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Cerebral ischemia is a major cause of brain dysfunction. Using
a model of delayed death induced by a brief, transient oxygen
and glucose deprivation, we studied here how this affected the
structural organization of hippocampal synaptic networks. We
report that brief anoxic–hypoglycemic episodes rapidly modi-
fied the structure of synapses. This was characterized, at the
electron microscopic level, by a transient increase in the pro-
portion of perforated synapses, followed after 2 hr by an in-
crease in images of multiple synapse boutons. These changes
were considerable because 10–20% of all synapses were af-
fected. This structural remodeling was correlated by three kinds
of modifications observed using two-photon confocal micros-
copy: the growth of filopodia, occurring shortly (5–20 min) after
anoxia–hypoglycemia, enlargements of existing spines, and
formation of new spines, both seen mainly 20–60 min after the

insult. All of these structural changes were calcium and NMDA
receptor dependent and thus reproduced, to a larger scale,
those associated with synaptic plasticity. Concomitantly and
related to the severity of anoxia–hypoglycemia, we could also
observe spine loss and images of spine, dendrite, or presyn-
aptic terminal swellings that evolved up to membrane disrup-
tion. These changes were also calcium dependent and reduced
by NMDA receptor antagonists. Thus, short anoxic–hypoglyce-
mic episodes, through NMDA receptor activation and calcium
influx, resulted in a profound structural remodeling of synaptic
networks, through growth, formation, and elimination of spines
and synapses.
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Reduced supply of oxygen and glucose such as occurs during
failure of blood circulation is a primary cause of brain damage. A
central mechanism responsible for the neuronal death that occurs
under these conditions is a massive release of glutamate (Lee et
al., 1999) by excitatory terminals and glial cells. This process
appears, at least partly, to be mediated by a reverse functioning of
cellular uptake systems (Rossi et al., 2000; Jabaudon et al., 2001).
Glutamate then activates excitatory amino acid receptors and
probably leads to toxicity through excessive calcium influx and
calcium overload of neurons (Lee et al., 1999). When ischemia is
important, excitotoxicity results in immediate cell death. How-
ever, if the insult is less severe, cell death is considerably reduced
and is usually delayed. Because recovery of function critically
depends on protection of these less affected regions, it is impor-
tant to understand the regulatory mechanisms activated in these
areas by ischemia.

To this end, we examined here how production of a short,
transient period of anoxia–hypoglycemia affected synaptic con-
nectivity within the network. Much recent evidence has revealed
that synapses express a high degree of functional and structural
plasticity (Luscher et al., 2000). Modifications of synaptic efficacy,
such as long-term potentiation (LTP), are believed to underlie
important functions of the brain and have been reported in

association with anoxia (anoxic LTP; Crepel et al., 1993; Ham-
mond et al., 1994; Hsu and Huang, 1997). Also, recent studies
suggest that this functional plasticity is associated with a struc-
tural remodeling of synapses (Luscher et al., 2000). Formation of
filopodia (Maletic-Savatic et al., 1999), possible precursors of
spines (Ziv and Smith, 1996; Fiala et al., 1998), formation of new
spines, or new types of synapses (Engert and Bonhoeffer, 1999;
Toni et al., 1999) have been observed in association with induc-
tion of LTP. Also, modulation of the intracellular calcium con-
centration in spines appears to generate changes in the shape of
spines (Segal et al., 2000). Finally, some evidence suggests that
lasting interference with the function of excitatory amino acid
receptors affects spine number (Kirov and Harris, 1999; McKin-
ney et al., 1999). Thus, anoxia could represent a condition in
which the structural organization of synapses is modified. Previ-
ous work has indeed shown that interruption of cerebral blood
flow or anoxia results in appearance of focal dendritic swellings
(Hsu and Buzsaki, 1993; Park et al., 1996; Werth et al., 1998) or
disappearance of dendritic spines (Hori and Carpenter, 1994;
Park et al., 1996; Hasbani et al., 2001). There is also strong
evidence that swelling and spine loss are caused by activation of
excitatory amino acid receptors (Park et al., 1996; Smart and
Halpain, 2000). Transient ischemic episodes were therefore likely
to affect synaptic networks. We examined here this issue using
electron and confocal microscopy and provide evidence that an
intense process of synaptic growth and remodeling, similar to that
associated with plasticity, occurs concomitantly with swelling,
bursting, and elimination of spines, thereby markedly affecting
connectivity within the network.

