
Special issue article

Early changes in the synapses of the
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Perinatal asphyxia (PA) is a medical condition associated with a high short-term morbimortality and different
long-term neurological diseases. In previous work we have observed at 6 months post-synaptic densities
(PSDs) alterations compatible with neurodegeneration highly correlated with the increment in the
ubiquitination. Although alterations in the synaptic organization and function have been related with
neuronal death after hypoxia, little is known about the synaptic changes in young animals exposed to PA.
The main aim of this work is to study the PSDs changes in striatum of 30-day-old rats subjected to PA.
Using two-dimensional electron microscopic analyses of synapses staining with ethanolic
phosphotungstic acid we observed an increment of PSD thickness in severe hypoxic rats. These data are
consistent with the western blot analysis that showed an increment in ubiquitination levels in the synapses
of severe hypoxic rat. We did observe any alterations neither in synaptic structure nor in ubiquitinization in
mild asphyctic rats. These data suggest that hypoxia might cause early misfolding and aggregation of
synaptic proteins in severe anoxic animas that could induce long-term neurodegeneration.
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Introduction
Perinatal asphyxia (PA) is an important cause of short-
and long-term neurological diseases.1 The vulnerable
areas of the central nervous system to the
hypoxic–ischemic insult are primarily localized in the
hippocampus, cerebral cortex, and basal ganglia.2,3

Following PA, approximately 45% of newborns die
and 25% have permanent neurological deficits includ-
ing cerebral palsy, mental retardation and develop-
mental delay, learning disabilities, visual and hearing
impairments, and different issues in the school readi-
ness (Amiel-Tison et al., 1986; Gunn et al., 2000).4–71
Previous works have shown8–11 that the most impor-

tant causes for neuronal damage and death in striatum
and necrotic during ischemic–hypoxic process are
related with a chain of events that include the over pro-
duction of excitatory amino acids, nitric oxide, and
finally the increased release of reactive oxygen
species (ROS). Although the immature brain is rela-
tively protected from hypoxia by adaptive mechan-
isms, severe insults can trigger self-sustaining

damaging cascades lasting for days or weeks resulting
in prominent injury.12–15

Cells degradate misfolded proteins thought the ubi-
quitin-proteosome system (UPS). Under pathological
conditions, protein misfolding causes exposure of
hydrophobic segments, becoming them aggregated.16

Although dysfunction of UPS and protein aggregation
has been related with the neuronal death after ische-
mia,16–18 the mechanisms of cerebral hypoxia
damage are not still completely understood.
We have previously described long-term alterations

in neuronal and synaptic level in rat neostriatum
after hypoxia9,13,19 that are well correlated with behav-
ioral changes.20,21 However, it is not clear whether the
synaptic striatal alterations are present in young PA
animals. Therefore, in the present study, we combined
electron microscopy techniques and ethanolic phos-
photungstic acid (E-PTA) staining to study the post-
synaptic densities (PSDs) alterations in neostriatum
after 1 month of the birth-PA induction when synapses
are well established.22 We also provide evidence that
ubiquitin protein conjugates are deposited in PSDs
of severe PA animals. Furthermore, our data suggest
that the persistent PSDs ubi-protein formation might
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be one of the mechanisms that can induce delayed
neuronal damage during the post-hypoxic phase.
Therefore, we hypothesize that the early changes in
the PSDs of the rat neostriatum could be the beginning
point of the events that produce the important modifi-
cation and ubiquitination observed in the PSDs in
asphyctic adult rats.

Materials and methods
Experimental animals
All animal experimental procedures and care were
approved by the Ethical Board of School of
Medicine, University of Buenos Aires, Argentina. In
the present study were used 15 full pregnant Sprague
Dawley rats. Pregnant rats were placed in the separate
cages at Day 14 of their gestation and maintained in a
temperature-controlled environment on a 12-hour
light/dark cycle and fed with Purina chow and tap
water ad libitum. A group were used as surrogate
mothers (n= 5) and the rest to perform the PA exper-
iments (n= 10).

