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Sleep Deprivation Causes Behavioral, Synaptic, and
Membrane Excitability Alterations in Hippocampal Neurons
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Although the function of sleep remains elusive, several lines of evidence suggest that sleep has an important role in learning and memory.
In light of the available data and with the prevalence of sleep deprivation (SD), we sought to determine the effect of SD on neuronal
functioning. We found that the exposure of rats to 72 hr of primarily rapid eye movement SD impaired their subsequent performance on
a hippocampus-dependent spatial learning task but had no effect on an amygdala-dependent learning task. To determine the underlying
cellular level mechanisms of this hippocampal deficit, we examined the impact of SD on several fundamental aspects of membrane
excitability and synaptic physiology in hippocampal CA1 pyramidal neurons and dentate gyrus granule cells. We found that neuronal
excitability was severely reduced in CA1 neurons but not in granule cells and that the production of long-term potentiation of synaptic
strength was inhibited in both areas. Using multiple SD methods we further attempted to differentiate the effects of sleep deprivation
from those associated with the nonspecific stress induced by the sleep deprivation methods. Together these data suggest that failure to
acquire adequate sleep produces several molecular and cellular level alterations that profoundly inhibit hippocampal functioning.
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Introduction
Several lines of evidence suggest that sleep has a key role in learn-
ing and memory (for review, see Maquet, 2001; Siegel, 2001;
Stickgold et al., 2001; Pace-Schott and Hobson, 2002). For exam-
ple, the percentage of time spent in rapid eye movement (REM)
sleep is increased after certain learning tasks (Smith and Lapp,
1986; Mandai et al., 1989), and if REM sleep is prevented after the
training, the subsequent performance of this task is impaired
(Karni et al., 1994; Smith, 1995). Deprivation of sleep before task
training also impairs performance in many behavioral tasks
(Stern, 1971). Furthermore, neuronal ensembles that were active
during a previous learning experience are reactivated during
sleep (Wilson and McNaughton, 1994; Skaggs and McNaughton,
1996; Louie and Wilson, 2001), suggesting that memory consol-
idation may actually occur during sleep. At a cellular level,
changes in synaptic efficacy and membrane excitability are
thought to be critical for the formation of memories (Bliss and
Collingridge, 1993), and there have been some suggestions that
these neuronal properties could be altered during sleep and by
the lack of sleep (Buzsaki, 1998; Graves et al., 2001). Finally, sleep
deprivation (SD) is known to delay developmentally regulated
plasticity in the visual cortex, again signifying a relationship be-
tween sleep and neuronal plasticity (Schaffery et al., 2002).

Given the well recognized cognitive effects and the prevalence

of sleep deprivation in society today, a determination of the im-
pact of SD on cellular physiology is of interest. Here we began by
assessing the impact of SD on hippocampus-dependent contex-
tual and amygdala-mediated cued memory (Kim and Fanselow,
1992; Phillips and LeDoux, 1992); we then followed this with an
examination of the effects of SD on synaptic plasticity and neu-
ronal excitability in principal neurons of the hippocampus, an
area crucial to the formation and encoding of memories. We have
found that 72 hr SD produces severe behavioral deficits that may
be linked to particular cellular level alterations in membrane ex-
citability and synaptic plasticity within the hippocampus.

Materials and Methods
Subjects were 7- to 9-week-old male Sprague Dawley rats, and all exper-
iments were performed within the guidelines of the Louisiana State Uni-
versity Health Science Center Institutional Animal Care and Use
Committee.

Sleep deprivation. In initial experiments, the single small platform (SP)
technique of sleep deprivation was used. Rats were placed on a single
platform (6.2 cm diameter) in the middle of a water tank. The water
reached up to �2 cm below the surface of the platform. Food and water
were available ad libitum. In subsequent experiments, additional SD
chambers were used to control for non-SD-related effects. In the single
large platform (LP) technique, the size of the platform was increased to a
diameter of 15.2 cm to allow sleep to occur. In the multiple small plat-
forms (MPs) technique, five platforms, each of 6.2 cm diameter, were
used. Platforms were spaced (8 –10 cm apart) so that rats could easily
move between them but could not lie across any two. All treatments
lasted 72 hr. Control rats were housed in their home cages.

