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Insufficient Sleep Reversibly Alters Bidirectional Synaptic
Plasticity and NMDA Receptor Function
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Insufficient sleep impairs cognitive functions in humans and animals. However, whether long-term synaptic plasticity, a cellular sub-
strate of learning and memory, is compromised by sleep loss per se remains unclear because of confounding factors related to sleep
deprivation (SD) procedures in rodents. Using an ex vivo approach in C57BL/6J mice, we show that sleep loss rapidly and reversibly alters
bidirectional synaptic plasticity in the CA1 area of the hippocampus. A brief (�4 h) total SD, respecting the temporal parameters of sleep
regulation and maintaining unaltered low corticosterone levels, shifted the modification threshold for long-term depression/long-term
potentiation (LTP) along the stimulation frequency axis (1–100 Hz) toward the right. Reducing exposure to sensory stimuli by whisker
trimming did not affect the SD-induced changes in synaptic plasticity. Recovery sleep reversed the effects induced by SD. When SD was
combined with moderate stress, LTP induction was not only impaired but also occluded. Both electrophysiological analysis and immu-
noblotting of purified synaptosomes revealed that an alteration in the molecular composition of synaptically activated NMDA receptors
toward a greater NR2A/NR2B ratio accompanied the effects of SD. This change was reversed after recovery sleep. By using an unparal-
leled, particularly mild form of SD, this study describes a novel approach toward dissociating the consequences of insufficient sleep on
synaptic plasticity from nonspecific effects accompanying SD in rodents. We establish a framework for cellular models of cognitive
impairment related to sleep loss, a major problem in modern society.
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Introduction
It is well established that insufficient sleep strongly affects neuro-
cognitive performance in humans (Durmer and Dinges, 2005).
In rodents, sleep deprivation (SD) is known to impair cognitive
behavior, particularly in hippocampus-dependent tasks such as
spatial learning (Graves et al., 2001, 2003). However, the neuro-
biological mechanisms underlying these deficits remain unclear.
Long-term potentiation (LTP) in the hippocampus is a promi-
nent cellular model for learning and memory (Lynch, 2004). Pre-
vious in vitro studies focused on the effects of total or partial SD
on LTP in the CA1 area of rat hippocampus (Campbell et al.,
2002; Davis et al., 2003; McDermott et al., 2003). The impairment
of LTP after 72 h of partial SD was recently proposed to be caused
by a reduction in NMDA receptor (NMDAR) function, without
alteration of receptor subunit composition (McDermott et al.,
2006).

However, whether LTP and NMDAR function were specifi-
cally compromised by sleep loss during SD remains unclear be-
cause of prominent confounding factors (Miyamoto and
Hensch, 2003). In particular, the SD procedures used were ac-

companied by elevated stress levels, but also by altered locomotor
activity and constrained exposure to unfamiliar environments.
Manipulation of the animals was long-lasting (12–72 h), forcing
them either to run in a wheel (Campbell et al., 2002) or to face an
aversive situation, such as falling into water when entering rapid-
eye movement sleep (Davis et al., 2003; McDermott et al., 2003,
2006). Elevated levels of the stress hormone corticosterone,
which is known to impair LTP (Kim and Diamond, 2002), were
reported (Campbell et al., 2002; McDermott et al., 2003).

In addition to LTP, bidirectional modifications of synaptic
efficacy, allowing synapses to be not only strengthened but also
weakened, is considered an important mechanism underlying
learning and memory (Abraham and Bear, 1996; Abraham and
Tate, 1997). Learning and experience increase synaptic strength
and the threshold for further potentiation, while facilitating long-
term depression (LTD) (Rioult-Pedotti et al., 2000; Quinlan et
al., 2004). Conversely, experimentally induced modifications in
bidirectional synaptic plasticity severely affect learning and
memory (Bach et al., 1995; Migaud et al., 1998; Zeng et al., 2001).
However, the effects of SD on bidirectional plasticity have not
been addressed, although LTD induced by 3 Hz stimulation in
the CA1 area was unaltered after 72 h of SD (McDermott et al.,
2003).

Here, we follow a novel approach toward dissociating the role
of sleep loss in bidirectional synaptic plasticity in mice from non-
specific effects of SD. We adopted an SD procedure designed to
completely avoid stress and to last for a short duration that was
determined by the spontaneous behavior of the animals (�4 h),
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rung von Lehre und Forschung. We thank Profs. B. Gähwiler and U. Gerber for helpful comments in the course of this
study and Prof. K. G. Hofbauer and Drs. H. P. Landolt and N. Wanaverbecq for critical comments on this manuscript.
We thank Dr. H. BenTekaya and F. Oliveri for help with the immunoblot analysis.
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yet significantly affects electroencephalographic markers of sleep
regulation (Huber et al., 2000a). We found that sleep loss, inde-
pendently of stress and somatosensory stimuli, shifted the LTD/
LTP crossover point along the frequency axis and altered the
subunit composition of synaptically activated NMDARs. After
3 h of recovery following SD, the effects of SD on synaptic plas-
ticity and NMDARs were reversed, substantiating a specific role
for sleep loss.

Materials and Methods
Animals. Eight-week-old C57BL/6J mice were kept in standard Macrolon
cages (26 � 20 cm) and maintained on a 12 h light/dark cycle (light from
7:00 A.M. to 7:00 P.M.) with food and water ad libitum. All experiments
were performed in agreement with the guidelines of the Veterinary Insti-
tute of the Canton Basel-Stadt.

Mild SD procedure. On the day before SD, the cage of the animal was
placed in the middle of a larger box (53 � 30 cm) and kept closed. SD
started between 7:30 and 9:30 A.M. and was performed in individual
animals under continuous visual observation. Exceptionally, two ani-
mals were sleep deprived simultaneously; blood was collected in both
mice for corticosterone measurements, and one brain was used for elec-
trophysiology. Wakefulness was maintained by allowing ad libitum ac-
cess to a larger box and by gently knocking at the cage or providing the
mouse with new nesting material when it started adopting a sleeping
position. The mouse was not touched during the entire procedure. SD
was halted when the mouse no longer reacted to the stimuli and fell asleep
(i.e., after 4.3 � 0.1 h; n � 69 mice in total).