Induction of asphyxia
Full-term pregnant rats were rendered unconscious by
CO2 inhalation,23 rapidly decapitated, and immedi-
ately hysterectomized after their first pup delivered
vaginally (vaginal control) (Bjelke et al., 1991).24

One uterine horn, containing the fetuses, was placed
in a water bath at 37°C for 10 and 15 minutes (mild
PA); 19 minutes (severe PA). Following asphyxia, the
uterus horn was rapidly opened; the removed pups
were stimulated to breathe by cleaning up the amniotic
fluid and by performing tactile intermittent stimu-
lation with pieces of medical wipes for few minutes
until regular breathing can be established. The umbili-
cal cord was ligated and the animals were left to
recover for 1 hour under a heating lamp. When their
physiological conditions improved, they were given
to surrogate mothers who had delivered normally
within the 24 hours before the experiments. The differ-
ent groups of pups were marked and mixed with surro-
gate’s normal litters. We maintained litters of eight
pups with each surrogate mother. (For more details
of this procedure see Capani et al.13,19.)

Post-asphyxia procedures
One-month-old male rats (N= 3–5 animals/group),
were anesthetized with 28% (w/v) chloral hydrate,
0.1 ml/100 g of body weight, and perfused intracar-
diacally with paraformaldehyde 4% in phosphate
buffer 0.1 M, pH 7.4. Brains were dissected and
post-fixed in the same solution during 2 hours, and
then immersed overnight in phosphate buffer 0.1 M,
pH 7.4 containing 5% of sucrose. Coronal brain sec-
tions containing the neostriatum (40 and 100 μm
thick) were cut on an Oxford Vibratome and then

recovered for electron microscopic studies. Some of
these sections were stained with cresyl violet according
to the procedures described by Capani et al.13,19

Electron microscopic studies
Tissue sections from experimental and control animals
were stained either by the conventional osmium–ura-
nium–lead method or by 1% E-PTA. Briefly, coronal
brain sections were cut at thickness of 200 μm with a
Vibratome through the level of neostriatum and post-
fixed for 1 hour with 4% glutaraldehyde in 0.1 M caco-
dylate buffer pH 7.4. For conventional osmium–ura-
nium–lead staining, sections were post-fixed for 2
hours in 1% osmium tetroxide in 0.1 M buffer cacody-
late buffer, rinsed in distilled water, and stained with 1%
aqueous uranyl acetate overnight. The sections were
then dehydrated in an ascending series of ethanol to
100%, followed by dry acetone, and embedded in
Durcupan ACM resin. Thin sections were counter-
stained with lead citrate before examination in the elec-
tron microscope. For E-PTA staining, sections were
dehydrated in an ascending series of ethanol to 100%
and stained for 1 hour with 1% PTA stained prepared
by dissolving 0.1 g of PTA in 10 ml of 100% ethanol
and adding four drops of 95% ethanol. Then, sections
were embedded in Durcupan ACM resin.

Quantitative analyses of thin section
Neostriatal specimens were selected for quantitative
analyses based on the quality of E-PTA staining and
the degree of ultrastructural preservation, as deter-
mined from conventionally stained material from the
same animals. Samples were analyzed from controls
(n= 4) and for post-asphyctic animals at 10 minutes
(n= 3); 15 minutes (n= 3); and 19 minutes (n= 4).
Tissue sections were cut at thickness of 100 nm and
examined and photographed at 80 keV at a magnifi-
cation of 8300× with a Zeiss 109 electron microscope.
For each animal, five micrographs were obtained from
neostriatum. As described above, each negative was
digitized into a PC computer. Using NIH Image 1.6
PSDs were first manually outlined, and then the
maximal thickness, minimum thickness, length, and
total area of each PSD were determined. All synapses
in which the PSD, intracleft line, and pre-synaptic grid
were clearly visible were chosen for analysis. The selec-
tion criterion resulted in the analysis of between 30
and 60 PSDs per animal for each neostriatum.