Electroencephalogram recording. Electroencephalogram (EEG) record-
ings were obtained to determine the level and type of sleep deprivation
experienced on each of the three devices. Bipolar electrodes (Plastic One
Inc.) were implanted in the right hippocampal CA1 field [anteroposteri-
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or (AP) 5.3 mm; lateral (L-L) 3 mm; dorsoventral (DV) 3.1 mm from
bregma] and in the left parietal cortex (AP 2.8 mm; L-L 5 mm; DV 3 mm,
from bregma), and another was implanted in the neck muscles. After a
3 d recovery period, EEG signals were amplified and digitized using
Enhanced Graphics Acquisition software (RC Electronics) for a 24 hr control
period that was then followed by placement on one of the small, multiple, or
large platform devices for 3 d with continuous EEG recordings. The average
time per stage (non-REM, REM, or awake) was calculated using parameters,
previously configured, in Matlab and Neuroexplorer software. Animals were
considered awake if the EEG showed low-voltage, high-frequency activ-
ity and sustained neck muscle tone. They were considered to be in non-
REM if the EEG showed high-amplitude, low-frequency activity com-
bined with low muscle tone. Finally, REM sleep was determined to be
present when the EEG showed moderate amplitude signals with a prom-
inent theta-wave presence (5–10 Hz) and low muscle tone. We found
that when rats were placed on a small platform, the EEGs showed the rats
to be awake �87% of the time, �12% in non-REM, and �1% in REM.
Similar proportions were observed when the rats were placed on multiple
small platforms (�76% awake, �23% non-REM, �1% REM). When
placed on the large platform, however, the EEGs showed very different
proportions of sleep–wake states (47% awake, 33% non-REM, 20%
REM) that were more similar to the control recording periods (�50%
awake, �35% non-REM, �15% REM). These recordings confirm that
both the SP and MP devices produce a severe REM sleep deprivation but
still allow a significant amount of slow-wave sleep to occur. Furthermore,
the LP device appears to allow the rats to achieve a relatively normal level
of REM sleep.

Test of contextual versus cued memory. Freezing behavior was condi-
tioned by placing a rat in an operant conditioning chamber with a grid
floor. After a 3 min period, three 2 min blocks of tone–shock pairings
were administered as follows: a tone (80 dB) was presented for 30 sec; at
the termination of the tone, a 2 sec foot shock was administered (0.8 mA);
an 88 sec intertrial interval occurred during which no shock or tone was
administered. After three tone–shock pairings the animal was returned to
its home cage. Twenty-four hours after conditioning the animal was
placed in the same operant chamber as above for 6 min, during which no
tone or shock was presented. Freezing behavior, which in this setting is
indicative of contextual memory, was recorded as present or absent for
each 10 sec interval. Because of nonhomogeneity of variance between
groups, raw data summed across the 6 min testing interval were con-
verted to ranks and subjected to a Kruskal–Wallis ANOVA. Two hours
after the test of contextual memory, the animal was placed in a novel
chamber, which differed from the conditioning chamber by shape, tex-
ture, color, and complexity. After 3 min, the conditioning tone was pre-
sented once for 30 sec, and the animal was left in the chamber for another
2.5 min. Freezing behavior after the tone, indicative of cued memory, was
scored as described above. Previous research has shown that the neural
processes underlying contextual memory are mediated primarily via the
hippocampus, whereas those underlying cued memory are mediated by
several structures, most prominently the amygdala (Kim and Fanselow,
1992; Phillips and LeDoux, 1992).