Control mice (n � 85 in total) were left totally undisturbed and were
killed at the same time of day as the sleep-deprived animals. The control
mice were asleep when they were taken to be killed. The procedure lasted
�2 min, during which the animals were awake as a result of the manip-
ulation. As reported previously (Kapfhamer et al., 2002), sleeping time
approximated by the time spent resting (distance moved � 0 mm per
second) was monitored in a subset of the animals for 4 h before they were
killed using the video tracking system Ethovision 3.0 (Noldus Informa-
tion Technology, Wageningen, The Netherlands).

Stressful SD procedure. The mice (n � 17 in total) were kept in the same
environmental conditions as described above for the mild form of SD.
Stressful SD was performed for 4.5 h at the same time of day as the mild
SD and was achieved by direct handling of the animal at 30 min intervals.

Measurement of plasma corticosterone concentrations. Blood samples
were obtained from trunk blood after brief isoflurane anesthesia. Sam-
ples were obtained within 2 min of touching the animal’s cage. Plasma
corticosterone was measured using a kit (catalog #07120102; MP Bio-
medicals, Orangeburg, NY), according to the manufacturer’s
instructions.

Slice preparation. Mice were decapitated after a brief isoflurane anes-
thesia. Parasagittal slices containing the hippocampal formation were
prepared on a vibratome in an ice-cold oxygenated solution containing
(in mM) 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 18 dextrose, 1.7
L(�)-ascorbic acid, 1.2 MgCl2, 2 CaCl2, and 2 kynurenic acid. A cut was
applied between CA3 and CA1 to prevent epileptic discharges.

Extracellular recordings and stimulation. The slices were placed in an
interface recording chamber at 35 � 0.1°C and allowed to recover for 1 h.
The same solution as for slicing, but containing 0.1 mM picrotoxin in-
stead of kynurenic acid, was used to isolate glutamatergic responses. A
bipolar tungsten stimulation electrode (115 �m spacing; Frederick Haer,
Bowdoinham, ME) was positioned in the Schaffer-collateral pathway,
and a glass recording electrode (2–3 M�) filled with extracellular solu-
tion was positioned in the CA1 stratum radiatum. Field EPSPs (fEPSPs)
were evoked every 20 s with 100 �s current pulses (Stimulus Isolator
A360; World Precision Instruments, Berlin, Germany), and stimulation
intensity was adjusted to elicit 50 – 60% of the maximal fEPSP (range,
�100 to �600 �V/ms). The signals were amplified 10,000 times and
filtered between 0.3 and 3 kHz (Differential Amplifier DP301; Warner
Instruments, Hamden, CT) before being digitally acquired at 10 kHz
(Clampex 9.2; Molecular Devices, Sunnyvale, CA). Bath application of
kynurenic acid (1 mM) reversibly blocked the second wave of the re-

sponse, whereas the first wave remained intact, indicating that a gluta-
matergic field response preceded by a fiber volley was evoked. Synaptic
plasticity was tested after a 10 min stable baseline by giving high-
frequency stimulation (HFS; two 1 s pulses at 100 Hz separated by 30 s) or
low-frequency stimulation (LFS; 900 pulses at 1, 5, or 10 Hz) trains.
fEPSPs were recorded for 30 min after conditioning, and the level of
LTP/LTD was quantified in the last 10 min of recording, which showed
stable postsynaptic response levels. Saturated levels of LTP were induced
by repeating HFS two to five times at 10 –20 min intervals and were
quantified in the last 10 min of recording after the last stimulation. Data
were collected between 2 and 6 h after slicing, and no correlation was
found between the time of recording and the magnitude of long-term
synaptic plasticity (Pearson’s correlation coefficient; 1 Hz LFS: r �
�0.12, p � 0.67; 5 Hz LFS: r � �0.03, p � 0.93; 10 Hz LFS: r � 0.20, p �
0.49; 100 Hz HFS: r � �0.13, p � 0.51).

NMDAR-mediated fEPSPs were isolated pharmacologically by alter-
ing the cation concentration to 0.1 mM MgCl2 and 3 mM CaCl2 and by
adding 20 �M 6,7-dinitriquinoxaline-2,3-dione (DNQX) and 1 �M gly-
cine (Quinlan et al., 1999a). Four fEPSPs were evoked at 30 s intervals
every 10 min (Quinlan et al., 1999a). Stimulation intensity was adjusted
to elicit subthreshold stable responses (�30% of the maximal response).

Synaptic strength of the postsynaptic response was assessed by the
10 –90% slope of the fEPSP measured in ClampFit and normalized to the
corresponding mean baseline value.

Whole-cell voltage-clamp recordings. The slices were allowed to recover
in a home-made submersion chamber at 35°C in a kynurenate-free slic-
ing solution. After 30 min, they were maintained at room temperature
for an additional 45 min before they were transferred to a recording
chamber and perfused with kynurenate-free slicing solution at 3.5 ml/
min. Patch pipettes (3.5– 4.5 M�) were pulled from borosilicate glass
(TW150F-4; World Precision Instruments) and filled with the following
(in mM): 127.5 cesium gluconate, 10 HEPES, 5 cesium BAPTA, 6 MgCl2,
2 Mg-ATP, and 10 phosphocreatine, adjusted to pH 7.25–7.28 with glu-
conic acid and to 290 –295 mOsm. K-GTP (0.2 mM) and QX-314 (1 mM)
were freshly added daily, and the solution was filtered and maintained on
ice.

