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Neonatal seizures can lead to epilepsy and long-term cognitive deficits into adulthood. Using a rodent model of the most common form
of human neonatal seizures, hypoxia-induced seizures (HS), we aimed to determine whether these seizures modify long-term potentia-
tion (LTP) and silent NMDAR-only synapses in hippocampal CA1. At 48 –72 h after HS, electrophysiology and immunofluorescent
confocal microscopy revealed a significant decrease in the incidence of silent synapses, and an increase in AMPARs at the synapses.
Coincident with this decrease in silent synapses, there was an attenuation of LTP elicited by either tetanic stimulation of Schaffer
collaterals or a pairing protocol, and persistent attenuation of LTP in slices removed in later adulthood after P10 HS. Furthermore,
postseizure treatment in vivo with the AMPAR antagonist 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) protected
against the HS-induced depletion of silent synapses and preserved LTP. Thus, this study demonstrates a novel mechanism by which early
life seizures could impair synaptic plasticity, suggesting a potential target for therapeutic strategies to prevent long-term cognitive
deficits.

Introduction
The incidence of seizures is high in the neonatal period, with the
most common cause being hypoxic encephalopathy. These sei-
zures can result in later-life epilepsy (Silverstein and Jensen,
2007) and be associated with learning disabilities and cognitive
disorders such as autism (Ronen et al., 2007; Berg, 2011). Neo-
natal seizures can be resistant to conventional antiepileptic drugs,
indicating that underlying mechanisms may differ from those in
adulthood (Rakhade and Jensen, 2009). Because these seizures
occur during a critical period of synaptic development (Hutten-
locher and Wollmann, 1991; Jensen et al., 1992; Holmes and
Ben-Ari, 2007; Rakhade and Jensen, 2009; Scantlebury et al.,
2010), we hypothesized that early life hypoxia-induced seizures
alter normal patterning of synaptic development and plasticity
important for learning, such as long-term potentiation (LTP).

In rats, brief hypoxia-induced seizures (HS) at postnatal day
(P)10 result in a high incidence of spontaneous seizures (Rakhade
et al., 2011) and cognitive deficits (Yang et al., 2004; Mikati et al.,
2005) later in life. Also, early life HS cause rapid posttranslational

modifications of AMPARs in hippocampal area CA1, with tran-
sient and early increases in GluA1 subunit phosphorylation at
Ser831 and Ser845 (Rakhade et al., 2008), sites associated with
subunit trafficking and enhancement of AMPAR currents (Liao
et al., 2001). Consistently, AMPAR spontaneous and miniature
EPSC amplitude and frequency in CA1 pyramidal neurons in-
crease within 1–3 h after HS in P10 rats (Rakhade et al., 2008).

During this period, many immature synapses contain
NMDARs but not AMPARs, remaining silent due to Mg 2�

blockade of NMDARs at resting membrane potentials (Isaac et
al., 1995; Liao et al., 1995; Busetto et al., 2008). Over develop-
ment, synapses become functional by activity-dependent inser-
tion of AMPARs (Petralia et al., 1999; Malinow and Malenka,
2002; Kerchner and Nicoll, 2008). As a result, mature glutamatergic
synapses coexpress AMPARS with NMDARs, where AMPAR-
mediated membrane depolarization removes the Mg2� blockade,
allowing for NMDAR activation. Silent synapse conversion has also
been demonstrated during synaptic strengthening that occurs dur-
ing LTP (Marie et al., 2005; Lisman and Raghavachari, 2006; Thiaga-
rajan et al., 2007; Kerchner and Nicoll, 2008).

The present study examined silent synapse expression and syn-
aptic plasticity in hippocampal CA1 in slices 48–72 h after in vivo HS
in P10 rats. We chose this time point because it follows the peak in
posttranslational GluA1 changes (12–24 h after seizure) (Rakhade et
al., 2008). Also, AMPAR antagonist treatment given within 48 h after
HS can prevent these GluA1 alterations and reverse long-term
changes in seizure susceptibility (Koh et al., 2004). We show signif-
icant loss of silent synapses at 48–72 h after HS compared with
controls, and this was coincident with a markedly reduced capacity
for LTP, which persisted into adulthood. Furthermore, postseizure
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treatment in vivo with AMPAR antagonist 2,3-dihydroxy-6-nitro-7-
sulfonyl-benzo[f]quinoxaline (NBQX), at doses we have previously
shown block post-HS increases in GluA1 Ser831 and Ser845 phos-
phorylation, prevented the silent synapses loss and LTP impairment.
Because silent synapses are critical to LTP induction (Kerchner and
Nicoll, 2008), these data suggest that changes in silent synapses and
AMPAR composition may contribute to impaired network plastic-
ity and LTP, and may be relevant to understanding the mechanism
whereby neonatal seizures lead to cognitive deficits.

Materials and Methods
Animals. Litters of male Long–Evans hooded rats (Charles River Labora-
tories, 10 pups per litter) were subjected to HS at P10, as described
previously (Jensen et al., 1998). Age- and weight-matched littermates not
exposed to hypoxia served as normoxic controls. Hypoxia-induced
tonic-clonic seizures, automatisms followed by head and limb move-
ments and myoclonic jerks, were observed. Only animals that had �5
tonic-clonic seizures were included in the study (93%). In our model,
seizures occur in �95% of the P10 rats exposed to hypoxia, so only a
small number of animals could be used to determine whether hypoxia
alone or seizure activity influence the silent synapses and synaptic
plasticity.

All rat pups were returned to their dams within an hour after the
experiment. All procedures were approved by and in accordance with the
guidelines of the Animal Care and Use Committee at Children’s Hospital
Boston (Boston, MA) and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All efforts were made to minimize
animal suffering and the number of animals used.

Hippocampal slice preparation. Hippocampal slices were prepared as
described in detail previously (Sanchez et al., 2005). Rat pups were de-
capitated at intervals up to 72 h following HS, as were adults. Age-
matched littermate rats not exposed to hypoxia were used as controls.
Brains were rapidly dissected from the skull and placed for sectioning in
ice-cooled cutting solution containing the following (in mM): 210 su-
crose, 2.5 KCl, 1.02 NaH2PO4, 0.5 CaCl2, 10 MgSO4, 26.19 NaHCO3, and
10 D-glucose, pH 7.4, bubbled with 95%O2/5%CO2 at 4°C. Coronal hip-
pocampal slices (300 �m thickness) were sectioned from the middle
third of hippocampus with a vibratome (Leica VT1000S) in cutting so-
lution. Slices were incubated in oxygenated artificial CSF (ACSF), con-
taining the following (in mM): 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 CaCl2,
1.3 MgSO4, 26 NaHCO3, and 10 D-glucose, pH 7.4 (Sanchez et al., 2005)
and transferred to 32°C for 30 min. Then, slices were kept at room tem-
perature for at least 1 h before electrophysiological recordings.