In vitro electrophysiology. Hippocampal slices (400 �m) were prepared
using standard procedures that have been described previously (Magee,
1998). Individual neurons were visualized with a Zeiss Axioskop fit with
differential interference contrast (DIC) optics using infrared illumina-
tion. All neurons exhibited resting membrane potentials between �63
and �75 mV. Whole-cell patch-clamp recordings were made using ei-
ther a Dagan BVC-700 or an Axoclamp-2B amplifier in “bridge” mode.
Data were acquired at 10 kHz and filtered at 1 kHz. The normal external
recording solution contained (in mM): 124 NaCl, 2.5 KCl, 1.2 NaH2PO4,
25 NaHCO3, 2.0 CaCl2, 1.0 MgCl2, and 10 dextrose, bubbled with 95%
O2/5% CO2 at �35°C, pH 7.4. Whole-cell recording pipettes (somatic,
2– 4 M�; dendritic, 5–7 M�) were pulled from borosilicate glass. For
membrane excitability characterization, the internal pipette solution
consisted of (in mM): 120 KMeSO4, 20 KCl, 10 HEPES, 0.05 EGTA, 4.0
Mg2ATP, 0.3 Tris2GTP, 14 phosphocreatine, and 4 NaCl, pH 7.25 with
KOH. For whole-cell long-term potentiation (LTP) experiments, 120
mM KGluconate replaced the KMeSO4. Series resistance for somatic re-
cordings was 6 –30 M�, whereas that for dendritic recordings was 15– 40

M�. Voltages have not been corrected for the theoretical liquid junction
potential (�7 mV). For field recordings the external solution contained
(in mM): 125 NaCl, 2.5 KCl, 1.35 NaH2PO4, 25 NaHCO3, 2.5 CaCl2, 1.3
MgCl, and 25 dextrose. Pipettes (2– 4 M�) were filed with external solu-
tion. Final concentrations of bicuculline (10 �M) were made daily from
stock solutions dissolved in DMSO. Error bars represent SEM, and the
number of cells (n) is given.

A bipolar tungsten stimulating electrode was placed in the middle of
stratum radiatum within 75 �m of the recorded cell for whole-cell CA1
LTP experiments and within 200 �m of the recording electrode in the
field experiments. For perforant-path LTP, the stimulating electrode was
placed in the middle of the molecular layer �200 �m from the recorded
cell. Baseline EPSPs were recorded in response to stimulation of the
respective pathway at a frequency of 0.05 Hz. The amplitude range of the
evoked EPSPs was adjusted to 4 –7 mV (�30% of threshold for generat-
ing an action potential). LTP in the perforant path was induced by high-
frequency stimulation (consisting of eight trains, each of eight pulses at
200 Hz with an intertrain interval of 2 sec) paired with postsynaptic
depolarizing current injection (0.6 nA). Schaffer collateral LTP in whole-
cell recordings was induced by theta-type synaptic stimuli (two trains of
five bursts consisting of five stimuli at 100 Hz separated by 200 msec with
30 sec between trains) paired with enough postsynaptic depolarizing
current to evoke at least three action potentials per burst (0.4 – 0.8 nA)
(Magee and Johnston, 1997). In field recordings, paired-pulse stimula-
tion was performed using two pulses, each of 0.1 msec duration and 50
msec apart. The amplitude used for the first pulse was approximately half
of maximum. LTP was induced with two 100 Hz stimulus trains of 1 sec
duration at threshold stimulus with a 30 sec interval. For long-term
depression (LTD), 900 pulses at test stimulus intensity were given at a
frequency of 3 Hz. A stable baseline was maintained for 10 min before
either LTP or LTD induction, and recordings were made for 30 min after.

Corticosterone radioimmunoassay. Plasma corticosterone levels were
assessed using radioimmunoassay (ICN Biomedicals). Samples were col-
lected in EDTA at time of perfusion and centrifuged at 1000 rpm for 10
min at 4°C, and plasma was then frozen until the day of the assay.

Results
Impact of sleep deprivation on contextual versus
cued memory
To test for the impact of SD on memory formation, a group of
rats were sleep deprived for 72 hr using the SP method, whereas a
second set of animals were maintained in their home cages during
this time (control). After the 72 hr period, each group of rats was
trained in an operant conditioning chamber according to the
protocol detailed in Materials and Methods. As expected, control
rats displayed freezing behavior on the test day in the context in
which they were previously shocked, indicative of intact
hippocampal-mediated memory. By contrast, SP rats showed
88% less freezing than did control rats, indicative of significant
and severe memory impairment (H � 10.79; df � 1; p � 0.001).
When tested for cued memory, both control and SP rats dis-
played significant freezing behavior on the test day in response to
the cue, indicative of intact amygdala-mediated memory. It thus
appears that 72 hr sleep deprivation, before the training session,
greatly impaired the abilities of the rats to form new contextual
memories when compared with control animals (Fig. 1), whereas
their ability to form cued memories appeared to be completely
intact.