Subcellular fractionation and preparation of PSDs
The crude synaptosomal fraction (P2) was prepared
according to the method described previously by Hu
and Wieloch,25 Liu et al.,17 and Capani et al.13

Neostriatum tissue was pooled from four rats of each
experimental group (approximately 1 g) and hom-
ogenized with a Dounce homogenizer (25 strokes) in
15 vol. of ice-cold homogenization buffer containing

Grimaldi et al. Synaptic alterations induced by PA

Nutritional Neuroscience 2011 VOL. 0 NO. 02



15 mM Tris base-HCl pH 7.6, 1 mM DTT, 0.25 M
sucrose, 1 mM MgCl2, 1.25 μg/ml pepstatin A,
10 μg/ml leupeptin, 2.5 μg/ml aproptonin, 0.5 mM
PMSF, 2.5 mM EDTA, 1 mM EGTA, 0.1 M
Na3VO4, 50 mM NaF, and 2 mM sodium pyropho-
sphate. The homogenates were centrifuged at 800 g
at 4°C for 10 minutes, and the supernatants were cen-
trifuged at 10 000 g at 4°C for 15 minutes to obtain P2.
This P2 fraction was loaded onto a sucrose density gra-
dient of 0.85 M/1.0 M/1.2 M and centrifuged at
82 500 g for 2 hours at 4°C. The light membrane frac-
tion was obtained from the 0.85/1.0 sucrose interface,
and the synaptosomal fraction was collected from the
1.0 M/1.2 M sucrose interface. After washing with 1%
Triton X100, synaptosomal pellets were collected by
centrifugation and then subjected to a second 1.0 M/
1.5 M/2.0 M sucrose density gradient centrifugation
at 201 000 g, 4°C for 2 hours. The isolated PSD frac-
tion was obtained from the 1.5 M/2.0 M interface of
the sucrose gradients. The PSD fraction was diluted
with an equal volume of 1% Triton X-100/300 mM
KCl solution, mixed for 5 minutes, and centrifuged
at 275 000 g for 1 hour. The PSDs were suspended in
a buffer containing 50 mM Tris/HCl, pH 7.4,
0.5 mM DTT, 100 mM KCl, 10 μg/ml leupeptin,
5 μg/ml pepstatin, 5 μg/ml aprotinin, 0.2 mM phenyl-
methylsulfonyl fluoride, and 0.2 mM sodium orthova-
nadate. Then PSDs were dissolved in 0.3% sodium
dodecyl sulfate for biochemical analysis.

Western blot
Western blot analysis was carried out on 8% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) for remaining subcellular fractions.25

Samples containing 20 μg of proteins from the
control group and experimental groups were applied
to each lane in a slab gel of SDS–PAGE. After electro-
phoresis, proteins were transferred to an immobilon-P
membrane. The membranes were incubated with a
primary antibody that recognizes free ubiquitin and
ubi-proteins (Chemicon, 1:2000)3 overnight at 4°C.
Mouse anti-actin monoclonal antibody (Chemicon
International, Temécula, CA, USA) was used as an
internal loading control at a dilution of 1:5000. The
membranes were then incubated with horseradish per-
oxidase-conjugated anti-mouse secondary antibody
for 45 minutes at RT.4 The blots were developed with
an ECL5 detection method (Amersham). The films

6 were scanned, and the optical densities of proteins
bands were quantified using Kodak 1D gel analysis
software.