Triple immunostaining analysis of silent synapses in hippocampus.
Staining and analysis were based on, but heavily modified from, previous
methods (Mokin and Keifer, 2006). Forty-eight hours following HS at
P10, rats and age-matched littermate controls were anesthetized with 100
mg/kg pentobarbital and transcardially perfused with PBS, followed by
4% paraformaldehyde. Brains were dissected out and postfixed for 1 h,
then cryoprotected in 30% sucrose until saturated. Brains were sectioned
to 20 �M thickness using a cryostat (Leica). After washing sections in PBS,
we used antigen retrieval by microwave irradiation in 0.2% sodium ci-
trate buffer, pH 6.0. Sections were then washed and incubated for 1–2 h
at room temperature in a 10% normal goat serum blocking solution,
then overnight in a moisture chamber at 4°C in mouse anti-NR1 (1:125,
AbCam). After washing with PBS, sections were then incubated in Alexa-
488 secondary for 1 h, washed with PBS, and then primary and secondary
antibody incubation was repeated for rabbit anti-GluA1 (1:6000, Ther-
moScientific) followed with Alexa-594 secondary and sheep anti-
synaptophysin (1:500, AbCam) followed with Alexa-647 secondary. (All
secondary antibodies were from Invitrogen, used at 1:1000.).

Images were acquired on a Zeiss LSM510 confocal microscope with a
63� oil-immersion objective (NA � 1.4). Slides were blinded, then im-
ages were taken from stratum radiatum (s. radiatum) in CA1, �100 �m
from the pyramidal neuron somas, in the middle third of the hippocam-
pus (see Fig. 4 A, B). Using a digital zoom of 3 and line averaging of 2,
10 –12 �m stacks (0.25 �m z-intervals, 12-bit) were scanned. Images
were analyzed blind using MetaMorph software. To analyze percentage

of NR1-only synapses, a 240 � 140 pixel field was chosen in a single plane
in a semirandom manner (chosen to not include areas that contained
somas, due to an altered distribution of the three markers on somas vs in
the neuropil). The stack was reduced to the plane containing the box, the
plane below, and the plane above, and run through a low-pass filter to
reduce noise. Channels were separated and thresholded, with levels de-
termined by measuring the intensity of seven distinct areas near puncta.
To avoid under-thresholding, the lowest value was dropped and the re-
maining six values were averaged to give a minimum threshold level at
which puncta could be counted. Threshold was at least two times the
background intensity (Crump et al., 2001). Puncta were defined by dis-
tinct intensity peaks above threshold, based on line scans through adja-
cent puncta. Puncta were counted in one plane in the green channel
(NR1), then the puncta ROIs were transferred to the extended stack
(three planes) of the blue channel (synaptophysin). ROIs not in contact
with blue puncta were deleted, as our criteria for calling NR1 synaptic was
contact with synaptophysin puncta in at least one plane. The remaining
ROI puncta were transferred to an extended stack of the GluA1 channel
to determine how many of the NR1/synaptophysin puncta were also in
contact with GluA1 puncta. From this, we calculated the percentage of
NR1/synaptophysin synapses that did not also contain GluA1 (NR1-only
silent synapses). GluA1 puncta that were not in contact with NR1 puncta
were not included in this analysis. To ensure that our results were not an
artifact of the chosen threshold, a subset of images were analyzed at 5, 10,
15, 20, 25, and 30% of the maximum threshold of the red channel
(GluA1), as described previously (Nie et al., 2010). To measure the
number of GluA1/synaptophysin overlapping puncta, we conducted
a similar analysis in a subset of the images analyzed for silent synapses,
but counted GluA1, instead of NR1, puncta that were in contact with
synaptophysin.

Electrophysiology. Whole-cell patch-clamp recordings were made from
hippocampal CA1 pyramidal neurons in brain slices using infrared-
differential interference contrast microscope as described previously
(Rakhade et al., 2008). Both normoxic control and post-HS CA1 pyra-
midal neurons showed similar appearances without any edema symp-
toms in slices (Sanchez et al., 2001; Rakhade et al., 2011). The
patch-pipette internal solution contained the following (in mM): 110
Cs-methanesulfonate, 10 TEA-Cl, 4 NaCl, 2 MgCl2, 10 EGTA, 10 HEPES,
4 ATP-Mg, and 0.3 GTP, pH 7.25, QX-314 (5 mM), phosphocreatine (7
mM), and creatine phosphokinase (17 unit/ml). Filled electrodes had
resistances of 2–5 M�. EPSCs were elicited at 10 s intervals. Minimally
evoked EPSCs were recorded as described previously (Isaac et al., 1996;
Rakhade et al., 2008). GABA receptors were blocked with picrotoxin (60
�M) for all recordings unless otherwise specified. Evoked (e) and spon-
taneous (s) AMPAR-mediated or NMDA-mediated EPSCs were re-
corded at a holding potential of �60 mV or �40 mV, respectively.
Synaptic responses were first identified around threshold stimulus. Then
stimulus intensity was adjusted until failure responses of 50 – 60% at �60
mV to consecutive 60 –200 trials were reached (Isaac et al., 1995; Liao et
al., 1995). This final stimulus intensity was also used to evoke response at
�40 mV for the same cells. All recordings, except where stated, were
performed at room temperature (22–24°C) for control and post-HS an-
imals. All failure responses were visually checked and verified. Corre-
sponding eEPSC failure rates at �60 and �40 mV and fraction of silent
synapses (1-ln(F-60)/ln(F�40)) were calculated using published methods
(Liao et al., 1995).

For LTP studies, extracellular field potential recordings (fEPSPs) were
used as previously described (Jensen et al., 1998) at 30�32°C. The Schaf-
fer collaterals from CA3 to CA1 were stimulated at 30 s intervals to obtain
stimulus-response curves (0.3 ms stimulation duration; 0.1 ms duration
was used for adult LTP recordings P60 –P90). The control pathway was
stimulated on the subiculum side of the recording pipettes. Intensity to
evoke 50 – 60% maximal response was used as the test stimulus intensity
for the fEPSP-LTP. Tetanus stimuli for fEPSP-LTP induction consisted
of 200 shocks at 100 Hz in 2 s (20 s apart). Field EPSP slopes were used for
fEPSP-LTP study (Jensen et al., 1998), unless otherwise specified. We
also tested the eEPSC-LTP with pairing protocols at room temperature
(to prevent washout at 30�32°C) (Isaac et al., 1997). For eEPSC-LTP
studies, cells were held at 10 mV with 2 tetani (0.3 ms 100 Hz, separated
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at 20 s) or 0 mV with 2 Hz stimulus (200 shocks). The series resistance
(�15–20M�) was monitored for stability during long recordings with-
out significant changes (�10 –20%).

Data were collected using an Axopatch 200A amplifier (Molecular
Devices) and Clampex 9.2 software (Molecular Devices) with compen-
sation for series resistance (70%) and cell capacitance, filtered at 2 kHz,
and digitized at 20 kHz using a Digidata 1320A analog to digital converter
(Molecular Devices). sEPSCs were detected automatically and frequency
and amplitude histograms were constructed as described previously (Ra-
khade et al., 2008). Detected sEPSC events from each cell have similar
rising (within 5 ms from 20% to 80% peak) and decay phases in the
distribution plot, and these sEPSC events were aligned at their peak for
peak-scaled nonstationary fluctuation analysis based on a previously de-
scribed method (Benke et al., 1998). Baseline variance was obtained from
episodes without synaptic events and was subtracted for final fitting
analysis.

NBQX treatment. Rats were given an intraperitoneal injection of either
saline vehicle or 20 mg/kg NBQX (Sigma) immediately and 12, 24, and
36 h after HS, then returned to their dam. This dosing was based on our
previous study showing an antiepileptic effect of NBQX (Rakhade et al.,
2008).