Whole-cell recordings were obtained under visual control using near-
infrared differential interference contrast microscopy (BX51WI; Olym-
pus, Volketswil, Switzerland) at 33.5–35°C using an in-line solution heat-
ing system (Warner Instruments). After obtaining whole-cell access,
synaptic currents were evoked at �60 mV every 5 s by brief current pulses
(100 �s, 100 – 400 �A) delivered via a bipolar tungsten stimulation elec-
trode placed in the CA1 stratum radiatum, and the glutamatergic EPSC
was isolated by bath-applying 0.1 mM picrotoxin and 1 �M glycine. The
NMDA component was isolated by bath-applying DNQX (20 �M) and
by holding the cell at �40 mV. The reversal potential of NMDAR-
mediated responses did not differ between recordings from control and
SD experiments ( p 	 0.05). The NMDA/non-NMDA ratio was defined
as the ratio of the peak current obtained at �40 mV and of the DNQX-
sensitive current at �60 mV. For measuring the action of ifenprodil (3
�M), NMDAR-mediated EPSCs were elicited once every 5 min at �30 to
�40 mV. The holding potential was ramped to these values within 30 s,
starting 45 s before EPSC acquisition. Holding current levels at �30 to
�40 mV ranged between 200 and 450 pA and changed by �60 pA during
the entire recordings. In between acquisition of EPSCs, the holding po-
tential was returned to �50 mV. Ifenprodil was applied after obtaining a
stable baseline of at least 15 min, and steady-state effects of ifenprodil
were measured as the average of current amplitudes at 10 and 15 min
after bath application had started. Series resistance was monitored con-
tinuously for stability (�20% change). A measured liquid junction po-
tential of 10 mV was taken into account when setting the holding poten-
tials. Data were collected through an Axopatch 200B amplifier
(Molecular Devices), low-pass filtered at 2 kHz, and acquired at 5 kHz
using pClamp 9.2. software. Analysis was performed using Clampfit 9.2.

Immunoblot analysis. Mice were decapitated after a brief isoflurane
anesthesia. The hippocampi were rapidly dissected in the same ice-cold
oxygenated slicing solution as the one used for the electrophysiology.
Purified synaptosomes were prepared as described by Nakamura et al.
(1993), from both hippocampi of n � 8 control and n � 8 sleep-deprived
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mice in four independent preparations for each group. The hippocampi
were homogenized in 10 vol of ice-cold homogenization buffer (0.32 M

sucrose and 10 mM Tris, pH 7.4) containing standard protease inhibitor
mixture (Sigma, St. Louis, MO), using a glass Teflon tissue homogenizer
(Glas-Col, Terre Haute, IN). The homogenate was centrifuged at 1000 �
g for 5 min to remove nuclei and cellular debris, and the supernatant was
gently stratified on discontinuous Percoll density gradient (2, 6, 10, and
20% v/v in Tris-buffered sucrose) and centrifuged at 33,500 � g for 5
min. The synaptosomal fraction from the 10 –20% Percoll interface was
removed and washed to eliminate Percoll, and synaptosomes were iso-
lated from the supernatant by centrifugation at 12,000 � g for 15 min.
Synaptosomes were lysed in 1 ml of ice-cold water and sonicated, and the
suspension was centrifuged at 16,000 � g for 10 min. The resulting pellet
was solubilized in a lysis buffer (1 mM EGTA, 1 mM EDTA, 1 mM PMSF,
1 mM Na3VO4, 50 mM HEPES, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, and 0.5% Nonidet P-40, pH 7.4) containing a standard protease
inhibitor mixture and placed on a head-over-head shaker for 2 h.

Samples of 30 �l corresponding to equal amounts of synaptosome
protein, determined using the BCA assay (Pierce, Rockford, IL), were
resolved on 8% polyacrylamide gels and transferred to nitrocellulose
membranes. After transfer, nonspecific binding sites were blocked for 2 h
at room temperature with Tris-buffered saline Tween (t-TBS; 20 mM

Tris, 137 mM NaCl, and 0.05% Tween 20) containing 3% non-fat dried
milk. Nitrocellulose membranes were then incubated with primary anti-
bodies overnight at 4°C. The primary antibodies and dilutions used were
as follows: mouse anti-�-actin monoclonal antibody, 1:2500 (clone AC-
15; Sigma); rabbit anti-NR2A monoclonal antibody, 1:2500 (clone
A12W; Upstate Biotechnology, Lake Placid, NY); rabbit anti-NR2B poly-
clonal antibody, 1:250 (Upstate Biotechnology). Membranes were
washed three times with t-TBS and incubated for 2 h at room tempera-
ture, with the appropriated secondary antibody coupled to horseradish
peroxidase (1:2500; Biosources, Camarillo, CA). Visualization of immu-
noreactive bands was produced by enhanced chemiluminescence (Am-
ersham Biosciences, Piscataway, NJ) captured on autoradiography film
(Super RX; Fujifilm, Valhalla, NY). Autoradiographs were scanned with
ScanJet 7400C (Hewlett Packard, Palo Alto, CA), and digital images were
quantified by densitometric analysis using Odyssey version 1.2 software.

Drugs and chemicals. Picrotoxin, D,L-3-amino-5-phosphonopentanoic
acid (D,L-APV), DNQX, and ifenprodil were purchased from Tocris
Cookson (Ellisville, MO); kynurenic acid, gluconic acid, and glycine were
from Sigma-Aldrich (St. Louis, MO).

Statistics. Unless specified otherwise, data are represented as mean �
SEM, and statistical significance was assessed using two-tailed paired and
unpaired t test for within and between group comparisons, respectively.
p � 0.05 was considered statistically significant.