Statistical analysis
The results were expressed as the means± standard
deviation (SD), unless otherwise noted. Group differ-
ences between the means of the IR7 calbindin

neurons, the area of the PSDs, the length of the
PSDs, the minimum and maximum thickness of the
PSDs, and the optical densities of the protein bands
from western blot analysis were revealed by six one-
way analysis of variances (ANOVAs). If the overall
ANOVA was significant, comparisons between each
one of the experimental groups (i.e. PA 10 minutes,
PA 15 minutes, PA 19 minutes, and the control
group were carried out by two-tailed Dunnett’s
post hoc test. When the assumption of homogeneity
of variances was rejected by Levene’s test (this was
the case for the optical densities from the western
blot analysis), the overall ANOVA was followed by
the multiple comparison Dunnett’s T3 post hoc test.
Differences with a probability of 5% or less were con-
sidered to be significant (P< 0.05). All the statistical
analysis was performed using the SPSS 13.0 for
Windows statistical package (SPSS Inc., Chicago, IL,
USA).

Results
Effect of the PA on neuronal survival in vivo
We analyze alterations in striatal cells in the different
time of 1-month-old PA rat. Cresyl violet staining
showed a nuclear condensation in 19 minutes PA
animals (Fig. 1). To confirm the type of these cells
we observed osmium–lead stained material at electron
microscopic level. Clear nuclear condensation was
observed in neurons of 30-day-old rats exposed to
PA for 19 minutes (Fig. 2). We also observed
neurons with dark cytoplasm and vacuoles. Nucleus
condensation and compaction, with a festoon shape
and twisted nuclear envelope are typical characteristic
of neurodegeneration. By morphology these neurons
correspond with the Gabergic Golgi type I
neurons.13,17,19

Analysis of striatal GABAergic neuronal loss
Since Gabaergic neurons are the principal target of
anoxia, we focused our study only on this type of
neurons.13,20 To quantify the loss of neurons in stria-
tum we employed stereology combined with calbindin
immunostaining that identified GABAergic neurons
in neostriatum.13,24 Statistical analysis showed a
decreased of the means of calbindin IR neurons that
reached statistical significance at 19 minutes of PA
(P< 0.01) with respect to control group and the rest
of the mild PA groups (Table 1).

Modification in striatal PSDs stained with E-PTA
in 1-month-old rat
We did not observe clear alterations in the membranes
of dendrites shafts, spines, and neurons were seen in
the neostriatal material stained with osmium–lead–ci-
trate in the control and in PA animals (Fig. 3).
Ultrastructural organization of pre-synaptic terminals,
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pre-synaptic vesicles, and PSDs were intact (Fig. 3).
These observations are in agreement with previous
ultrastructural studies.13,16,26–28

In contrast with the material stained with conven-
tional technique, some alterations were apparent in
severe PA in the material stained with E-PTA

Figure 1 Low-power micrographs of dorsal neostriatum in 1-month-old rats from control different times of PA Vibratome
sections of 50 μm were cut and stained with cresyl violet. A frank neuronal death was observed after 19 minutes (see neurons
in the inset). Scale bar, 30 μm.

Figure 2 Electron micrographs of osmium–uranium–lead-stained synapses in dorsal neostriatum from 1-month-old control rats
and rats subjected to different times of PA. The synapses (arrows) were intact, and no obvious alterations were seen in these
osmium–uranium–lead-stained synapses after PA. AT, axon terminal; DEN, dendritic shaft. Scale bar, 0.5 μm.
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(Fig. 4). This is consistent with previous studies of
other laboratories using a rat model of ischemia16,27

and our laboratory but in long-term studies.13 After
severe PA, post-asphyctic PSDs were thicker than
those observed in controls (Fig. 4). To confirm these
changes we conducted a series of quantitative analysis
at PSDs at different time points of PA. Significant
differences were found in both the minimum and
maximum thickness between the control and 19
minutes of PA. No differences between the control
and other times of PAwere observed (Fig. 4, Table 2).

Ubiquitin-protein conjugates in striatal PSDs:
western blot analysis
Since E-PTA-stained aggregates could be composed of
abnormal protein13,16,27 and that ubi-protein are com-
monly present in protein aggregates in neurodegenera-
tive diseases29 we use western blot to study the
ubiquitination level in young PA rats. The isolated
PSDs fractions were analyzed by immunoblotting
with ubiquitin antibody and quantified (Fig. 5).
Ubi-proteins were hardly detected in control and

mild PA animals but clearly increased in severe PA
animals.