Statistics. Data were tested for normality using the Shapiro–Wilk nor-
mality test. Statistical significance was assessed using a Student’s t test, or
a one-way ANOVA test when more than two groups were compared for

data with normal distributions, and a Mann–
Whitney or Wilcoxon matched-pairs signed
rank test for comparisons of data that were not
normally distributed. p � 0.05 was considered
statistically significant. All results were ex-
pressed as mean 	 SE unless specified.

Results
Decreases in silent synapses in
hippocampal CA1 pyramidal neurons
following early life HS
We have previously shown that seizures in
the immature brain during the critical
period of synaptogenesis induce rapid
(within 1–3 h) posttranslational phosphor-
ylation of AMPAR GluA1 Ser831 and
Ser845 sites accompanied by increased
AMPAR-mediated EPSC amplitude and
frequency (Rakhade et al., 2008). Because
increased phosphorylation of Ser831 and
Ser845 enhances AMPAR conductance and
membrane insertion, we hypothesized that
this may subsequently change the fraction of
silent synapses at later time points. Thus, we
measured the ratio of silent NMDAR-only
synapses to functional synapses containing
AMPARs and NMDARs. Silent synapses are
defined by a large failure rate of evoked EP-
SCs (eEPSCs) at negative membrane poten-
tials (�55 to �65 mV, AMPAR-eEPSCs)
concurrent with a small failure rate to the
same stimuli at positive potentials (�40
mV, NMDAR-eEPSCs) (Liao et al., 1995;
Marie et al., 2005). To measure the differ-
ence in failure rate between �60 mV and
�40 mV, we adjusted the stimulus intensity
to set the failure rate at �60 mV to 50–60%
(99.87 	 13.91 �A in post-HS, n � 13 cells
from 6 rats, 132.5 	 27.02 �A in normoxia,
n � 10 cells from 5 rats, t test, p � 0.286),
then examined the failure rates at �40 mV
using the same stimulus intensity (Liao et

al., 1995). Slices from age-matched P12–P13 controls exhibited the
expected failure rate of 57.85 	 3.86% at �60 mV and a failure rate
of 23.80 	 4.51% at �40 mV (n � 10 cells from 5 rats, Fig. 1A, top,
B, C), yielding a failure rate difference of 34.05 	 4.72% (Fig. 1D),
consistent with prior reports of a large population of silent synapses
during this immature period (Isaac et al., 1995). In contrast, slices
removed from rats 48–72 h after HS showed a failure rate of 50.08 	
3.22% at �60 mV and a failure rate of 44.12 	 5.72% at �40 mV
(n � 13 cells from 6 rats, paired t test, p � 0.12; Fig. 1A, bottom, C),
yielding a significantly decreased failure rate difference (5.96 	
3.55%) from controls (p � 0.0001, Fig. 1C). Accordingly, the calcu-
lated ratio of silent to functional synapses demonstrates that silent
synapses in the post-HS group were significantly reduced (9.08 	
11.60%, n � 13 cells from 6 rats) compared with controls (60.90 	
6.75%, n � 10 cells from 5 rats, t test, p � 0.006; Fig. 1E). Finally,
because NMDARs at this postnatal age exhibit some degree of
Mg2�-insensitivity due to NR3A subunit expression (Zhou et al.,
2009), we characterized these responses and found no effect of APV
(100 �M) on the failure rate, suggesting that Mg2�-insensitivity did
not contribute to the failure rates at �60 mV at this age (data not
shown).

Figure 1. Attenuation in silent synapses following neonatal seizures. A, Representative consecutive traces of evoked EPSC at
�60 mV and �40 mV in CA1 pyramidal neurons from control (top two traces) and post-HS rats (in vivo seizures at P10) (bottom
two traces). eEPSCs were recorded with whole-cell patch-clamp recordings and 60 �M picrotoxin in ACSF at room temperature. B,
AMPARs mediate fast eEPSCs at �60 mV and NMDARs mediate slow decaying eEPSCs at �40 mV. Top, Original consecutive traces
show that 100 �M DL-AP5 in the ACSF completely blocked the slow-decaying eEPSCs at �40 mV, leaving fast eEPSCs intact at �60
mV and �40 mV (n � 5). In addition, failure rates for remaining eESPCs at �60 and �40 mV are very similar. Bottom, 20 �M

NBQX in the ACSF completely abolished the fast eESPCs at �60 mV, leaving slow-decaying eEPSCs intact at �40 mV (n � 5).
Calibrations are labeled as indicated. C, Neonatal seizures decrease the failure rate difference between �60 and �40 mV. D,
Failure rate difference between �60 mV and �40 mV is significantly lower in slices from rats 48 –72 h after HS than age-matched
controls. Data are expressed as mean 	 SEs. n is cell number used for this analysis. **p � 0.01 t test. E, Fraction of silent synapses
calculated with eEPSC failure rates is attenuated in post-HS group compared with controls. Silent synapse fraction was calculated
with the equation 1�ln(FailureRate-60)/ln(FailureRate�40). Data are expressed as mean 	 SEs. n is cell number used for this
analysis. *p � 0.05 by t test.
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An alternate measure of silent synapses is measurement of the
glutamate-mediated spontaneous EPSC (sEPSC) frequency ratio
between �60 and �40 mV, with larger sEPSC frequency ratio
indicating fewer silent synapses (Losi et al., 2002; Rumpel et al.,
2004). This method is not sensitive to temperature (Losi et al.,
2002) and therefore provides a good validation of failure rate
measurements, which are more temperature sensitive. Consis-
tent with our eEPSC failure rate analysis, glutamate receptor-
mediated sEPSC frequency ratio at �60 mV to �40 mV was
significantly larger in slices from rats 48 –72 h after HS [0.95 	
0.17 (average 0.11 	 0.03 Hz at �60 mV and 0.13 	 0.03 Hz at
�40 mV), n � 10 cells from 5 rats] compared with P12–P13
littermate controls [0.41 	 0.07 (average 0.05 	 0.01 Hz at
�60 mV and 0.15 	 0.03 Hz at �40 mV), n � 11 cells from 6
rats, t test p � 0.01; Fig. 2]. These frequency data support the
failure rate analysis indicating a significant decrease in
NMDAR-only synapses.

In addition, to rule out the possible effects from hypoxia
alone, we examined the silent synapse fraction in slices removed
from rats that were exposed to hypoxia but that did not exhibit
seizures (�5% of total of animals). First, slices removed at 48 –72
h after hypoxia in these rats did not show enhancement in ampli-
tude or frequency of AMPA receptor-mediated sEPSCs com-
pared with controls (Fig. 3A). In addition, differences in eEPSC
failure rate (55.23 	 1.68% at �60 mV and a failure rate of
19.25 	 4.42% at �40 mV, yielding a failure rate difference of
35.98 	 3.84%, n � 8 cells from 3 rats, t test, p � 0.76; Fig. 3C)
were similar to controls. Consistently, slices from hypoxic rats
that did not exhibit seizures had no changes in sEPSC frequency
ratio at �60 mV to �40 mV (0.47 	 0.04, n � 6 cells from 3 rats,
t test, p � 0.56; Fig. 3B) compared with P12–P13 controls. These
data suggest that seizure activity, not hypoxia alone, is required to
exert these alterations in silent synapses.