MATERIALS AND METHODS
Preparation of cultures and anoxia–hypoglycemia experiments. Hippocam-
pal organotypic slice cultures were prepared from 7-d-old rats and
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maintained 10–15 d in culture as described previously (Stoppini et al.,
1991). Electrophysiology was performed in an interface-type chamber,
with slice cultures continuously perfused with a medium containing (in
mM): 124 NaCl, 1.6 KCl, 2.5 CaCl2, 1.5 MgCl2, 24 NaHCO3, 1.2
KH2PO4, 10 glucose, and 2 ascorbic acid, pH 7.4 (temperature of 33°C).
EPSPs were recorded in the stratum radiatum of the CA1 area and
evoked by stimulation of a group of CA3 neurons. For two-photon
confocal microscopy experiments, slice cultures were placed on an infra-
patch setup (Luigs and Neuman, Ratingen, Germany) under continuous
perfusion (4 ml/min). In both cases, anoxia–hypoglycemia was produced
by replacing oxygen with N2 and switching to a medium containing
sucrose instead of glucose.

Two-photon confocal microscopy. CA1 pyramidal neurons were patched
using electrodes filled with a medium containing (in mM): 130
K-gluconate, 4 NaCl, 5 EGTA, 20 HEPES, 1 CaCl2, 1 MgCl2, 0.2
Na3GTP, and 2 Na2ATP, pH 7.2–7.4 (290 mOsm, 0.04–0.06% sulforho-
damine). Imaging of dendritic spines was performed through a 40�
water immersion objective using a Bio-Rad (Hercules, CA) MRC1024
scan head and a Mira 900 laser (Coherent Inc., Santa Clara, CA) set at
830 nm wavelength. Analyses were performed by focusing on small
dendritic segments (100–200 �m in length), located on secondary and
tertiary dendrites, and taking images every 2–5 min over a 1–2 hr period.
The size of the dendritic segments under analysis remained constant
throughout the experiments, as indicated by measurements made be-
tween specific markers (spines and branch points) easily identifiable on
those segments. Filopodia were defined as thin, dynamic dendritic pro-
trusions of over 2 �m in length. Spine enlargements were considered
when the spine head diameter increased by a factor of two.

Electron microscopy processing. At different times (15 min, 30 min, and
2 hr) after anoxia, slice cultures were fixed and processed for electron
microscopy as described previously (Toni et al., 2001). Briefly, cultures
were fixed overnight at 4°C in 3% glutaraldehyde, rinsed in 0.1 M
phosphate buffer (pH 7.4), and post-fixed in a fresh solution of 1%
osmium tetroxide (OsO4) with 1.5% potassium chromium trisoxalate
(K3Cr(C2O4))3 (Aldrich, Milwaukee, WI), pH 9.5, for 2 hr. After a 5 min
rinse in distilled water adjusted to pH 9.5 with KOH, the samples were
dehydrated in ethanol and propylene oxide and embedded in Epon
(Fluka, Buchs, Switzerland). For light microscopy, sections were stained
with methylene blue. For serial electron microscopy, ribbons of up to 60
sections were cut in the middle portion of the apical arborization of CA1
pyramidal neurons (ultratome Ultracut-E; Leica, Deerfield, IL) and
collected on single-slotted Formvar-coated grids. Sections were stained
for 20 min in 5% uranyl acetate and 30 sec in lead citrate and analyzed
on a Philips CM10 electron microscope at a magnification of 8900� to
28,500�.

Morphological analyses. Synapses were defined by a clear postsynaptic
density facing at least three presynaptic vesicles, perforated synapses by
the presence of a discontinuity in the postsynaptic density (Geinisman et
al., 1987), and multiple synapse boutons (MSBs) by the presence of two
independent dendritic spines contacting the same axon terminal (Sorra
and Harris, 1993). The proportion of perforated synapses and MSBs was
determined by taking random pictures of synapses in the middle one-
third of the stratum radiatum and defining those corresponding to the
above criteria.