Results
An SD procedure that is stress free and elicits a rebound in
resting time
To circumvent stress, a mild form of SD was based on the spon-
taneous exploratory behavior of C57BL/6J mice, while constrain-
ing and directly manipulating the animals was avoided (see Ma-
terials and Methods). SD was performed in the first half of the
light period, when the mice showed their main resting period and
lowest level of motor activity in a 24 h cycle (Fig. 1A). SD was
halted when the mouse no longer reacted to the stimuli and fell
asleep (i.e., after 4.3 � 0.1 h; n � 61 mice in total). Control mice
were left undisturbed and were resting for 73.9 � 2.0% (mea-
sured in a subset of controls; n � 12) of the time during which SD
was performed. Note that these values, as well as the distribution
of resting behavior monitored during an undisturbed 24 h cycle
(Fig. 1A), are close to the amount of total sleep time measured by
electroencephalography and electromyography in the C57BL/6J
mouse strain (Franken et al., 1999; Huber et al., 2000a). The
absence of stress after SD was confirmed by a plasma corticoste-
rone radioimmunoassay, which yielded virtually the same levels
of corticosterone in SD and control groups (Fig. 1B). These low

values are typical for the time of day when the mice were killed (Le
Minh et al., 2001) and are in marked contrast with the high values
of corticosterone observed in animals submitted to a stressful SD
procedure (see Materials and Methods) for an equivalent amount
of time (Fig. 1B).

In mice, as in other mammalian species, sleep regulation
shows a well established relationship to previous waking duration
(Franken et al., 1999, 2001; Huber et al., 2000a), and 4 h of wake-
fulness induce a near-maximal sleep rebound in C57BL/6J mice
(Huber et al., 2000a). At the behavioral level, this rebound could
be monitored as an �10% increase in resting time during the
initial phase of the recovery period (Fig. 1C). These data show
that the SD procedure applied in the present study elicited com-
pensatory processes within the time frame expected from the
electroencephalographic markers of sleep regulation, consistent
with other studies that have validated a noninvasive behavioral
monitoring of sleep–wake behavior in rodents (Kapfhamer et al.,
2002).

A brief and stress-free SD alters bidirectional
synaptic plasticity
We investigated whether stress-free SD altered the full frequency
dependence of bidirectional synaptic plasticity between 1 and 100
Hz in the CA1 region of the hippocampus using extracellular field
potential recordings (see Materials and Methods). There was no
difference between SD and control slices during baseline record-
ings in the 10 –90% slope of fEPSPs (control: �467.2 � 38.4
�V/ms, n � 63; SD: �511.8 � 34.9 �V/ms, n � 64; p � 0.39). In
control slices, recordings of fEPSPs revealed a reliable LTD
(�35%) after 1 Hz LFS, whereas no long-term changes were
found after 5 Hz LFS (Fig. 2A,B). Field potentials tended to be

Figure 1. Sleep–wake behavior and corticosterone levels in mice during SD and undisturbed
conditions. A, Hourly time course of home-cage motor activity in meters and resting behavior
(percentage of recording time) during an undisturbed 24 h baseline (n � 9). The solid line
indicates the mean level of activity per hour of SD; the top and bottom dashed lines indicate the
corresponding SEM (n � 12). The black bar at the top indicates the 12 h dark period of the
light/dark cycle. B, Plasma corticosterone measurements in control (CTRL; n � 9) condition,
after SD (n � 8) and after stressful SD (SSD; n � 8). *p � 0.01, compared with CTRL and SD
(Tukey’s HSD post hoc test after significance in a one-way ANOVA with factor “group”). C,
Resting time (percentage of recording time) during the recovery period after SD (SD/R; n � 7)
and control conditions (CTRL/R; n � 8). In sleep-deprived mice, the resting time was enhanced
in the first hour compared with controls (hour 1, *p �0.02; hour 2, p �0.09; hour 3, p �0.62).
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potentiated after the 10 Hz conditioning, and a marked LTP was
present after HFS (Fig. 2C,D). After SD, a reliable LTD was ob-
tained after 5 Hz LFS (�20%) rather than after 1 Hz LFS, and no
long-term change was found after stimulation at 10 Hz or HFS
(Fig. 2A,D). SD and control groups were most distinguishable
after 5 Hz LFS and HFS (Fig. 2E). However, repeated HFS led to
similar levels of saturated LTP in both groups (Fig. 2F), and the

magnitude of LTD after 1 Hz LFS in con-
trol slices and after 5 Hz LFS in the SD
condition did not significantly differ from
each other ( p � 0.20), indicating that SD
did not occlude LTP or affect the dynamic
range of synaptic plasticity. Notably, the
probability of occurrence of LTD/LTP
across the frequency axis was changed af-
ter SD, partially accounting for the aver-
aged effects on synaptic plasticity (Table
1). Together, these results show that SD
induced a rightward shift of the LTD/LTP
crossover point of synaptic plasticity in
hippocampal slices, favoring the induc-
tion of LTD by stimulations in the theta
frequency range (5–10 Hz).

SD effects on synaptic plasticity are
independent of somatosensory stimuli
Exploratory behavior occurs during SD
and is accompanied by prolonged sensory
activity and theta activity in the hip-
pocampus (Buzsaki, 2002), which could
contribute to the effects of SD on synaptic
plasticity. Olfaction constitutes the pri-
mary sensory system of rats and mice.
Training in olfactory discrimination tasks
reduces LTP and increases LTD in vitro
(Lebel et al., 2001; Quinlan et al., 2004).
However, these changes were absent in
pseudo-trained animals that explored the
same environment and were exposed to
the same olfactory stimuli without having
to learn a rule. In addition, changes in
plasticity attributable to olfactory learning
take weeks to develop. Thus, the absence
of a learning rule in our SD procedure and
the shorter time scale on which the effects
of SD are observed make it unlikely that
olfactory inputs would contribute to the
SD-related changes in synaptic plasticity.
This is not necessarily the case for somato-
sensory stimuli. Indeed, whisking activity
and the amplitude of hippocampal activity
in the theta frequency band are correlated
in the rat (Berg and Kleinfeld, 2003),
which might directly affect bidirectional
synaptic plasticity (Abraham and Tate,
1997).