Early life seizures increase colocalization of postsynaptic
AMPARs and NMDARs in CA1 s. radiatum
Given the electrophysiological evidence for a decrease in
NMDAR-only containing synapses after in vivo HS at P10, we
next examined the synaptic colocalization of NMDAR and
AMPAR subunits at 48 –72 h after HS. These measurements were
made in CA1 s. radiatum, as this was the area containing the
synapses from which the electrophysiological data were gathered
(Fig. 4A,B). Because the difference between active and silent syn-
apses is the presence of AMPARs, we triple-immunolabeled for
GluA1 (the most common AMPAR subunit at this developmen-
tal stage in the hippocampus), NR1 (the obligate subunit for
NMDARs), and the presynaptic marker synaptophysin (Fig.
4C,D). We then assessed how many of the NR1 puncta were in
contact with synaptophysin puncta, and of those how many were
also in contact with GluA1 puncta. In slices removed from rats
post-HS, the percentage of puncta containing only NR1/synap-
tophysin [without GluA1 colocalization, in contact with synap-
tophysin puncta, 6.4 	 1.3% (median � 3.3)] in s. radiatum was
decreased by �43% compared with age-matched controls
[11.2 	 1.3% (median � 9.8), n � 18 fields in 6 rats/group;
Mann–Whitney p � 0.002; Fig. 4E]. We verified the relative de-
crease in colocalization of NR1 with GluA1 by examining multi-
ple thresholds of the GluA1 image in a small, randomly chosen
subset of images, and determined that the increased colocaliza-
tion was not an artifact of threshold level (n � 3 fields per group
per threshold level, p�0.016 by Wilcoxon matched-pairs signed
rank test; Fig. 4F) (Nie et al., 2010). In addition, we did not detect
a change in the total number of synaptophysin/NR1 puncta [Fig.
4G; 2.1 	 0.17 (median � 2.6) puncta/�m 2 in n � 19 fields from
6 rats with seizures; 2.4 	 0.20 (median � 2.4) puncta/�m 2 in
n � 18 fields from 6 control rats, Mann–Whitney test, p � 0.33].
Consistent with the electrophysiological data, these results sug-
gest HS decrease silent synapses. The increased colocalization of
GluA1 and NR1 subunits is occurring at a time point immedi-
ately following a rapid, seizure-induced increase in phosphoryla-
tion of GluA1 Ser831 and 845, which is known to increase
trafficking of AMPAR GluA1 subunits to the synaptic membrane
and increase synaptic efficacy (Esteban et al., 2003).

Increase in synaptic GluA1 following HS
Given the increased colocalization of GluA1 and NR1 subunits,
we next wanted to determine whether there was a net increase in
GluA1 in addition to the aforementioned decrease in the fraction
of silent synapses. Using blinded quantitative immunocytochem-
istry in a subset of fields used for the above NR1/GluA1/synap-
tophysin colocalization analysis, we observed a 53% increase
post-HS compared with controls in the total number of synapto-
physin/GluA1 puncta [1.5 	 0.15 (median � 1.4) puncta/�m 2 in
controls and 2.3 	 0.13 (median � 2.5) puncta/�m 2 post-HS in
9 fields from 5 rats/group, Mann–Whitney p � 0.001] in a ran-
dom subset of the same fields in which we analyzed NR1/GluA1/
synaptophysin overlap (Fig. 4H). These data support the idea
that HS increases the incorporation of AMPAR subunits at glu-
tamatergic synapses that contain NMDARs and are consistent
with the increase in AMPAR-mediated sEPSCs.

To confirm these structural data, we conducted a peak-scaled
nonstationary fluctuation analysis (Benke et al., 1998) to examine
changes in AMPAR number at single synapses in CA1 pyramidal
neurons at 48 –72 h after HS. In this analysis, all sEPSC events
selected from each neuron showed similar rising and decay
phases, which indicates that there was no significant space-clamp
filter effect arising from differences in spatial distribution of

Figure 2. Decrease in silent synapses evidenced by increased AMPAR to NMDAR sEPSC fre-
quency ratio following neonatal seizures A, Representative consecutive traces of spontaneous
EPSCs at �60 mV (top) and �40 mV (bottom) in CA1 pyramidal neurons from control and
post-HS groups. B, Summarized frequency ratio of sEPSCs at �60 mV to �40 mV for control
and post-HS groups. Data are expressed as mean 	 SEs. n is cell number used for this analysis.
*p � 0.05 by t test.
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sEPSC events (Fig. 5A,B). The estimated number of AMPARs per
synapse post-HS (19.64 	 1.56, n � 15 cells from 8 rats) was
significantly increased above P12–P13 controls (12.03 	 1.17,
n � 14 cells from 7 rats, t test, p � 0.01; Fig. 5C). This increase in
estimated number of AMPARS was accompanied by a change in
single-channel conductance of synaptic AMPARs (24.45 	 2.41
pS, n � 15 cells from 8 rats for post-HS vs 17.48 	 1.67 pS, n � 14
cells from 7 rats for control, t test p�0.04; Fig. 5D). The increase
of AMPARs at synapses is consistent with their role in the de-
crease in silent NMDAR-only synapses at 48 –72 h following
hypoxia-induced seizures.

Early life seizures result in acute and long-term impairment
in hippocampal LTP
The conversion of silent to unsilenced synapses by incorporation
of AMPARs has been suggested to be involved in certain forms of
synaptic plasticity expression associated with learning and mem-
ory, such as LTP, and with the genesis of functional synapses
during early development (Petralia et al., 1999; Busetto et al.,
2008; Kerchner and Nicoll, 2008). Therefore, we hypothesized
that LTP would become attenuated 48 –72 h after HS, as the pool
of silent synapses becomes depleted. We thus assessed LTP in
hippocampal slices removed from rats at 48 –72 h after in vivo HS
by extracellular recordings of fEPSPs in area CA1. Schaffer col-
lateral tetanic stimulation was 50% maximal stimulus amplitude
based on input/output curves. Initial baseline fEPSP amplitudes

in CA1 from post-HS rats (0.62 	 0.08 mV, n � 6 slices in 6 rats)
were significantly larger than those of controls (0.40 	 0.07 mV,
n � 6 slices in 6 rats, t test, p � 0.031; Fig. 6A) without significant
differences in fiber volley amplitude between groups (post-HS �
0.12 	 0.02 mV, n � 6 slices in 6 rats, control � 0.11 	 0.01 mV,
n � 6 slices in 6 rats, t test p � 0.95). Following tetanic stimula-
tion, the potentiation of fEPSP slopes was significantly attenuated
in amplitude and duration in post-HS slices (potentiated by
6.18 	 3.12%, n � 5 slices from 5 rats, at 40 min) compared with
those from P12–P13 controls (potentiated by 60.69 	 23.06%,
n � 6 slices from 6 rats, at 40 min, t test p � 0.03; Fig. 6B1). This
stimulation did not result in potentiation in control pathways in
either group (Fig. 6B2). In addition, the slices from HS animals
did not show any changes compared with control slices in CA1
pyramidal neuron resting membrane potential, input resistance,
and action potential amplitude and threshold (Table 1).