For stereological analyses, five to six serial sections per culture were
examined, and synapses present in a volume of 31.3–71.2 �m 3 were
analyzed. The dissector procedure was performed as described by Gei-
nisman et al. (1996). For three-dimensional analyses, 45 MSBs were
reconstructed out of seven hippocampal slice cultures. They were se-
lected on the test section based on the presence of two clearly recogniz-
able spines contacting the same terminal. The profiles were then photo-
graphed serially at a magnification of at least 15,500� and three
dimensionally reconstructed using a software developed by J. C. Fiala
and K. M. Harris (Boston University, Boston, MA).

Data are presented as a mean � SEM, with n indicating the number of
synapses or slice cultures analyzed, as indicated. Statistical analyses were
performed using the Student’s t test.

RESULTS
Using a model of hippocampal organotypic slice cultures, we
investigated the effects of brief, transient episodes (2–10 min) of
anoxia–hypoglycemia on spine morphology. These short episodes
produced only minimal damage to the tissue and enhanced syn-
aptic transmission. In accordance with previous reports (Crepel et

al., 1993; Hsu and Huang, 1997), a lasting increase in the size of
EPSPs was recorded in the CA1 area of hippocampal slice cul-
tures (Fig. 1A) by stimulation of a group of CA3 neurons. This
effect was NMDA receptor dependent, because it could be pre-
vented by treatment of slice cultures with 100 �M D-AP-5 (Fig.
1A). These short anoxic–hypoglycemic episodes did not produce
acute cell death. As shown on semithin sections, the morphology
of pyramidal neurons in the CA1 area was still preserved 2–6 hr
after the anoxia–hypoglycemia (Fig. 1B). Electron microscopic
analyses further confirmed that there were no obvious signs of
cell death or gross morphological alterations at those time points
(Fig. 1C). Propidium iodide experiments revealed only rare cases
of labeled neurons up to 6 hr after the anoxia (Fig. 1D). However,
staining increased significantly after 24–48 hr, thereby indicating
a process of delayed cell death (Laake et al., 1999) (Fig. 1E).

A more careful analysis of the morphology of excitatory syn-
apses in these challenged cultures revealed, however, several
changes taking place during the first 2 hr after the anoxia–
hypoglycemia. A first observation was a marked increase in the
proportion of synapses with perforated postsynaptic densities in
slice cultures fixed 15–30 min after the anoxic episode (Fig.
2A,C). This change was detectable by analyzing the entire pop-
ulation of spine profiles. It was significant using both single-
section analysis applied to a large number of spine profiles (30 �
2.0 vs 14 � 3.5%; 2557 synapses analyzed; 11 slice cultures; p �
0.01) and unbiased stereological methods applied to a smaller
group of serial sections (35.0 � 3.7 vs 16.3 � 0.7; 667 synapses
analyzed; 10 slice cultures; p � 0.01) (Fig. 2C). The increase in
perforated synapses could be prevented by treatment of slice
cultures with 100 �M D-AP-5 applied during the anoxic episode
(Fig. 2C). Also, the change was only transient, because the pro-
portion of perforated synapses was back to control values after 2
hr. At that time, however, another modification could be ob-
served, consisting of an increase in the proportion of MSBs (Fig.
2B). The increase in MSBs was also highly significant and con-
firmed using both single-section analysis (15.0 � 0.4 vs 5.0 �
0.4%; 2383 synapses analyzed; 11 slice cultures; p � 0.01) and
unbiased stereological methods (21.4 � 1.4 vs 6.4 � 0.7; 444
synapses analyzed; 11 slice cultures; p � 0.01) (Fig. 2D). Appli-
cation of D-AP-5 (100 �M) during the anoxic episode also com-
pletely prevented the increase in MSB proportion (Fig. 2D).
These changes thus reproduced those reported after LTP induc-
tion (Toni et al., 1999).

To investigate the origin of the spines in MSBs, we proceeded
to three-dimensional reconstruction of cases observed under con-
trol conditions or in slice cultures fixed 2 hr after anoxia–hypo-
glycemia (Fig. 2E). Two of 30 MSBs reconstructed under control
conditions had spines originating from the same dendrite (6.7%)
(Fig. 2F). For comparison, 4 of 15 MSBs reconstructed 2 hr after
anoxia exhibited adjacent spines contacting the same terminal
(26.7%). When expressed as a ratio of the proportion of MSBs
observed under the two conditions (Fig. 2F), the results suggested
that both MSBs with spines originating from the same dendrite
and MSBs with spines from different dendrites increased after
anoxia–hypoglycemia.

