buckmaster and Dudek 1999; Epsztein
and others 2005; Esclapez and others 1999; Okazaki and
others 1995; Represa and others 1987; Sutula and others
1988).

The stratum lucidum of the CA3 area is the projection
zone of the dentate gyrus granule cells via the mossy
fibers. There, mossy fibers contact CA3 pyramidal cells
through the large mossy fiber boutons and stratum
lucidum interneurons through small en passant boutons
or filopodia extensions (Acsady and others 1998). It has
been previously shown that the number of mossy fiber
filopodia extensions is decreased several months after
ischemia (Arabadzisz and Freund 1999). Thus, the
increased vGLUT1 staining in the stratum lucidum
might correspond to mossy terminals contacting CA3
pyramidal cells. A similar sprouting of mossy fiber
synapses has also been observed in the inner molecular
layer of the dentate gyrus in some animal models of
focal ischemia (Karhunen and others 2005) and in a
perinatal model of hypoxia-ischemia (Williams and oth-
ers 2004). In keeping with a sprouting of mossy fibers,
the frequency of miniature synaptic glutamatergic events
mediated both by AMPA and kainate receptors—which
are specifically generated at mossy fiber synapses
(Castillo and others 1997; Cossart and others 2002)—
was significantly and permanently increased months
after the insult in CA3 pyramidal cells (Epsztein and
others 2006; Fig. 2C–E).

These results are also compatible with the postle-
sional plasticity of kainate receptor (KAR)–operated
synapses following mossy fiber sprouting in animal
models of epilepsy (Epsztein and others 2005). The
increased vGLUT1 staining in the stratum oriens after
global ischemia does not result from the aberrant sprout-
ing of the mossy fibers in the CA3 infrapyramidal band
because no change is observed in the trajectory of the
mossy fiber pathway in postischemic animals
(Arabadzisz and Freund 1999; Epsztein and others
2006). Therefore, this enhancement might be due to the
sprouting of other fibers such as associational/commis-
sural glutamatergic fibers that massively project in this
area (Sik and others 1993). However, a sprouting of
mossy fiber in the infrapyramidal band of the CA3 area
has been reported in a neonatal model of hypoxia-
ischemia (Williams and others 2004). Similarly, an
enhancement of NMDA receptor–mediated synaptic
transmission has been observed in neocortical slices 10
to 17 months after global ischemia (Luhmann and others
1995).

All together, these observations show that glutamater-
gic fibers sprout after global ischemia, resulting in a per-
manent enhancement of excitatory synaptic transmission
mediated by the three main types of ionotropic gluta-
matergic receptors—namely, AMPA, kainate, and
NMDA. These, in addition to the reduced inhibition,
result in an imbalance between excitation and inhibition
(Luhmann and others 1995; Epsztein and others 2006;
Fig. 3C) that could have important consequences both
for poststroke recovery and epileptogenesis.
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Changes in Intrinsic Membrane Properties 
after Ischemia

The study of the fate of intrinsic membrane properties of
pyramidal cells in resistant cortical structures months
after global ischemia reveals that there was a clear shift
of the resting membrane potential of CA3 pyramidal
neurons toward positive values (Congar and others
2000). In contrast, those cells did not display significant
changes of the input resistance, spike threshold, spike
amplitude, accommodation, fast and slow afterhyperpo-
larization, and slow afterdepolarization in comparison
with control cells (Congar and others 2000). The resting
membrane potential of pyramidal neurons is a key factor
in the regulation of the cell excitability and mainly

depends on the Na+/K+-ATPase (Haglund and others
1985; Haglund and Schwartzkroin 1990) and potassium
channel activities (for review, see Storm 1990). Down-
regulation of the Na+/K+-ATPase and potassium channel
activities has been described in different models of
lesions. For example, a decrease of the Na+/K+-ATPase
has been reported in the CA1 area several weeks after
the lesion of the CA3 pyramidal cells (Anderson and
others 1994), and a down-regulation of potassium cur-
rents has been observed in motoneurons after axotomy
(Gustafsson 1979; Laiwand and others 1988). Therefore,
similar phenomena may take place in the partially de-
efferented postischemic CA3 pyramidal neurons and
underlie the depolarization of the resting membrane
potential. Further studies are needed to assess whether

Fig. 2. Enhancement of glutamatergic terminals and excitatory drive in the CA3 area of the hippocampus from ischemic
rats. Representative sections from (A) control and (B) ischemic animals stained with vesicular glutamate transporter 1
(vGLUT1) antibodies performed in the CA3 area of the hippocampus. Note that vGLUT1 immunoreactivity is significantly
increased in the CA3 strata lucidum and oriens of postischemic rats. lu, stratum lucidum; or, stratum oriens; py, stratum
pyramidale; ra, stratum radiatum. Scale bars: (A, B) 100 μm; inset, 25 μm. Spontaneous (C) and miniature (D) excitatory
postsynaptic currents (EPSCs) respectively recorded in the absence and presence of tetrodotoxin (TTX; 1 μM), D-APV (50
μM), and bicuculline (10 μM) in a control and postischemic CA3 pyramidal cell. Vh: –70 mV. (E) Bar graphs of the averaged
frequency values of spontaneous (left) and miniature (right) EPSCs in control (open bar; n = 11 and 13 for spontaneous and
miniature events, respectively) and postischemic (closed bar; n = 11 and 13 for spontaneous and miniature events, respec-
tively) CA3 pyramidal cells. Note that the frequency of both spontaneous and miniature events is significantly increased
several months after global ischemia.
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other acquired channelopathies are observed in animal
models of both focal and global ischemia as observed in
temporal lobe and generalized epilepsy (Remy and Beck
2006; Bernard and others 2004; Poolos 2006).