Next, we confirmed our fEPSP LTP findings by examining
potentiation of evoked EPSCs (eEPSCs) using whole-cell record-
ings and a pairing protocol to synchronize presynaptic stimula-
tion and postsynaptic neuronal depolarization (�10 mV) (Liao
et al., 1995). With a stimulus calibrated to a 50% success rate of
eEPSCs, eEPSC amplitudes were larger in slices removed at
48 –72 h after HS compared with P12–P13 controls. The pairing
protocol resulted in significantly less potentiation of eEPSCs with
a smaller degree in post-HS groups (97.62 	 4.52, n � 6 slices in
6 rats) compared with those in slices from control rats (190.99 	

Figure 3. Hypoxia alone did not affect AMPAR function, silent synapses and LTP. A, Representative consecutive traces of spontaneous EPSCs at �60 mV in CA1 pyramidal neurons from control
and posthypoxia with no seizures groups. B, Hypoxia alone did not decrease silent synapses evidenced by similar AMPAR to NMDAR sEPSC frequency ratio compared with controls. B1, Representative
consecutive traces of spontaneous EPSCs at �60 mV (top) and �40 mV (bottom) in CA1 pyramidal neurons from the posthypoxia with no seizures group. B2, Summarized frequency of sEPSCs at
�60 mV and �40 mV. B3, Summarized frequency ratio of sEPSCs at �60 mV to �40 mV. C, No detectable change in silent synapse following hypoxia alone. C1, Typical consecutive traces of evoked
EPSC at �60 mV (top) and �40 mV (bottom) in CA1 pyramidal neurons from posthypoxia with no seizures rats. C2, Summarized failure rate of evoked EPSCs at �60 mV and �40 mV. C3, Summary
of the failure rate difference of evoked EPSCs at �60 mV and �40 mV. D, LTP is not altered by hypoxia alone. D1, Representative averaged fEPSP traces recorded in stratum radiatum of CA1 in
response to Schaffer collateral stimulation at 30 s interval. Black traces show averaged recordings before tetanus stimulation. Red traces show averaged recordings at 40 min after tetanus. D2, Time
course of fEPSP change following tetanus stimulation (2� tetanus at 100 Hz for 1 s, with 20 s interval) shows significant potentiation in hypoxia with no seizures group (n � 3 slices from 3 rats).
Arrows mark the starting point of tetanus stimulation. Data are expressed as mean 	 SEs. n is cell number used for this analysis. *p � 0.05 and **p � 0.01 by paired t test.
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11.17, n � 6 slices in 6 rats; Fig. 6C,D).
Thus, at 48 –72 h after HS, LTP was atten-
uated as determined by both fEPSP and
eEPSC measurements from tetanic and
paired-protocol stimulation paradigms
(Liao et al., 1995), respectively. In contrast,
no deficits in fEPSP-LTP were observed in
hippocampal slices from animals exposed to
hypoxia that did not exhibit seizures com-
pared with normoxic controls (potentiated
by 50.43 	 6.69%, n � 3 slices from 3 rats, at
40 min after tetanus, t test, p � 0.77; Fig.
3D), suggesting that hypoxia alone did not
influence the LTP expression in our model.

To confirm that these changes in LTP
were not due to a presynaptic change, we
examined paired-pulse responses in all
slices. In slices removed at 48 –72 h after
seizures, paired-pulse facilitation (paired-
pulse intervals of 30, 50, 70, 90, 200, and
400 ms) did not show any significant
changes from P12–P13 controls (n � 7
slices from 7 rats per group, t test, all p �
0.05; Table 2), supporting a postsynaptic
mechanism of AMPAR alteration and
impairment and occlusion of LTP fol-
lowing HS.

As an additional analysis, we examined
the coefficients of AMPAR- and NMDAR-
eEPSC amplitude variance, as LTP has
been shown to result in a decrease in the
coefficient of AMPAR variance without a
change in the coefficient of NMDAR vari-
ance (Kullmann, 1994; Marie et al., 2005).
We hypothesized that HS would result in a
similar change as that reported for LTP. In
control P12–P13 rats under baseline con-
ditions, the coefficient of AMPAR-eEPSC
variance (0.29 	 0.02, n � 7 cells from 3
rats, paired t test, p � 0.01) in CA1 pyra-
midal neurons was always larger than that
of NMDAR-eEPSC variance (0.15 	 0.04,
n � 7 cells from 3 rats, isolated with 20 �M

NBQX, at �40 mV). However, in slices
removed at 48 –72 h after HS, the coeffi-
cient of AMPAR-eEPSC variance (0.25 	
0.02, n � 8 cells from 4 rats, paired t test,
p�0.37) was very similar to NMDAR-
eEPSC variance (0.22 	 0.02, n � 8 cells
from 4 rats). These data indicate a
decrease in the AMPAR coefficient of
variance following HS, supporting the
hypothesis that HS shares mechanisms
with and can at least in part occlude LTP.

While we show here that at least one
consequence of HS is a subacute attenua-
tion in LTP 48 –72 h after HS, we have
previously reported an enhancement of
LTP immediately (within 10 min) after
seizures (Jensen et al., 1998). We hypoth-
esized that this time-dependent difference
in effects on LTP was due to changes in
both phosphorylation state and silent syn-

Figure 4. NR1-only synapses decrease 48 h after seizure. A–D, Examples of sections from P12 control (A, C) and 48 h post-HS
rats (B, D), immunolabeled for NR1 (green), GluA1 (red), and synaptophysin (blue, C and D only), from CA1 s. radiatum showing
similar tissue quality for control and post-HS. Boxes in A and B represent areas imaged. In C and D, solid circles indicate NR1/Syn-
only labeling and dotted circles indicate NR1/GluA1/Syn labeling (with digitally zoomed-in areas below to better show individual
puncta). Scale bars: A, B, 100 �m; C, D, 0.5 �m. E, The percentage of NR1-only synapses was lower 48 h after HS than in
age-matched controls, indicating a decrease in silent synapses after seizures; p � 0.002 by Mann–Whitney test. F, In a subset of
fields, the percentage of NR1-only synapses was calculated at increasing thresholds to rule out threshold artifact. p�0.016 by
Wilcoxon matched-pairs signed rank test. G, Quantification of the total number of NR1/synaptophysin-labeled puncta/�m 2

shows no change from controls in rats 48 h after HS. p � 0.33 by Mann–Whitney test. H, In a subset of fields, we measured total
GluA1/synaptophysin-labeled puncta/�m 2 and found they were significantly increased at 48 h after HS over that of controls. *p�
0.05, **p � 0.01, ***p � 0.001 by Mann–Whitney test.