Discussion
In this study, we demonstrated that in striatum of
1-month-old severe post-asphyctic animals, PSDs
showed a consistent change in the thickness. These
alterations at PSDs level were correlated with ubiquiti-
nation level suggesting that post-synaptic structures
are one of the major targets for protein ubiquitination
in young severe PA rats. Since ubiquitin mainly tags
damaged or unfolded proteins, ubiquitination should
be related with early protein damage increment in
the severe hypoxic animals.

Long-term protein ubiquitination in neostriatum
after PA
Consistent with other studies in different model of
ischemia17,26–28,30 and using this PA model but in
long-term studies13 we did not observe any alterations
in the subcelullar organization of ostriatum in material
stained with osmium-heavy metals. However, we
observed a marked increase in E-PTA-stained material
in the severe PA. Since the cortical-striatal afferent rep-
resents the 80% of the synapses in the neostriatum and
they are asymmetric as we observed using E-PTA
staining, our results suggest that at least this class of
synapse is affected. These data are consistent with pre-
vious observations in hippocampal and neocortical
post-ischemic synapses27 an in our long-term study
in PA.13 We did not analyze whether other synapses
were also affected. This question is currently under
analysis because dopaminergic synapses are almost

Table 1 Quantification of calbindin positive cell in
neostriatum

Groups Means calbindin IR neurons Cell loss (%)

Control 702.32± 89.39 –

PA 10 minutes 642.11± 85.26 −8.54
PA 15 minutes 645.10± 119.5 −8.11
PA 19 minutes 558.23± 105.6* −20.51

Data are expressed as means± SD. Each experimental group
was compared to the control group (see text for statistical
details). *P< 0.05.

Figure 3 Electron micrograph of the Golgi Type I neuron (GABAergic neuron) in the neostriatum area from 1-month-old CTL 8rats
and animals subjected to different time of PA. Observe that the morphological characteristics of neurodegeneration in the
19 minutes PA rats are pronounced. Nu, nucleus. Scale bar, 1 μm.
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20% of the total synapses in neostriatum.
Furthermore, dopamine has been suggested to be
one of the neurotransmitter that could be toxic if it
is over-release during an ischemic–hypoxic episode.31

In contrast with our observation at 6 months, we did
not observe increment in the PSDs thickness after 10
and 15 minutes of PA. This could be related to the
fact that the cell death in these PA animals was not

Figure 4 Electron micrographs of E-PTA stained PSDs (arrowheads) in neostriatal tissue section from 1-month-old rats
subjected to different time of PA and control. Note the increased thickness of the PSDs in the severe asphytic neostriatum,
compared with the control and the mild asphyxia. AT, axon terminal. Scale bar, 0.5 μm.

Table 2 Analysis of PSDs features in neostriatum of control, PA groups

Groups Area × 103 (nm2) Length (nm) Minimum thickness (nm) Maximum thickness (nm)

Control 2.2± 0.1 92.1± 2.3 15.2± 0.5 42.0± 2.5
10 minutes 3.3± 1.0 99.1± 2.3 24.2± 0.4 55.7± 2.6
15 minutes 3.4± 0.9 99.3± 6.9 24.6± 0.5 55.0± 4.3
19 minutes 5.5± 1.2** 103.1± 5.2 32.6± 0.4** 79.1± 2.2**

Data are expressed as means± SD. Each experimental group was compared to the control group (see text for statistical details).
**P< 0.01.