Ischemic Episode Induces a Permanent
Hyperexcitability and Spontaneous 
Epileptiform Discharges in the Resistant 
Area in Cortical Structures

Epileptic seizures, recorded using a video-EEG system,
have been reported in the rat with focal infarct in the sen-
sory motor cortex (photothrombosis model) (Kelly and

others 2001; Kharlamov and others 2003). These con-
sisted of focal epileptic discharges ipsilateral to the corti-
cal infarct, characterized by rhythmic spike-wave
discharges (7–9 Hz) lasting from two seconds to more
than one minute, associated with motor arrest and occa-
sional mild orofacial twitches. Intermittently, passive
wakefulness was characterized by periods (up to a minute
or longer) of repetitive generalized solitary spike dis-
charges of moderate to high amplitude with interspike
intervals of one to two seconds. During these periods, ani-
mals usually demonstrated mild multifocal body jerks 
but would appear to be undisturbed (Karhunen and others
2005).

Fig. 3. In vivo and in vitro epileptiform discharges in the hippocampus from the control and postischemic rat. (A) Depth
electroencephalographic (EEG) recordings of the hippocampus from a control and a postischemic rat (four months after
the insult) in awake state. Recordings from the postischemic rat showed recurrent interictal epileptiform discharges (IEDs;
indicated by stars, lower panel). No IED was recorded in the hippocampus from the age-matched control rat (upper panel).
(B) Example of a population burst extracellularly recorded in the CA3 pyramidal cell layer performed in vitro in slices before
(unfiltered; top) and after filtering in the fast ripple (FR) band (high-pass 200 Hz; bottom). (Right inset) Power spectrum of
in vitro recorded IED-like activities (n = 791 in seven slices) reveals high-frequency oscillations in the fast ripple band
(between 150 and 350 Hz, mean 240 Hz). (C) Bar graphs of the averaged values of the frequency ratio of excitatory post-
synaptic currents (EPSCs) versus IPSCs for both spontaneous (top) and miniature (bottom) synaptic activity in control
(open bar; n = 8 and 7 for spontaneous and miniature events, respectively) and postischemic (closed bar; n = 8 and 7 for
spontaneous and miniature events, respectively) CA3 pyramidal cells (Mann-Whitney, *P < 0.05; ***P < 0.001).
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A long-term hyperexcitability has also been reported in
animal models of global ischemia ex vivo in neocortical
(Luhmann and others 1995) and hippocampal slices
(Congar and others 2000), as attested by long-lasting
epileptiform responses. More recently, EEG recordings
revealed spontaneous interictal epileptiform discharges
(IEDs) in the FVO model (Epsztein and others 2006; Fig.
3A). Filtering of these IEDs recorded in hippocampal
slices revealed the presence of high-frequency oscillations
(200–300 Hz), termed fast ripples (FRs), whereas only
ripple events were observed in slices from control rats
(Epsztein and others 2006; Fig. 3B). Similar FR activities
were specifically observed in the hippocampus from
patients with TLE and from chronic epileptic rats (Bragin
and others 1999) but not from control rats, in which only
ripples were observed (Buzsaki and others 1992). In ani-
mal models of TLE, FRs are specifically generated in
regions capable of generating seizures (Bragin and others
1999), and their observation is correlated to the subse-
quent development of epilepsy (Bragin and others 2004).
Altogether, these studies suggest that FRs may reflect
neuronal mechanisms responsible for epilepsy in TLE.
The CA3 recurrent network forms a powerful excitatory
circuit that can easily generate IEDs and FRs in condi-
tions of reduced inhibition (Miles and Wong 1987) or
enhanced excitation (Dzhala and Staley 2003, 2004).
Recently, it was shown that they are generated through an
increase in the firing rate of CA3 pyramidal cells, a
buildup of excitatory events, and synchronization through
the recurrent CA3 excitatory network (Dzhala and Staley
2004; Menendez de la Prida and others 2006). Thus, both
the enhanced excitation and decreased inhibition, together
with changes in intrinsic membrane properties observed
in the CA3 area of the hippocampus several months after
global ischemia, could explain the generation of sponta-
neous IEDs. Because IED- and FR-generating areas are
associated with an enhanced susceptibility for seizure
generation, these modifications could have profound
implications for the occurrence of poststroke epilepsy
(Staley and others 2005).

In conclusion, ischemia, in addition to inducing neu-
ronal degeneration that leads to various impairments of
brain functions, can also lead to profound network
rewiring. Altogether, these mechanisms induce long-term
and presumably permanent quantitative and qualitative
changes of both glutamatergic and GABAergic synaptic
transmission. In-depth understanding of these mecha-
nisms is essential to prevent both poststroke late-onset
seizures and epileptogenesis. This could also have impor-
tant consequences in terms of functional recovery after
ischemia because ictal epileptiform discharges as well as
the nonperiodic long-term “stable” interictal epileptiform
bursts have an important cognitive impact (Aldenkamp
and Arends 2004; Karhunen and others 2005).
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