Cellular mechanisms of SD-induced behavioral deficits
Membrane excitability
We next turned to in vitro recording techniques to examine the
impact of SD on the membrane excitability and synaptic plastic-
ity of CA1 pyramidal and dentate gyrus (DG) granule cells in
hippocampal slices. Using whole-cell patch-clamp recordings
from hippocampal CA1 pyramidal neurons, we initially com-
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pared the number of action potentials produced by 700-msec-
long depolarizing current injections in neurons from control and
SD rats. Frequency– current plots showed that the number of
spikes evoked by any given current injection was reduced to ap-
proximately half in neurons from SD rats when compared with
control (Fig. 2B, Table 1). Although spike firing was reduced in
SD neurons, we did not observe any differences in action poten-
tial threshold, amplitude or duration between the groups (Table
1). Furthermore, the amplitude and duration of spike afterhyper-
polarizations (AHPs) after single action potentials (fast and me-
dium AHPs) were similar in amplitude and duration in SD neu-
rons (Table 1). Although most action potential properties
appeared relatively normal, a difference in the pattern of spike
firing during prolonged depolarization was obvious, with SD
neurons showing an approximately twofold increase in spike fre-
quency adaptation when compared with control (Fig. 2, Table 1).
We next calculated membrane input resistance (Rin) from voltage
deflections produced by a series of 700 msec mainly hyperpolar-
izing current injections. The slope of current–voltage plots
showed that Rin was reduced by �25% in the SD group of neu-
rons (Fig. 2D, Table 1). Resting membrane potential (Vm), mea-
sured as the initial potential recorded after membrane patch rup-
ture, was unchanged in SD neurons (Table 1). Together these

data indicate that, after 72 hr of REM SD, the overall membrane
excitability of CA1 pyramidal neurons is significantly reduced by
the presence of a lower Rin and an enhanced spike frequency
adaptation. Whole-cell recordings from dentate granule cells
showed no significant differences in membrane excitability (Rin

for control, 179 � 13 M�; SD, 176 � 18 M�).
Recordings from the apical dendritic arbor of CA1 pyramidal

neurons revealed that a similar modification of membrane excit-
ability is widespread throughout many regions of these cells. We
found that although action potential back-propagation was nor-
mal (amplitude, frequency dependence, and amplitude boost-
ing), both input resistance (reduced by 30%) and action potential
duration (reduced by 42%) were altered in a manner consistent
with the somatic recordings (Table 2) (Magee 1998).

Synaptic physiology
To investigate the effect of SD on synaptic properties, Schaffer
collateral synaptic input to CA1 pyramidal neurons was exam-
ined using both field potential and somatic whole-cell voltage
recordings. For middle (�200 �m from the cell body layer)
Schaffer collateral stimulation, most basic field and whole-cell
EPSP properties were unaltered in neurons from SD rats. For
example, field potential amplitudes at 50% maximum, intracel-
lular EPSP rise times, and paired-pulse facilitation were not
changed after SD (Table 3). On the other hand, intracellular EPSP
half-width was slightly reduced, but this presumably reflects the
lower Rin in these cells and not any significant change in synaptic
properties (Table 3).

Although single EPSPs and short-term plasticity appeared
quite normal after SD, the magnitude of LTP as measured 30 min
after two different induction protocols (see Materials and Meth-
ods) was severely reduced in both CA1 pyramidal neurons and
DG granule cells located in slices from sleep-deprived animals. In
field recordings from area CA1, 1 sec duration 100 Hz tetani
produced a mean potentiation in slices from SD rats of 6.4 � 5.5
versus 45.9 � 4.1% in control ( p � 0.001) (Fig. 3). Likewise,
mean potentiation in whole-cell recordings after a theta-type in-
duction protocol was 22 � 16% in neurons from SD rats com-
pared with 89 � 19% in control. In whole-cell recordings from
dentate granule neurons, SD also inhibited the induction of LTP
by a theta-type protocol given to both medial and lateral per-
forant paths (SD 46 � 15% vs control 102 � 20.1%) (Fig. 3).
Because of the potential importance of action potential genera-
tion in LTP induction, the level of somatic current injection into
CA1 pyramidal was manipulated to ensure that the same num-
bers of action potentials were initiated in all groups (three to four
spikes per burst in CA1; see Materials and Methods). Such ma-
nipulations were not necessary in the DG granule cells because
they showed no alterations in membrane excitability.