To clarify the role played by somato-
sensory activity during SD, we sleep de-
prived mice �20 h after bilateral whisker
trimming and tested long-term synaptic
plasticity after 5 Hz LFS and HFS. Moni-
toring of spontaneous motor activity in
the home cage in the hours after the whis-

ker trim showed a rise of activity at dark onset and indicated no
disturbance in the daily distribution of motor activity (Fig. 3A).
During nighttime, the amount of activity per hour did not differ
significantly between mice with (distance traveled, 51.8 � 9.0 m;
n � 13) or without (distance traveled, 38.3 � 3.4 m; n � 18; p �
0.18) whiskers. Remarkably, in control mice, the whisker trim did
not alter either resting behavior (whiskers: 73.9 � 2.0% of resting

Figure 2. SD shifts the frequency dependence of bidirectional synaptic plasticity. A–D, Effects of 1, 5, and 10 Hz LFS and HFS on
fEPSP slope (percentage of baseline) in SD experiments (A–C, n � 7; D, n � 13) and controls (A–C, n � 7; D, n � 13). Sample
traces are shown above each figure for the times indicated by the numbers. Calibration: 0.2 mV, 2 ms. E, In control conditions,
persistent changes in synaptic strength were significant for 1 Hz LFS ( p � 0.01) and HFS ( p � 0.01) but not for 5 Hz ( p � 0.39)
and 10 Hz LFS ( p � 0.09). After SD, LTD was reliably induced by 5 Hz LFS ( p � 0.01) rather than by 1 Hz LFS ( p � 0.06). A 10 Hz
LFS and HFS had no significant effect ( p � 0.60 and p � 0.10, respectively). The effect of 5 Hz LFS and HFS differed between the
groups (*p � 0.05). F, Saturated LTP was induced in all experiments, except one SD (control: n � 6, p � 0.02; SD: n � 6, p �
0.05). No difference was found between the groups ( p � 0.61). CTRL, Control.

Kopp et al. • Sleep Loss and Hippocampal Synaptic Plasticity J. Neurosci., November 29, 2006 • 26(48):12456 –12465 • 12459



time, n � 12; no whiskers, 72.0 � 2.9% of resting time, n � 8; p �
0.58) or the extent of synaptic plasticity (compare Figs. 2E, 3D) (5
Hz LFS, p � 0.36; HFS, p � 0.38). During SD, the hourly distance
traveled by the mice was longer in the absence of whiskers (whis-
kers: 36.4 � 5.8 m, n � 12; no whiskers: 66.8 � 9.9 m, n � 16; p �
0.03). This increase in distance is consistent with our observation
that the whisker-trimmed mice spent less time exploring single
spots of their environment. Despite this behavioral change, SD
allowed the induction of a reliable LTD after 5 Hz LFS while
impairing LTP after HFS (Fig. 3). Consistent with Table 1, the
effects of SD were reflected in the probability of occurrence of
LTD (control, 1/7; SD, 4/7) and LTP (control, 7/7; SD, 3/7). The
comparable pattern of synaptic plasticity after SD with and with-
out whiskers (Figs. 2E, 3D) excludes a primary influence of so-
matosensory stimuli in mediating the effects of SD.

A stressful SD procedure occludes LTP
Stress is well known to reduce LTP and can facilitate LTD (Huang
et al., 2005), and long-lasting, stressful SD procedures also block
LTP (Campbell et al., 2002; Davis et al., 2003; McDermott et al.,
2003). Therefore, we determined whether a stressful form of SD,
performed at the same time of day and for an equivalent duration
(see Materials and Methods), would elicit effects similar to those
observed after the stress-free SD. As expected, stressful SD
blocked LTP (106.7 � 7.6% of baseline; n � 7; p � 0.41). How-
ever, LTP was also suppressed when several HFSs were given
(117.9 � 15.0% of baseline; n � 7; p � 0.27). Thus, in contrast to
the mild SD, the stressful SD not only impairs but also occludes
LTP.

A short recovery period reverses the effects of SD on
bidirectional synaptic plasticity
If the changes in synaptic plasticity induced by SD were indeed
related to the absence of sleep, then a period of recovery sleep
after SD should reverse these effects. To test this hypothesis, we
quantified synaptic plasticity induced by 5 Hz LFS and HFS in
sleep-deprived mice that had recovered for 3 h. A period of 3 h
was chosen because it is sufficient to dissipate the compensatory
sleep process occurring after 4 h of wakefulness in C57BL/6J mice
(Huber et al., 2000a) (Fig. 1C). Interestingly, this behavioral re-
covery was followed by a recovery of the synaptic plasticity pro-
file, becoming indistinguishable in control and SD groups (Fig.
4). Also, the probability of occurrence of synaptic plasticity went
back to control values (LTD: control/recovery, 0/5; SD/recovery,
0/5; LTP: control/recovery, 6/6; SD/recovery, 6/6). This result
strongly corroborates the view that the SD-induced shift of long-
term synaptic plasticity along the stimulation frequency axis is
related to the lack of sleep in the hours preceding slice
preparation.

Table 1. Probability of LTP/LTD induction after stimulation trains between 1 and
100 Hz in SD and control (CTRL) experiments

1 Hz 5 Hz 10 Hz 2 � 100 Hz

LTP
CTRL 0/7 1/7 4/7 9/13
SD 0/7 0/7 3/7 5/13*

LTD
CTRL 5/7 2/7 0/7 0/13
SD 3/7 5/7* 4/7* 0/13

After SD, LTD was obtained less frequently after 1 Hz but more frequently after 5 or 10 Hz stimulation, whereas LTP
was less often induced after 2 � 100 Hz stimulation (*p � 0.05 compared with CTRL; two-tailed �2 test). The
criterion for LTP/LTD induction was 	15% change from baseline.