Because these observations suggested a process of synapse
formation similar to that reported after LTP induction, we inves-
tigated the changes in spine morphology that could be detected
using two-photon confocal microscopy. To visualize dendrites
and spines, CA1 pyramidal neurons were patched under visual
control using an electrode filled with sulforhodamine (0.04–
0.06%). Within 10–15 min of whole-cell access, the entire den-
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dritic arborization could be visualized, and the changes in the
morphology of spines could be analyzed repetitively (every 2–5
min) before and after a short (2–10 min) anoxic–hypoglycemic
episode. Several modifications of spines were identified. As illus-
trated in Figure 3, a first change triggered by anoxia was the
appearance of thin filopodia. Under control conditions, filopodia
were occasionally observed (1 of 11 experiments with 60–80 min
of repetitive analysis). After an anoxic–hypoglycemic episode,
their occurrence markedly increased (17 of 24 experiments).
When expressed as number of filopodia observed per 100 �m of
dendritic length, the increase was statistically significant ( p �
0.05) (Fig. 3B). Most filopodia initially appeared 5–20 min after
the onset of anoxia (Fig. 3C). Then, they grew in size and

retracted, although usually not completely, over the time course
of the next hour. The triggering of filopodia by anoxia–hypogly-
cemia was calcium dependent, because both intracellular injec-
tion of 10 mM BAPTA, a calcium chelator (n � 11), or reduction
of the extracellular calcium concentration (0.1 mM Ca2� and 10
mM Mg2�; n � 10) prevented their occurrence. Furthermore, the
induction of filopodia was blocked by treatment of slice cultures
with the NMDA receptor antagonist (�)-5-methyl-10,11-
dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-
801) (40 �M; n � 12).

A second type of changes induced by anoxia were modifications
of the morphology of dendritic spines. Figure 4A illustrates three
examples of enlargements of the spine head observed after an

Figure 1. Enhancement of excitatory transmission and delayed cell death induced by short anoxic–hypoglycemic episodes. A, Changes in EPSP slope
produced by a short anoxia–hypoglycemia (black bar indicates 10 min) in hippocampal organotypic slice cultures in the absence ( filled circles; n � 5)
or presence (open circles; n � 4) of the NMDA receptor antagonist D-AP-5 (100 �M). Data are mean � SEM. B, Semithin section of the CA1 area of
a slice culture fixed 6 hr after a short (10 min) anoxia—hypoglycemia. Scale bar, 100 �m. C, Electron microscopic image of the stratum radiatum of a
slice culture fixed 6 hr after a short (10 min) anoxia–hypoglycemia. Scale bar, 1 �m. D, E, Propidium iodide staining of slice cultures showing only a
limited, nonspecific cell death 6 hr (D) after a short anoxia–hypoglycemia but a more intense delayed cell death 48 hr after the injury (E), Scale bar,
500 �m.
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anoxic–hypoglycemic episode. Similar cases were seen in 13 of 24
experiments, whereas only 1 of 11 experiments showed such
changes under control conditions. When expressed per unit
length of dendrite, the occurrence of these spine enlargements
significantly increased ( p � 0.05) (Fig. 4C, black columns). These
changes appeared to be spine specific, because neighboring spines
were not affected. As illustrated in Figure 4, C and D, they mainly
occurred between 20 and 40 min after the anoxia, and they were
prevented by intracellular injection of 10 mM BAPTA by reducing
the extracellular calcium concentration (0.1 mM Ca2� and 10 mM

Mg2�), as well as by blocking NMDA receptors with 40 �M

MK-801.
Associated with the spine enlargements, we also observed

frequently a process of new spine formation. In 13 of 24 experi-
ments, new spines were seen to appear on the dendritic segment
under analysis. Two typical examples are illustrated in Figure 4B.
Images from sections below and above the labeled dendrite were
systematically recorded, allowing in this way to exclude that the
new spines could have been mistaken because initially present on
a different plane of section. Formation of new spines rarely
occurred under control conditions (1 of 11 experiments). When
expressed per unit length of dendrite, this mechanism was mark-
edly enhanced by anoxia–hypoglycemia ( p � 0.05) (Fig. 4C,
dashed columns). This effect was calcium dependent, as well as
NMDA receptor dependent. Curiously, BAPTA was less efficient
in preventing the phenomenon. These new spines usually started