Figure 5 (A) Immunoblots of ubi-proteins in neostriatal PSDs from 1-month-old rats. PDSs were prepared from control and
different time of PA. The blots were labeled with the anti-ubi-protein antibody and visualized with ECL system. Molecular size is
indicated at the left. Ubi-proteins are present after PA. HYP 20 prevented the ubi-proteins formation. A mouse anti-actin
monoclonal antibody was used as an internal loading control. (B) Quantification of ubi-proteins on PSD. Mean optical intensities
of immunoblot bands are expressed as mean± SD. *P< 0.01 between control, hypothermia and hypoxia conditions.
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significant and probably many proteins of the PSDs
were recovered. Analysis using immunoblot for ubi-
quitin in purified PSDs showed an increase in ubiqui-
tination level in the severe PA PSDs. Although not too
much data are available about the mechanism of cell
death during PA13,24 these findings suggest that the
increased in the thickness could be related with the
degradation of abnormal proteins probably before
neurons trigger death mechanisms. Therefore, we
think that PSDs send some early signals that could
induce long-term neuronal alterations.

Significance of the ubiquitin-conjugated protein
accumulation as a possible cause of long-term
neural damage
The role of the early ubi-conjugated proteins that we
observed in the PSDs of the post-asphyctic is still not
clear. However, some data suggest that accumulation
of ubi-proteins could be one of the mechanisms
involved not only in short-term but also in long-term
cell death during PA as we observed in previous
reports.13 Consistent with this view, persistent ubiqui-
tination was found in the hippocampal neurons
PSDs16,32 after transient cerebral ischemia17

suggesting that increased ubi-protein conjugates
might produce protein damage. Because the
GABAergic neurons received most of the glutamater-
gic input, these alterations might result in a toxic
signal, such as a greater calcium influx propagating
to the dendritic shaft and the cell body, that finally
cause cell degeneration as we extensively describe in
different reports.10 In addition, the increment in the
calcium levels, mediated calpain activation and ROS
production after hypoxic–ischemic insult is able to
damage proteins.8,9,33,34 Ischemic acidosis may con-
tribute to ubiquitin conjugates accumulation because
protein folding is pH-dependent.35 On the other
hand, induction of heat shock proteins (HSPs) protects
the neuron against ischemic insults.36,37 Hu et al.26 has
reported translocation of both HSC 70 and NSF9 into
PSDs after ischemia, destined to prevent protein mis-
folding. Since degradation of ubi-proteins requires
the presence of molecular chaperones38 the no
proper functioning of this system could finally finish
in PSD damage by ubi-protein accumulation. While
other HSPs reversibly attach to denatured proteins
and help to refold or reassemble them, the ubiquitin-
conjugated proteins are degraded by 26S protea-
some.29 If PA insult is not removed in time from the
cell, the ubiquitin pathway that is working in excess,
might affect the neuronal survival, since neurons
does not have the capacity to remove damage proteins,
thus they are accumulated. Finally, accumulation of
ubi-proteins leads the neurons to death.
Since striatum is rich in spines and the spines are

structures highly F-actin concentrated actin33 could

be one of the proteins affected. Some studies in vitro
showed alteration in the depolymerization–repolymer-
ization cycle in dendritic spines during ischemia.39 We
also observed similar alterations after 1 month of PA.
Some preliminary results were published in Capani
et al.40

Finally, overproduction of ubiquitin-conjugated
proteins can produce dysfunctional synaptic trans-
mission. Physiological study in neostriatum41 has
demonstrated that the evoked post-synaptic responses
of spiny neurons are suppressed and the excitability
of spiny neurons is decreased after transient ischemia.
Alterations in the synaptic transmission have been
reported during the post-ischemic phase in other
areas.41

Conclusions
Overall our data suggest that an excessive protein-ubi-
quitination in striatal PSDs of 1 month severe PA
seems to be related with the increment in the PSD
protein accumulation. Although further studies will
be necessary to determine the role of this early
accumulation of ubi-protein in the PDS, it is tempting
to speculate that PSDs alterations might be involved in
the generation of an aberrant biochemical pathway
that lead in long-term modifications in the brain of
the PA animals as we describe in previous paper.13

In agreement with this point of view, Alzheimer
disease has a deleterious action on actin cytoskeleton
linked with PSDs, leading to dendritic spines dysfunc-
tion and synaptic degeneration.42
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