Figure 3. The SD effects on bidirectional synaptic plasticity are independent of somatosen-
sory inputs. A, Hourly time course of home-cage motor activity in the hours after the whisker
trim (n � 18). The black bar at the top indicates the 12 h dark period of the light/dark cycle. B,
C, Representative fEPSPs at the end of the baseline (1) and during the last 10 min of recording
(2) after 5 Hz LFS (B) or HFS (C) in whisker-trimmed mice. Calibration: 0.2 mV, 2 ms. D, Average
long-term synaptic plasticity after SD in whisker-trimmed mice. After 5 Hz LFS, LTD was ob-
tained in SD (n � 6; p � 0.04) but not in control experiments (n � 5; p � 0.25). After HFS, LTP
was strong in control conditions (n � 7; p � 0.001) and weak after SD (n � 6; p � 0.05). The
groups differed after either conditioning protocol (5 Hz LFS, *p � 0.02; HFS, **p � 0.01). CTRL,
Control; no wsk, whisker-trimmed mice.
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SD reversibly alters the molecular composition of
synaptic NMDARs
Both presynaptic and postsynaptic, as well as network, mecha-
nisms may account for the effects of SD on bidirectional synaptic
plasticity (Abraham and Tate, 1997; Bredt and Nicoll, 2003;
Malenka and Bear, 2004). To test for changes in presynaptic glu-
tamate release, we measured paired-pulse plasticity of fEPSPs at a
50 ms interpulse interval. The resulting paired-pulse facilitation
did not differ between control [slope (pulse2 � pulse1)/pulse1:
115.3 � 32.3%; n � 8; p � 0.01] and SD (92.2 � 21.0%; n � 8;
p � 0.01; p � 0.56 compared with controls) experiments. We
next confirmed the requirement for NMDARs in synaptic plas-
ticity by showing that postsynaptic responses in control slices
remained unaffected by 1 Hz LFS (100.1 � 5.5% of baseline; n �
4; p � 0.99) or HFS (96.2 � 7.8% of baseline; n � 4; p � 0.66) in
the presence of the NMDAR antagonist D,L-APV (0.1 mM). To
test whether SD alters the contribution of NMDARs to glutama-
tergic transmission, we first assessed the ratio of NMDAR- over
non-NMDAR-mediated EPSCs. This ratio was clearly reduced
after SD (control: 54.6 � 10.2%, n � 13; SD, 31.5 � 3.6%, n � 20;
p � 0.02), whereas non-NMDAR-mediated EPSCs did not differ
between conditions (control: �314.5 � 37.2 pA, n � 13; SD:
�269.8 � 33.5 pA, n � 20; p � 0.39). In contrast, when SD was
accompanied by stress, the ratio of NMDAR- over non-
NMDAR-mediated EPSCs was indistinguishable from controls
(55.5 � 6.9%; n � 9; p � 0.50). These results are indicative of a
decreased NMDAR function caused specifically by sleep loss. In
the mature hippocampus, NMDAR-mediated synaptic responses
depend on both NR2A- and NR2B-type NMDARs (Scimemi et
al., 2004). A switch in the NMDAR subunit composition, namely
in the NR2A/NR2B ratio, can underlie shifts of the LTD/LTP
crossover point (Quinlan et al., 1999a; Philpot et al., 2001; Perez-
Otano and Ehlers, 2005). This switch can be assessed pharmaco-
logically by determining the sensitivity of NMDAR-mediated
fEPSPs to the NR2B-type NMDAR antagonist ifenprodil (Quin-
lan et al., 1999a; Philpot et al., 2001) (see Materials and Methods).
There was no difference in the slope of NMDAR-mediated fEP-
SPs between control and SD slices (slope: control, �119.7 � 18.2
�V/ms, n � 9; SD, �155.8 � 33.6 �V/ms, n � 8; p � 0.34). In
control slices, we found that ifenprodil (3–10 �M) reduced
NMDAR-mediated fEPSPs and whole-cell EPSCs (Fig. 5) by an
extent comparable to previous reports on the CA1 area (Liu et al.,
2004; Scimemi et al., 2004). Moreover, ifenprodil accelerated the
monoexponential decay time course of NMDAR-mediated EP-
SCs from � � 48.3 � 3.8 ms to 41.7 � 2.9 ms (n � 8; p � 0.05).
However, after SD, ifenprodil effects were smaller in both field
(Fig. 5A,B) and whole-cell patch-clamp (Fig. 5C,D) recordings.
The decay did not differ from the control condition during base-
line (� � 55.0 � 4.9 ms; n � 5; p � 0.30) and was not altered by
ifenprodil (� � 52.1 � 7.0 ms; n � 5; p � 0.58), reflecting a larger
NR2A/NR2B ratio of synaptically located NMDARs. Remark-
ably, paralleling the changes in synaptic plasticity, the sensitivity
to ifenprodil returned to control levels when SD was followed by
a 3 h recovery sleep period (Fig. 5B). The fEPSPs and EPSCs
remaining after treatment with ifenprodil were abolished by the
NMDAR antagonist D,L-APV (data not shown), confirming the
mediation of the synaptic responses by NMDARs. These data
strongly suggest that SD provokes a rapid and reversible change
in the molecular composition of synaptic NMDARs, paralleling
the time course of the shift in synaptic plasticity.

Figure 4. Three hours of recovery after SD restore normal bidirectional synaptic plasticity.
Effects of 5 Hz LFS (A) and HFS (B) on fEPSP slope (percentage of baseline) after baseline in slices
obtained after the recovery period following SD (SD/R; n � 7) and corresponding control con-
ditions (CTRL/R; n � 8). SD/R (A, n � 5; B, n � 6) and CTRL/R (A, n � 5; B, n � 6) experiments
are shown. A 5 Hz LFS induced no persistent change in synaptic strength in either group (CTRL/R:
116.3 � 6.0% of baseline, p � 0.06; SD/R: 111.8 � 6.3% of baseline, p � 0.14), whereas LTP
was reliably induced by HFS in both groups (CTRL/R: 163.5 � 13.1% of baseline, p � 0.01;
SD/R: 163.1�21.2% of baseline, p�0.03). No difference was found between the groups (5 Hz
LFS, p � 0.61; HFS, p � 0.99). Sample traces above each figure are fEPSPs at the times indi-
cated by the numbers. Calibration: 0.2 mV, 2 ms.
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SD enhances the level of NR2A subunit
protein at synaptic sites
To more precisely determine the compo-
sition of synaptic NMDARs at the molec-
ular level, immunoblotting for NR2A and
NR2B subunits was performed on purified
synaptosomes, a subcellular fraction en-
riched in synaptic proteins. This biochem-
ical analysis revealed that NR2A protein
levels were higher after SD, whereas no
change was detected in NR2B protein
level, which led to an elevated NR2A/
NR2B ratio (Fig. 6).