Figure 2. Anoxia–hypoglycemia induced
morphological remodeling of spine synapses.
A, I llustration of a synapse with a perforated
postsynaptic density (arrow). Scale bar, 1 �m.
B, I llustration of an MSB in which three indi-
vidual spines contact the same terminal. C,
Increase in the proportion of synapses with a
perforated PSD observed 15–30 min after a
short (10 min) anoxia–hypoglycemia. Data are
mean � SEM, obtained through analysis of 10
slice cultures using unbiased stereological
methods (667 synapses analyzed). Note that
the change in perforated synapses is prevented
by treatment with the NMDA receptor antag-
onist D-AP-5. D, Increase in the proportion of
MSBs observed 2 hr after a short anoxia–hy-
poglycemia. Data are mean � SEM, obtained
through analysis of 11 slice cultures using un-
biased stereological methods (444 synapses an-
alyzed). E, I llustration of an MSB in which the
two spines arise from the same dendrite in a
slice culture fixed 2 hr after anoxia–hypoglyce-
mia. Scale bar, 1 �m. F, Proportion of MSBs
with two spines arising from the same dendrite
( gray columns) or different dendrites (black
column) under control conditions and 2 hr af-
ter anoxia–hypoglycemia.
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to be detectable between 30 and 60 min after the anoxic episode
and persisted until the end of the experiment, up to 90 min in
some cases.

Although all of the changes reported above suggested mecha-
nisms of synaptic growth, there were also modifications that lead
to a decrease of synaptic connectivity. Figure 5 illustrates a
process referred to as dendritic swelling (Hsu and Buzsaki, 1993;
Park et al., 1996). This phenomenon was observed in 17 of 28
experiments, whereas it occurred only once in 11 experiments
under control conditions. Interestingly, Figure 5A reveals that
these dendritic swellings could evolve within 10–30 min into a
complete disruption of the dendritic structure through a bursting
phenomenon. Of 31 cases, 17 (55%) evolved to bursting within 30
min. This phenomenon was seen with both single- and two-
photon confocal microscopy and occurred even without repetitive
illumination of the labeled cell. They were thus not produced by
laser illumination. The frequency of these dendritic swellings
correlated well with the severity (duration) of the anoxic–hypo-
glycemic episode (Fig. 5B). They were calcium dependent and
could be prevented by intracellular injection of BAPTA or by
application of MK-801 (Fig. 5B). The swellings were seen mainly
between 20 and 40 min after the anoxia and tended to occur faster
when the anoxia was more prolonged. Associated with the swell-
ings, there was usually a process of spine loss. Figure 5A shows an
example in which swellings were accompanied by a smoothing of

the dendrite and disappearance of spines. In 11 of 17 experiments
in which swellings occurred, spine loss was also observed, whereas
spine loss without swellings was observed only twice. Also, swell-
ings were usually preceded by a few minutes of spine loss (5.1 �
1.3 min; n � 11). As for swellings, spine loss was calcium depen-
dent and reduced by blockade of NMDA receptors. Interestingly,
the structures from which these swellings originated could be
spines and dendrites but also axonal varicosities. Figure 6 illus-
trates confocal and electron microscopic images showing swell-
ings at the level of a postsynaptic spine (Fig. 6A,B), as well as at
the level of a DiI-labeled axonal varicosity (Fig. 6C) and a
presynaptic terminal (Fig. 6D). Thus, swelling is a mechanism
that concerned both presynaptic and postsynaptic structures.

DISCUSSION
The present study shows that brief periods of anoxia–hypoglyce-
mia, which produce minimal damage to the tissue and do not
result in acute cell death, are associated within the first 2 hr with
an intense remodeling of synaptic connections, both through a
process of growth and formation of new spines and new synapses
and through spine loss, swelling, and destruction of existing
synapses, axon terminals, and dendrites. The two processes ap-
peared to occur independently because they were sometimes seen
concomitantly on the same dendritic branches. They were both