Figure 5. Increase in synaptic AMPAR number following neonatal seizures. A, Representative spontaneous EPSC events re-
corded at�60 mV in CA1 pyramidal neurons from control (left) and post-HS groups (right). The events used in this analysis for each
neuron were selected by their similar rising (within 5 ms rise time 20% to 80% peak) and decay phases (bottom). Red traces
represent the corresponding average of these events. B, Representative fitted curves for one control neuron and one neuron from
a post-HS rat with peaked-scaled nonstationary fluctuation analysis. Summarized fitted individual values are shown on the side of
corresponding curves. Data are expressed as mean 	SD. i indicates single-channel current, � indicates single-channel conduc-
tance, and n indicates AMPAR number per synapse. C, Summarized AMPAR number per synapse for control and post-HS. Data are
expressed as mean 	 SEs. n is cell number used for this analysis. *p � 0.05 by t test. D, Summarized AMPAR single-channel
conductance for control and post-HS. Data are expressed as mean 	 SEs. n is cell number. *p � 0.05 by t test.
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apse fraction between the acute (1–3 h) and subacute (48 –72 h)
periods after seizure. Immediately after seizures, synaptic efficacy
is transiently heightened due to GluA1 Ser831 and Ser845 phos-
phorylation, but returns to control levels by 48 h (Rakhade et al.,
2008). Indeed, we conducted an identical failure rate analysis to
that reported above (Fig. 1D) for this early time point of 1–3 h.
The calculated ratio of silent to functional synapses in the
post-HS group was only moderately reduced (35.9 	 13.26%,
n � 6 from 3 rats) compared with normoxic controls (73.8 	

7.25%, n � 7 from 3 rats), unlike the almost complete depletion
(9%, Fig. 1D) seen at 48 –72 h when LTP is highly attenuated.
Thus, the potential for synaptic plasticity is markedly different at
the immediate time point versus the subacute 48 –72 h time point
we report above.

As these results suggest that synaptic plasticity is dysregulated
early following neonatal HS, we next assessed whether there also

Figure 6. Decrease in LTP following neonatal seizures. A, Representative averaged fEPSP traces recorded in CA1 pyramidal neurons from control (left) and post-HS groups (right) with Schaffer
collateral from CA3 to CA1 stimulated at 30 s interval. Black traces show averaged recordings before tetanus stimulation. Red traces show averaged recordings at 40 min after tetanus. B1, Time course
of tetanus stimulus-induced fEPSP change shows attenuated LTP in post-HS compared with control LTP. Data are expressed as mean	SEs. n is slices used for analysis. Arrow marks the starting point
of tetanus stimulation (2� tetanus at 100 Hz for 1 s, with 20 s interval). B2, The same stimulation of the control pathway does not induce LTP. C, Time course of eEPSC amplitude change in CA1
pyramidal neurons with pairing protocol shows attenuation in LTP enhancement for post-HS (C2) compared with control (C1). Whole-cell patch-clamp recordings were used with the pairing
protocol. Insets are representative averaged eEPSC traces and calibrations are indicated as labeled. The pairing was applied by synchronizing presynaptic stimulation (200 shocks in 2 Hz or 100 Hz
tetanus) and postsynaptic depolarization (�10 mV). On bottom is the corresponding time course of access resistance along whole experiments. D, Summarized eEPSC amplitude changes before
pairing and 30 min after pairing for control and postseizure groups. Data are expressed as mean 	 SEs. n is slices used for this analysis. *p � 0.05 by t test.

Table 1. Quantitative comparison of CA1 pyramidal neuronal properties

Age-matched control Post-HS at 48 –72 h

Resting membrane potential (mV) �61.38 	 0.68 (n �8) �60.3 	 1.75 (n �8)
Input resistance (M�) 326.72 	 45.08 (n�7) 285.64 	 25.14 (n�8)
AP amplitude (mV) 105.69 	 5.75 (n �6) 104.37 	 7.91 (n �6)
AP tThreshold (mV) 48.78 	 1.16 (n �6) 47.77 	 0.93 (n �6)

Comparison between neurons from slices made 48 –72 h post-HS and from age-matched controls (see Results).
Input resistance is measured with potassium-based intracellular solution; action potential (AP) amplitude is mea-
sured from 10 to 90% of APs. AP threshold is the membrane potential at which dV/dt is larger than 0.3 mV/ms.
Values are mean 	 SEM; n is the cell number used.

Table 2. Comparison of paired-pulse facilitation

Interval (ms) Age-matched control (n � 7) 48 –72 h postseizure (n � 7) t test value

30 2.03 	 0.09 2.48 	 0.19 p � 0.067
50 2.04 	 0.14 2.09 	 0.16 p � 0.823
70 1.99 	 0.16 2.56 	 0.27 p � 0.110
90 2.07 	 0.14 2.25 	 0.19 p � 0.562
200 1.77 	 0.16 1.71 	 0.19 p � 0.830
400 1.34 	 0.07 1.36 	 0.09 p � 0.863

There is no significant change in paired-pulse facilitation at any interval between slices from rats 48 –72 h post-HS
and age-matched controls (t test, p � 0.05, see Results). Values are means 	 SEM; n is the cell number used for this
analysis.
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were long-term changes in the capacity of
hippocampal neurons for LTP in adult
rats after HS. In slices removed from P60
animals after HS at P10, fEPSP-LTP was
markedly decreased following Schaffer
collateral stimulation (10.14 	 18.34%,
n � 6) compared with naive adult con-
trols (73.80 	 14.46%, n � 6, t test, p �
0.021 at 40 min after tetanus; Fig. 7B). The
long-term changes in LTP are consistent
with neurobehavioral data showing im-
paired learning and water maze perfor-
mance in adulthood following P10 HS
(Mikati et al., 2005).

Postseizure NBQX treatment in vivo
attenuates subsequent seizure-induced
alterations in LTP
Given that we have previously shown that
post-HS treatment with AMPAR antago-
nists reverses the HS-induced enhancement
of AMPAR and the long-term increases in
seizure susceptibility (Jensen et al., 1995;
Koh et al., 2004; Rakhade et al., 2008), we
investigated whether this treatment would
also prevent HS-induced loss of silent syn-
apses and impaired LTP. Whole-cell record-
ings were performed in hippocampal CA1
pyramidal neurons in slices removed (at
48–72 h) from rats with P10 HS treated im-
mediately and 12, 24, and 36 h after seizures
with either saline vehicle or 20 mg/kg
NBQX, as per our previously described protocols (Rakhade et al.,
2008). In slices removed at 48–72 h after HS from rats with NBQX
after treatment, eEPSCs in CA1 pyramidal neurons showed a larger
failure rate at �60 (73.86 	 4.78) than at �40 mV (37.38 	 5.28) at
48–72 h after HS (paired t test, p � 0.0002, n � 7 cells from 4 rats;
Fig. 8A), similar to those of naive controls (Fig. 8C), but significantly
greater than untreated rats following HS (t test, p � 0.004; Fig. 8C).
As this was a postseizure treatment, seizure counts did not differ
during hypoxia between the groups (7.62 	 0.42, n � 13 rats for
NBQX treatment group vs 8.22 	 0.63, n � 8 rats for vehicle group,
t test, p � 0.417). Importantly, the brief dosing regimen of NBQX
itself did not significantly influence the silent synapse number or
development in controls, suggesting safety (Fig. 8C). These data in-
dicate that NBQX treatment could reverse HS-induced loss of silent
synapses.