Discussion
We report that sleep loss provoked a rapid
and reversible modulation of bidirectional
synaptic plasticity. In contrast to previous
ex vivo studies, we made an important step
forward in identifying the importance of
sleep loss among the confounding factors
accompanying SD. The novelty of our ap-
proach consists in using a particularly
mild SD protocol that (1) respects impor-
tant parameters of sleep regulation, in par-
ticular its time course and its reversibility,
and (2) is free of an elevation in stress hor-
mone levels. In the spirit of the mildness
of this approach, we used a noninvasive,
yet electroencephalographically validated,
method to monitor sleep–wake behavior
(Kapfhamer et al., 2002).

By assessing the consequences of SD on
bidirectional synaptic plasticity, we show
that the frequency dependence of the LTP/
LTD modification threshold was shifted
by SD, whereas the dynamic range of plas-
ticity was unaltered and full induction of
LTP remained possible. This result ex-
cludes the important concern that synaptic strength was satu-
rated because of the SD procedure. In contrast, we found that a
stressful SD procedure not only blocks but also occludes LTP,
indicating that the inhibition of LTP by non-stressful and by
stressful SD (Campbell et al., 2002; Davis et al., 2003; McDermott
et al., 2003) reflects distinct electrophysiological “phenotypes.”
Furthermore, by recording from slices maintained in near-
physiological concentrations of divalent cations, we determined
the consequences of brief sleep loss and recovery sleep on
NMDARs located at the synapse, while leaving presynaptic glu-
tamate release unchanged. Previously, the actions of long-lasting
and stressful SD on glutamate receptors were studied by activat-
ing synapses in low Mg 2� concentrations or by applying gluta-
mate to outside-out patches of apical hippocampal dendrites
(Chen et al., 2006; McDermott et al., 2006). Both of these ap-
proaches allow for the simultaneous activation of synaptic and
extrasynaptic receptors, which show different trafficking behav-
ior and may play opposing roles in synaptic plasticity (Neyton
and Paoletti, 2006). Together, by combining an unparalleled mild
form of SD with standard techniques to assess glutamatergic syn-
aptic transmission, we have identified some of the cellular mech-
anisms underlying the effects of sleep loss on hippocampal syn-
aptic plasticity and on the subunit composition of synaptic
NMDARs.

The rapid trafficking of ionotropic AMPA-type receptors
(AMPARs) plays a key role in the strengthening and weakening of
glutamatergic synapses (Malinow and Malenka, 2002; Bredt and
Nicoll, 2003). The prerequisite for this trafficking to be initiated is
the activation of NMDARs, which are a primary source for the
postsynaptic calcium that initiates synaptic plasticity. Both the
calcium concentrations reached and the duration of these signals
(Yang et al., 1999; Lisman, 2001) are important for the direction
of synaptic plasticity. Distinct properties of NR2A- versus NR2B-
containing receptors confer differential roles for NMDAR sub-
types in shaping calcium signals and synaptic plasticity. These
include distinct kinetics of the receptor currents, a differential
subcellular localization of NR2A- versus NR2B-containing re-
ceptors with respect to the sites of glutamate release, and subtype-
specific interactions with postsynaptic scaffolding and signaling
molecules (Perez-Otano and Ehlers, 2005; Köhr, 2006). From
studies in mature slice preparations, the consensus emerges that
both NR2A- and NR2B-containing receptors are involved in the
induction of LTP, whereas NR2B-containing receptors may also
mediate LTD (for review, see Neyton and Paoletti, 2006). In the
mature hippocampus, both NR2A- and NR2B-containing recep-
tors are expressed, with a substantial NR2B-containing receptor
population located extrasynaptically (Liu et al., 2004; Scimemi et
al., 2004). The increase in the NR2A/NR2B ratio, detected elec-
trophysiologically after SD, was also supported by immunoblot-

Figure 5. The sensitivity of NMDAR-mediated fEPSPs and whole-cell EPSCs to the NR2B-type receptor antagonist ifenprodil is
reduced after SD and restored after recovery sleep. A, NMDAR-mediated fEPSP slope (percentage of baseline) during baseline, the
first 40 min of ifenprodil (10 �M) application, and 20 min of steady state in SD (n � 5) and control (n � 5) experiments.
Steady-state effects were reached after 64.0 � 6.8 min in control experiments and after 62.0 � 9.7 min in SD experiments ( p �
0.87 compared with control) (Philpot et al., 2001). Traces depict individual fEPSPs at the times indicated by the numbers. Calibra-
tion: 80 �V, 2 ms. B, Ifenprodil reduced the fEPSP slope both in control ( p � 0.01) and in SD ( p � 0.01) experiments, but less in
SD than in control conditions (*p�0.03). In contrast, the effect did not differ between the groups after a 3 h recovery period (SD/R,
n � 3; CTRL/R, n � 4; p � 0.76). C, Representative NMDAR-mediated whole-cell EPSCs during baseline and during steady-state
effects of ifenprodil (3 �M). Calibration: 40 pA, 40 ms. D, Ifenprodil inhibited NMDAR-mediated EPSCs both in control (n � 9; p �
0.001) and in SD (n � 5; p � 0.02) experiments, but less in SD than in control conditions (*p � 0.03). CTRL, Control.
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ting confined to synaptic sites and most likely reflects a larger
synaptic NR2A protein content. Thus, the enhanced presence of
NR2A could either give rise to receptors containing the binary
composition NR1/NR2A or may further the formation of trihet-
eromeric receptors containing NR1/NR2A/NR2B. Both receptor
configurations would contribute to a decreased ifenprodil sensi-
tivity of the synaptic NMDAR response. Our observation that the
decay kinetics of the NMDA EPSC was not noticeably accelerated
after SD argues against a separate receptor population containing
only NR2A and rather points toward the integration of NR2A
into a more complex molecular assembly. How the SD-induced
changes in synaptic plasticity relate to these differences in
subunit-specific characteristics remains to be determined. In par-
ticular, it will be important to evaluate how an increase in NR2A-
containing NMDARs, implicated predominantly in LTP, may
cause a shift in the frequency dependence of LTD. Notably, our
findings are consistent with the profile of NMDAR expression
and function observed in developmental studies in visual cortex
(Quinlan et al., 1999b; Philpot et al., 2003), which suggest that an
elevated expression of NR2A-containing receptors correlates
with a decrease of NMDAR function and a rightward shift in the
frequency dependence of bidirectional synaptic plasticity (Phil-
pot et al., 2003).