Figure 3. Anoxia–hypoglycemia induced formation of filopodia. A, Time sequence illustrating the formation and modifications of a filopodia induced
after a short (10 min) anoxia–hypoglycemia. Scale bar, 5 �m. B, Quantitative analysis of the number of filopodia per 100 �m dendritic length observed
over periods of 80 min of observation under control conditions (white column), after a short anoxia–hypoglycemia (black column), after an
anoxia–hypoglycemia but with 10 mM BAPTA in the pipette solution ( gray column), or a medium containing low calcium (0.1 mM), high magnesium
(10 mM), or MK-801 (40 �M; dashed column). Data are mean � SEM of 11–24 experiments. *p � 0.05. C, Time interval at which filopodia were seen
to appear after anoxia–hypoglycemia. Data are expressed as percentage of the total number of events.
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calcium and NMDA receptor dependent and could contribute to
the early pathological events leading to delayed death.

A particularly interesting aspect of the present results is that
the growth mechanisms reported here after anoxia show a strong
analogy with the changes that have been described in association
with synaptic plasticity and LTP induction (Luscher et al., 2000).
In both cases, changes in synaptic efficacy take place. This is well
documented for LTP, but this has also been reported for anoxia
(Crepel et al., 1993; Hammond et al., 1994; Hsu and Huang,
1997). As illustrated here, this anoxic potentiation, similar to
LTP, involves a long-lasting, NMDA receptor-dependent in-
crease of synaptic responses. Furthermore, evidence suggests
that, under both conditions, changes in the expression of gluta-
mate receptor subunits may take place (Shi et al., 1999, 2001;
Kobayashi and Millhorn, 2001; Optiz et al., 2001). The present
study shows in addition that there is also a remarkable analogy in
terms of the structural modifications of spines. Growth of filop-
odia, changes of the ultrastructure of spines, and formation of new
spines and synapses occur under both conditions. Most interest-
ing, these modifications take place with a very similar time se-

quence. As reported by Maletic-Savatic et al. (1999) after LTP,
the first changes that we observed here after anoxia–hypoglyce-
mia were the growth of filopodia. They occurred 5–20 min after
the anoxic episode, and they were calcium and NMDA receptor
dependent. Furthermore, we could detect formation of new spines
20–60 min after anoxia, similar to what has been reported by
Engert and Bonhoeffer (1999) after LTP. Associated with this
process of spine formation, we could also observe many cases of
spine enlargements that were not observed previously in confocal
studies of LTP. Similar images, however, were seen recently using
confocal microscopic analyses of spines labeled with GFP-tagged
postsynaptic density 95 (PSD-95) (Marrs et al., 2001). This study
clearly indicated a highly dynamic nature of the synaptic mem-
brane and PSD that is likely to reflect some of the changes
reported using electron microscopy (Toni et al., 2001). Both here
after anoxia and after LTP induction, electron microscopic anal-
yses reveal major differences in the ultrastructural characteristics
of spines. In particular, we found a marked but transient increase
in the proportion of spines with perforated PSDs �30 min after
anoxia, a phenomenon that is followed 2 hr by an increase in the

Figure 4. Anoxia–hypoglycemia induced enlargement of spines and formation of new spines. A, Representative examples of shape changes and
enlargement of spine heads observed after an anoxic–hypoglycemic episode (asterisks; 2 min anoxia). Scale bars, 5 �m. B, Representative examples of
formation of a new spine after anoxia–hypoglycemia (asterisks; 2 and 10 min anoxia). Scale bars, 5 �m. C, Quantitative analysis of the number of spine
enlargements (black columns) and new spines (dashed columns) observed per 100 �m dendritic length under control conditions, after a short (2–10 min)
anoxia–hypoglycemia, after an anoxia–hypoglycemia but with either 10 mM BAPTA in the pipette solution or a medium containing low calcium (0.1 mM),
high magnesium (10 mM), or with MK-801 (40 �M). Data are mean � SEM of 10–24 experiments. *p � 0.05. C, Time interval at which spine
enlargements and new spines were seen to appear after anoxia–hypoglycemia. Data are expressed as percentage of the total number of events.
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proportion of MSBs. This sequence of changes thus fully corre-
sponds to that reported after LTP or in association with associa-
tive learning (Geinisman, 1993; Toni et al., 1999; Geinisman et
al., 2001). It is also interesting to note that the synapses with
perforated PSDs seen after LTP are usually particularly large and
exhibit features that suggest an important remodeling of synaptic
membranes (Toni et al., 2001). They could thus correspond to the
spine enlargements seen here with confocal microscopy and the
dynamic changes reported recently at the level of the PSD (Marrs
et al., 2001). Although the physiological and functional signifi-
cance of these morphological changes remains unclear, an obvi-
ous interpretation is that they reflect a calcium- and NMDA
receptor-dependent process of growth and synapse formation.
The evidence suggesting an activation of proteases and the in-
volvement of actin filament or other elements of the cytoskeleton
during anoxia supports this interpretation (Friedman et al., 1998;
Brana et al., 1999; Smart and Halpain, 2000).