Finally, we examined whether NBQX treatment following P10
HS also protected against changes in LTP. Induction of LTP by
tetanic stimulation of Schaffer collaterals from CA3 to CA1 in
slices removed at 48 –72 h after HS with NBQX treatment
(fEPSP-LTP) showed similar potentiation (57.75 	 11.97%, n �
6 slices from 6 rats) to P12–P13 controls (t test, p � 0.758) (Fig.
8B), and was significantly greater than the impaired LTP seen in
untreated rats post-HS (t test, p � 0.0064 at 40 min after tetanus;
Fig. 6B). In addition, in slices removed from P60 animals
post-HS with NBQX treatment, fEPSP was markedly potentiated
following Schaffer collateral stimulation (83.96 	 13.86% of
slope change at 40 min after tetanus, n � 5 slices; Fig. 8D), which
was similar to P60 controls (t test, p � 0.629) and significantly
larger than that seen in P60 untreated rats post-HS (t test, p �
0.0128). Notably, NBQX treatment alone (no HS) in control rats
did not alter LTP at both P12–P13 and P60 (data not shown).

Together, these results suggest that postseizure treatment with
AMPAR antagonists may prevent the HS-induced attenuation of
silent synapses and subsequent alteration of LTP.

Discussion
Cognitive impairment following early life seizures is an increas-
ingly appreciated problem in patients with epilepsy, yet the
mechanisms whereby these seizures can cause intellectual and
memory impairment are unknown. Here, we explored the hy-
pothesis that early life seizures disrupt early patterns of synaptic
development and impair network plasticity. We used a model of
HS, the most clinically common cause of neonatal seizures. We
demonstrated a decrease in the proportion of silent to active
synapses by 48 –72 h post-HS in CA1, as evidenced by decreases in
eEPSC failure rate difference and increases in AMPAR to
NMDAR-sEPSC frequency ratio. Consistently, we found de-
creased NMDAR-only synapses and increased colabeling of
NMDAR and AMPAR markers in CA1 s. radiatum. The decrease
in silent synapses was associated with a concurrent attenuation of
LTP. Treatment with AMPAR antagonist NBQX has previously
proven effective against HS-induced changes in acute and
chronic neuronal and network excitability (Jensen et al., 1995)
and increased seizure susceptibility (Koh et al., 2004). Here, we
show the same postseizure NBQX treatment protocol can reverse
alterations in silent synapses and LTP when administered follow-
ing the initial seizures. These data suggest a possible mechanism
of HS-induced synaptic dysplasticity that may contribute to cog-
nitive consequences of epilepsy during the early developmental
critical period of synaptogenesis, and that this may be a reversible
process.

Figure 7. Adult LTP was also decreased following neonatal seizures. A, Representative averaged fEPSP traces recorded at 32°C
in CA1 pyramidal neurons from adult control (left, top) and adult post-HS (in vivo seizures at P10) (right, top) with Schaffer
collateral from CA3 to CA1 was stimulated at 30 s interval. The gray trace represents the averaged recordings before tetanus
stimulation and the black trace the averaged recordings at 40 min after tetanus. Calibrations are indicated as labeled. B, Time
course of tetanus stimulus-induced LTPs for adult control and adult after seizures. Data are expressed as mean 	 SEs. n is slice
number used for this analysis. Arrow marks the starting point of tetanus stimulation.
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Neonatal seizures can decrease silent synapses
During the early neonatal period, NMDAR-only, so-called silent,
synapses are prevalent throughout the CNS, including the hip-
pocampus, but decrease by the third postnatal week in most brain
areas (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996;
Isaac, 2003; Rumpel et al., 2004; Busetto et al., 2008; Kerchner
and Nicoll, 2008). During this period of development, the brain is
highly prone to seizures and epileptogenesis (Talos et al., 2006).
Consistent with other reports, we show a considerable reservoir
of silent synapses in the normal immature rat (Isaac et al., 1997).
However, following hypoxia-induced seizures at P10, silent syn-
apses are greatly reduced compared with age-matched controls.
The evidence for unsilencing comes from (1) the post-HS in-
crease in AMPAR to NMDAR-mediated sEPSC frequency ratio
and an increase in spontaneous and miniature EPSC frequency in
CA1 pyramidal neurons (Palmer et al., 2004; Rakhade et al.,
2008), (2) the decrease in failure rate difference of eEPSCs at �60
and �40 mV, and (3) a greater synaptic overlap of markers for
NMDAR and AMPAR subunits in the area of the dendritic fields
of CA1 pyramidal neurons. Interestingly, animals exposed to
hypoxia without seizures failed to show any change in silent syn-
apses, suggesting that seizure activity is critical to decreasing si-
lent synapse following HS.

The current data build upon our previous work showing early
HS-induced posttranslational modification of AMPARs consis-
tent with trafficking into synapses (Rakhade et al., 2008). The

diminution of silent synapses observed following HS occurs
shortly after the changes in posttranslational phosphorylation of
the GluA1 subunit of the AMPAR at Ser831 and Ser845 (Rakhade
et al., 2008), which have been implicated in modifying kinetics
and increasing insertion into synapses (Hayashi and Huganir,
2004; Boehm et al., 2006; Shepherd and Huganir, 2007). This is
consistent with the post-HS increase in AMPAR number per syn-
apse shown here by IHC and peak-scaled nonstationary analysis.

Mokin et al. (2007) observed similar findings of increased
triple-labeling in the setting of synaptic plasticity, with silent syn-
apses decreasing after in vitro classical conditioning. In our ex-
periments, the percentage of NR1-only synapses decreased by
approximately half, which was less dramatic than the decrease
measured with electrophysiology. This is likely because to accu-
rately compare control and post-HS, we analyzed puncta in a
small area of CA1, which may not be representative of the entire
dendritic tree. Therefore, it is imperative to interpret these data in
light of the electrophysiology.

The changes described here are likely to be due largely to a
postsynaptic mechanism. First, we see a large postsynaptic change in
synaptic GluA1 expression after seizures. Also, we show evidence
that there is no coincident change in paired-pulse responses in slices
from post-HS rats compared with controls. Finally, neurons in con-
trol slices had the expected larger coefficient AMPAR-eEPSC vari-
ances with smaller NMDAR-eEPSCs compared with post-HS,
consistent with a postsynaptic change after HS.