Although LTP was clearly inhibited, LTD of Schaffer collateral
synapses induced by 5 min of 3 Hz stimuli appeared normal
(control 13.7 � 5.5% vs SD 18.1 � 3.4% depression at 30 min
after tetanus) (Fig. 4A). Also, the induction of LTD could not
rescue the LTP in neurons from SD rats, because giving 100 Hz
tetani 30 min after LTD induction had no effect on the amount of
LTP produced (Fig. 4B). Finally, a 24 hr recovery period after the
72 hr SD was sufficient for complete reversal of the sleep
deprivation-induced inhibition of LTP (52.6 � 9.8% potentia-
tion) (Fig. 4C). Therefore, the deprivation of sleep does not ap-
pear to simply cause a reduction in cell or synapse viability, be-
cause many basic properties including those of the action
potential and other forms of synaptic plasticity are all unaffected.

Figure 1. Effects of 72 hr SD on hippocampus-mediated ( A) and amygdala-mediated ( B)
memory. Y-axes show the mean (�SEM) amount of freezing as percentage of maximum (%
max) possible for each group. A, Freezing in the context in which tone–-shock pairings occurred
24 hr before test was normal in controls (n � 9) but significantly (*p � 0.001) reduced in rats
that were sleep deprived for 72 hr by the single small platform method (n � 9). (Data were
collapsed over the 6 min test period, during which no tones or shocks were delivered.) B,
Freezing in a novel environment before (black bars) and after (gray bars) presentation of the cue
(tone) that had been paired previously with shock was equivalent between control and SP rats.
No shock was presented during this test.
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Furthermore, all cellular properties exam-
ined return to control levels after a short
recovery period.

Impact of platform-related effects
Devices
There is little doubt that the small platform
method of sleep deprivation produces re-
sults that are specific for SD and others
that are not. One potential nonspecific ef-
fect is a chronic immobilization stress re-
sponse, and another could be some poorly
defined nonspecific platform effect that is
not necessarily related to immobilization
stress (e.g., water aversion). To control for
these nonspecific effects we also tested the
impact of a chamber containing a single
platform that is large enough for the rats to
sleep on but not large enough for them to
walk around on (LP). A third chamber
contained five small platforms that are
spaced closely enough to allow the rats to
walk around but not close enough for
them to acquire any significant levels of
REM sleep (MPs). Because the animals can
move from platform to platform within
the multiple platforms chamber, this de-
vice has been reported to produce less im-
mobilization stress compared with either
single platform device, whereas all of the
immobilization stress as well as other non-
specific platform effects are fully present in
the LP devices (Coenen and Van Luijte-
laar, 1985). Therefore, the LP device
should produce whatever alterations result
from immobilization stress and nonspe-
cific platform effects, whereas the MP de-
vice should produce a less immobilization
stressful form of sleep deprivation.

Membrane excitability
Examination of the membrane properties
under these additional treatments revealed
a distinguishable nonspecific platform ef-
fect. The Rin of neurons from rats confined
to the LP device for 72 hr was significantly
lower than that of controls (49.3 � 1.5 vs
70.4 � 2.1 M�; p � 0.05) and was not
different from that of cells from rats placed
on single small platforms. Consistent with
this being primarily an immobilization
stress response, cells from MP rats had
normal Rin relative to control animals
(66.4 � 2.0 M�). Thus, the isolated induc-
tion of persistent long-term immobiliza-
tion stress by the large platform appeared to reduce the Rin of CA1
pyramidal neurons more than the sleep deprivation produced by
the MP devices (compare LP versus MP) (Fig. 2).