One important characteristic of this growth process in the case
of anoxia is that it is widespread and takes place at a very large
scale. The number of filopodia, of newly formed spines or of
spines that became enlarged, increased by almost an order of
magnitude. Interestingly, the frequency of these events did not
seem to vary between 2 and 10 min after anoxia–hypoglycemia, in
contrast to the number of swellings (Fig. 5). Overall, the number
of spines that significantly changed shape or were newly formed

after anoxia represented between 2 and 5% of all visible spines.
At the ultrastructural level, the number of synapses that showed
changes at the level of their PSD was even larger and represented
15–20% of all spine profiles. Accordingly, the magnitude of these
changes may be expected to significantly alter excitability prop-
erties and information processing within the network. In this
respect, these data are consistent with the observation of marked
differences in the density of spines on CA1 neurons after prepar-
ing acute slices, a process that involves exposure to a short
ischemia (Kirov et al., 1999). Thus, through the release of gluta-
mate, ischemia could activate mechanisms analogous to those
implicated in synaptic plasticity but to a larger scale. Consistent
with this, the changes reported here, like those described after
LTP, are calcium and NMDA receptor dependent. This phenom-
enon could very well have deleterious effects by negatively affect-
ing the functioning of the network and, through increased excit-
ability, initiate intracellular cascades responsible for delayed cell
death (Obrenovitch and Urenjak, 1997).

An additional mechanism susceptible to lead to tissue damage
is that responsible for swelling and bursting of neuronal struc-
tures. The two mechanisms are probably distinct and unrelated,
although they sometimes occurred concomitantly. Swelling and
bursting were more pronounced with more severe anoxia and they
were calcium dependent (Abdel-Hamid et al., 1997) but less
NMDA receptor sensitive than growth mechanisms (Park et al.,

Figure 5. Anoxia–hypoglycemia-induced swelling and spine loss. A, Time sequence illustrating the formation of dendritic and spine swellings after a
short (10 min) anoxia. Note that the formation of dendritic swellings is associated with a smoothing of the dendrite and the disappearance of spines
(asterisks). These swellings progressively increased in size over a time course of 10–30 min and finally burst out, disrupting the cellular membrane
(arrows). Scale bar, 10 �m. B, Quantitative analysis of the number of swellings (black columns) and spine loss (dashed columns) observed per 100 �m
dendritic length under control conditions, after a short anoxia–hypoglycemia (2–5 min, n � 12; 10 min, n � 16), or after an anoxia–hypoglycemia but
with either 10 mM BAPTA in the pipette solution (n � 11) or a medium containing low calcium (0.1 mM), high magnesium (10 mM; n � 10), or MK-801
(40 �M; n � 12). Data are mean � SEM. *p � 0.05; **p � 0.01. C, Time interval at which swellings and spine loss were seen to occur after
anoxia–hypoglycemia. Data are expressed as percentage of the total number of events.
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1996; Smart and Halpain, 2000). Also, swelling was probably
causally related to spine loss, because the two phenomena were
usually associated with swelling slightly preceding spine loss.
Whereas spine loss has been reported recently to be only transient
(Hasbani et al., 2001), swelling, and particularly bursting, appears
to be a potentially very damaging process, disrupting the mem-
brane continuity. It is very interesting in this respect that the
phenomenon may in fact occur on dendrites, spines, as well as
presynaptic terminals, being therefore not structure specific.

In conclusion, the present study shows that a short episode of
anoxia–hypoglycemia markedly affects the organization of synap-
tic networks: it modifies the structure and function of synapses
and triggers the growth of new spines, while, at the same time,
other spines, dendrites and axonal varicosities are being de-
stroyed. These changes are thus likely to contribute to the func-
tional impairment that characterizes tissue injured by a transient
ischemia.
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