Figure 8. Postseizure treatment with NBQX reversed the decrease in silent synapse and subacute attenuation of LTP. A, Failure rates of individual neurons and summarized eEPSC failure rate ratio
at �60 mV to �40 mV (linked by a dashed line) for control�NBQX and post-HS�NBQX ( p � 0.0002 by paired t test in post-HS cells). Data are expressed as mean 	 SEs. n is cell number used for
analysis. B, Time course of tetanus stimulus-induced fEPSP enhancement in slices from P12–P13 post-HS NBQX rats shows very similar LTP as slices from controls (p � 0.758 by t test). Data are
expressed as mean	SEs; n is slice number used for this analysis. Arrow marks the starting point of tetanus stimulation. Inset, Representative averaged fEPSP traces with a black trace as the averaged
baseline recordings before tetanus stimulation, and a gray trace as the averaged recordings at 40 min posttetanus stimulation. C, Averaged failure rate ratios for control�NBQX are very similar to
that of controls. However, eEPSC failure rate ratios in slices from post-HS�NBQX rats are increased compared with the post-HS�vehicle group (*p � 0.05 by t test). Data are expressed as mean 	
SEs. n is cell number used for this analysis. D, Time course of tetanus stimulus-induced fEPSP enhancement in slices from P60 post-HS�NBQX rats shows very similar LTP as slices from controls ( p �
0.629 by t test). Data are expressed as mean 	 SEs. n is slice number used for this analysis. Arrow marks the starting point of tetanus stimulation. Inset, Representative averaged fEPSP traces with
a black trace as the averaged baseline recordings before tetanus stimulation and a gray trace as the averaged recordings at 40 min posttetanus stimulation.
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Neonatal seizures can impair subsequent and adult LTP
Neonatal seizures, including HS, can impair later-life learning
and synaptic plasticity (Yang et al., 2004; Holmes and Ben-Ari,
2007). Here, we show that at least one consequence of HS is
subacute attenuation in LTP 48 –72 h after HS, in a developmen-
tal window in which enhanced synaptic plasticity is critical to
normal brain development (Dumas, 2005). Seizures induce a
rapid and transient increase in phosphorylation of GluA1 at
Ser831/845 (Rakhade et al., 2008). Acute GluA1 phosphorylation
at these sites is linked to a decrease in LTP induction threshold
(Makino et al., 2011), and indeed we have previously reported an
enhancement of LTP immediately after seizure onset at this early
time point (Jensen et al., 1998). The enhanced LTP at P10 is likely
due to a persistent pool of available silent synapses in the presence
of an increased population of phosphorylated GluA1 subunits:
the latter has been linked to enhanced LTP (Makino et al., 2011).
However, by 48 –72 h, GluA1 phosphorylation and activity of the
responsible kinases return to baseline (Rakhade et al., 2008), co-
incident with the decrease in silent synapse fraction reported
here. Hence, the silent synapse depletion provides a likely mech-
anism contributing to the LTP attenuation observed here at
48 –72 h after seizure (Kerchner and Nicoll, 2008).

Because LTP is thought to be integral for learning and mem-
ory (Whitlock et al., 2006), early synaptic plasticity disruption
can profoundly affect cognitive development. Following various
models of induced neonatal seizures, rodents show acute and
long-term deficits in spatial learning and memory (Huang et al.,
2002; Cornejo et al., 2008; Karnam et al., 2009). Indeed in this
model, seizures in early life appeared to disrupt synaptic plasticity
both subacutely and also long term. LTP was impaired in adult
rats with prior HS, suggesting that there are permanent modifi-
cations in hippocampal network plasticity. These results are con-
sistent with prior reports in this HS model of impaired learning in
adults when tested in vivo (Mikati et al., 2005).

In humans, a variety of cognitive impairments, including
memory deficits and intellectual disability, often present follow-
ing seizures (Dodrill, 2002; Vingerhoets, 2006; Hoppe et al., 2007;
Carreño et al., 2008; Patrikelis et al., 2009). A number of reports
also show a correlation between epileptiform EEG abnormalities
and cognitive impairment, and that seizure control may improve
intellectual function in this setting (Spence and Schneider, 2009;
Tuchman et al., 2010). This raises the question of whether early
seizure control may prevent these alterations in cognitive dys-
function. An emerging body of literature shows that seizures are
comorbid with several pediatric neurological disorders with ab-
errant synaptic plasticity, including autism spectrum disorders
(Bassell and Warren, 2008; Jensen, 2009; Hoeffer and Klann,
2010). For example, in mouse models of Rett syndrome (Asaka et
al., 2006; Moretti et al., 2006) and tuberous sclerosis (von der
Brelie et al., 2006), hippocampal LTP is impaired in a manner
similar to that reported here following HS: interestingly these
animal models also exhibit spontaneous seizures as part of their
phenotype. Our present results raise the possibility that early life
seizures have a causative role, with postseizure alterations in syn-
aptic plasticity providing a possible underlying mechanism for
cognitive and memory deficits in epilepsy patients.

Postseizure treatment with the AMPAR antagonist NBQX is
protective against alterations in silent synapses and LTP
Our data suggest that neonatal HS can occlude LTP by co-opting
mechanisms normally subserving activity-dependent activation
of silent synapses, specifically by diminishing the pool of available
silent synapses. We have previously reported that AMPAR acti-

vation was required following neonatal HS to induce kinase-
mediated GluA1 Ser831 and Ser845 phosphorylation, and that in
vivo postseizure treatment within 48 h with AMPAR antagonists
NBQX, topiramate, or GYKI-53773, prevented these alterations
as well as the HS-enhanced AMPAR EPSCs (Rakhade et al.,
2008). These studies show that ongoing AMPAR activation ap-
pears critical for seizure-induced posttranslational changes in
GluA1. Importantly, in this early period of development, we and
others have shown that many AMPARs in hippocampus and
cortex are lacking the GluA2 subunit, and are hence Ca 2�-
permeable and thus can impact activity-dependent signaling cas-
cades involved in synaptic plasticity (Rakhade and Jensen, 2009).
Hence, we reasoned that if the HS-induced increase in AMPAR
function contributed to the silent synapse reduction, treatment
with AMPAR antagonist NBQX might prevent this loss and pre-
serve LTP. Indeed, despite animals having the same number of
seizures as controls, post-HS treatment in vivo with NBQX re-
sulted in preservation of silent synapses at levels similar to that of
naive, age-matched controls, while NBQX treatment in controls
did not cause a significant (only trending) increase in silent syn-
apses. Moreover, slices removed from NBQX-treated rats showed
similar capacity for LTP as controls, suggesting that treatment
preserved normal network functioning. Although the mecha-
nism of NBQX protection is likely to be multifactorial, our data
suggest that it may involve regulation of silent synapses through
initiating AMPARs internalization (Lin et al., 2000). Of clinical
relevance, these data also suggest that some seizure-induced al-
terations in network plasticity may be preventable by immediate
postseizure treatment timed during the first 24 – 48 h, when
activity-dependent kinases and AMPAR subunit phosphoryla-
tion peak (Rakhade et al., 2008).

Dysregulation of the balance between silent and active syn-
apses by seizures in early life also has long-lasting effects on hip-
pocampal plasticity. Here, we report that there are persistent
impairments of LTP into adulthood. Importantly, the early post-
seizure NBQX posttreatment paradigm protected against the al-
terations into adulthood. The efficacy of NBQX here serves as
proof-of-concept that early triggers for dysregulation of silent
synapse expression contributes to long-term changes in neuronal
networks. Learning and memory impairments are common
long-term consequences of epilepsy, and these data suggest that it
may be possible to prevent altered synaptic plasticity both acutely
and long term using rapid postseizure treatment with AMPAR
antagonists. Currently, there are drugs with AMPAR antagonist
actions that are either FDA-approved for other indications, such
as topiramate, or under investigation in clinical trials, such as
GYKI-53773. Both NBQX and topiramate show potential safety,
as they do not induce apoptosis in the developing brain, in con-
trast to other anticonvulsants such as phenobarbital, valproate,
and phenytoin (Bittigau et al., 2002). The protective effects seen
here, clinical availability, and potential safety of AMPAR antag-
onists suggests they may represent a strategy for prophylaxis
against the effects of HS-induced synaptic dysplasticity in the
neonate.

In conclusion, this work provides direct evidence that neona-
tal HS can change synapse function and have profound and long-
lasting effects on subsequent neuronal network excitability and
synaptic plasticity, which can be prevented by rapid postseizure
treatment with AMPAR antagonists. These changes could in part
underlie cognitive and memory deficits seen following early life
seizures, and point to AMPARs as therapeutic targets for early
intervention in epilepsy to target both epileptogenesis and cogni-
tive comorbidities.
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