A few hours of SD and recovery sleep were sufficient to induce
and reverse both functional and molecular alterations in gluta-
matergic transmission. The time scale of the changes observed in
the present study is strikingly shorter than that observed for the
shift in the LTD/LTP crossover point and in the NR2A/NR2B
ratio during experience-dependent plasticity in the developing

visual cortex (Philpot et al., 2001; Perez-Otano and Ehlers, 2005),
during learning (Quinlan et al., 2004) or during environmental
enrichment (Tang et al., 2001). Therefore, rapid forms of
NMDAR trafficking (Perez-Otano and Ehlers, 2005) and associ-
ated processes controlling glutamatergic transmission may code-
termine the propensity for synaptic plasticity in adulthood, de-
pending on previous arousal. In this context, it is conceivable that
substances that play a role in the regulation of sleep and wakeful-
ness could contribute to the changes elicited by SD. Thus, orexin,
which promotes arousal (Saper et al., 2005) and modulates hip-
pocampal synaptic plasticity (Selbach et al., 2004), can control
rapid NMDAR trafficking via a protein kinase C-dependent
mechanism (Borgland et al., 2006). Furthermore, adenosine,
which plays an important role in sleep regulation (Obal and
Krueger, 2003; Rétey et al., 2005), may modulate glutamatergic
receptor function (Sebastiao and Ribeiro, 1996; Dunwiddie and
Masino, 2001). In this manner, the modulation of bidirectional
synaptic plasticity could be determined by the on-going release of
compounds characteristic for behavioral state. Furthermore, the
expression of NR2A- and NR2B-NMDARs within a cortical area
is pathway specific (Kumar and Huguenard, 2003), raising the
possibility that the differential regulation of NMDARs may cor-
relate with brain area-specific susceptibilities to SD (Harrison
and Horne, 2000; Huber et al., 2000b).

Previous behavioral studies, based on brief (5– 6 h) SD mini-
mizing stress (Graves et al., 2003; Guan et al., 2004), reported a
selective impairment of spatial memory, which depends on the
hippocampus. There is now strong evidence that hippocampal
and other types of memory are accompanied by shifts in the
frequency dependence of bidirectional synaptic plasticity. Thus,
learning is impaired after saturation of hippocampal LTP (Moser
et al., 1998) and induces LTP in the CA1 region of the hippocam-
pus, which occludes further LTP elicited by HFS (Whitlock et al.,
2006). In the neocortex, motor skill training is followed by a
reduced LTP and a facilitated LTD, consistent with a strengthen-
ing of synapses during learning (Rioult-Pedotti et al., 2000). In
the piriform cortex, a reduction in HFS-induced LTP has also
been associated with olfactory rule learning and was associated
with a change in the composition of synaptic NMDARs (Quinlan
et al., 2004). Conversely, genetically modified mice that show an
impaired bidirectional regulation of synaptic plasticity also
present severe behavioral deficits in learning and memory (Bach
et al., 1995; Migaud et al., 1998; Zeng et al., 2001). Therefore, the
shift in synaptic plasticity induced by sleep loss likely constitutes
a crucial cellular process involved in its adverse effects on
hippocampus-dependent memory. Moreover, the reversibility of
SD effects after recovery sleep suggests that sleep plays a general
role in maintaining glutamatergic synapses within a dynamic
range and preventing them from entering states of saturated LTP
or LTD, which would be deleterious for memory function (Mi-
gaud et al., 1998).

In nonhuman primates, cognitive deficits induced by SD can
be counteracted by potentiating AMPAR function through allo-
steric modulation (Porrino et al., 2005). This pharmacological
treatment may effectively counteract decreased NMDAR func-
tion because AMPAR trafficking is essential for LTD and LTP
(Bredt and Nicoll, 2003) and can be differentially regulated by
NMDAR subtypes (Kim et al., 2005). Therefore, identifying the
factors promoting an altered synaptic NMDAR subunit compo-
sition after SD may ultimately yield insight into how synaptic
plasticity, and potentially learning and memory, could be fur-
thered in adulthood.

In conclusion, by combining behavioral and in vitro electro-

Figure 6. SD alters the expression of NR2A but not NR2B protein levels at synaptic sites. A,
Representative immunoblots for NR2A and NR2B subunit proteins in synaptosomes prepared
from hippocampi of control and sleep-deprived mice and run on the same gel. �-Actin was used
to control that equal amounts of protein (30 �g) were loaded on the gel. B, SD enhanced the
level of NR2A protein ( p � 0.05 compared with matched control experiments), whereas no
significant change was detected for NR2B ( p � 0.13), which led to a higher NR2A/NR2B ratio
( p � 0.05). The optical density of each sample was first expressed as a percentage of the
corresponding �-actin and then normalized to the control value run on the same gel (100%).
Scatter plots depict the individual data of the SD group. CTRL, Control.
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physiological analysis of a particularly mild, stress-free SD in
mice, we gained novel access into the relationship between sleep
and excitatory synaptic transmission. Beyond the scope of this
work, the approach taken here lends itself to various complemen-
tary investigations, in particular concerning the effects of SD on
pharmacological aspects of sleep control in the modern society.
This may further help to define how neuronal networks impli-
cated in cognitive functions are impaired by insufficient sleep.
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