Because of the numerous factors involved in shaping spike-
firing patterns, the relative roles of sleep deprivation and stress in
the alteration of those patterns was less straightforward. We saw
that the number of spikes evoked during prolonged depolariza-
tion was reduced in all test groups, with the greatest effect ob-

served in the SP group and a smaller effect in the LP and MP
groups (Fig. 5). That the largest effect was found in the SP neu-
rons (Fig. 2) suggests that both REM sleep deprivation and non-
specific platform effects influence this response. This is consistent
with the data from the LP and MP groups. The rats maintained on
LP showed a reduced Rin but little effect on spike frequency ad-
aptation, whereas just the opposite was observed for the MP rats
where there was no change in Rin but a profound increase in spike
frequency adaptation that was equivalent to the SP group (Fig. 5).

Figure 2. Neuronal excitability is reduced after sleep deprivation. A, Frequency of firing is dramatically reduced after sleep
deprivation. Membrane potential in response to current injections ranging from 0 to 350 pA (top) for control and 0 to 400 pA for
SP (bottom). B, Summary frequency– current plot shows that firing is markedly reduced in the SP group compared with controls.
C, Membrane potential in response to current injections ranging from�210 to 60 pA (30 pA steps) for control (top) and SP neurons
(bottom). D, Summary current–voltage plots showing that Rin is reduced in SP neurons. E, Spike frequency adaptation is enhanced
in SP neurons. Representative traces showing membrane potential from a control (top) and an SP neuron (bottom) in response to
300 pA current injections to both cells. F, Summary plots of adaptation (mean interval for spikes in the final 350 msec of the current
step) and input resistance. The SP group has an enhanced adaptation and reduced input resistance compared with the control
group. To normalize for the differences in Rin , mean intervals were calculated from 350 pA injections in the control group and 400
pA injections in the SP group. *p � 0.01, compared with control group. In all plots the number of cells in each group is given in
parentheses.
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This suggests that the main impact of long-term immobilization
stress on spike firing is mediated through the reduction of Rin (SP
and LP groups), whereas the main effect of sleep deprivation (SP
and MP) on spiking frequency is produced by an enhanced spike
frequency adaptation.

Synaptic plasticity
These additional treatments also revealed a device-specific effect
on hippocampal long-term synaptic plasticity. The magnitude of
LTP produced by 100 Hz tetanic stimulation of Schaffer collateral
input was still significantly reduced after 72 hr sleep deprivation
using the MP chambers (25.2 � 5.9%) (Fig. 6), although not to
the same extent as the SP group (6.4 � 5.5%) (Fig. 3). On the
other hand, the production of long-term immobilization stress
alone (LP) did not have any impact on LTP production in area
CA1 (43.8 � 9.4%) (Fig. 6). Therefore, the deprivation of sleep
using the less stressful MP device can still produce a significant
impairment of LTP, whereas the production of long-term immo-
bilization stress alone (LP) does not.

Memory
As was observed for some of the physiological effects described
above, there were device-specific effects on hippocampal versus
extra-hippocampal memory processes (Fig. 7). Rats that were
deprived of sleep for 72 hr by the MP method showed 95% less
freezing than did control rats, indicative of significant and severe
memory impairment (H � 16.31; df � 2; p � 0.001). Although
LP-treated rats also showed decreased freezing, their scores were
not significantly different from those of either control or SP rats.
Cued memory was not impaired in any of the treatment groups.

Although the above data indicate the presence of both learn-
ing deficits and physiological alterations that are specific to par-
ticular platform devices, a corticosterone radioimmunoassay in-
dicated that plasma corticosterone levels were similarly elevated
in all test groups (Control 87 � 21 ng/ml; SP 211 � 33 ng/ml; LP
149 � 31 ng/ml; MP 180 � 31 ng/ml). These data suggest that
hypothalamic–pituitary–adrenal (HPA) axis-mediated stress was
high in all groups. In light of the fact that each device produced

different cognitive and physiological alterations, it seems ex-
tremely unlikely that any of the observed alterations are simply
the result of elevated corticosterone levels and, by extension,
HPA-mediated stress.

Discussion
Summary
We have found that 72 hr SD produces severe behavioral deficits
that may be linked to particular cellular-level alterations in mem-
brane excitability and synaptic plasticity within the hippocam-
pus. Furthermore, we have performed several experiments that
allow us to control for nonspecific methodological issues. Over-
all, the data may be interpreted to show that primarily REM sleep
deprivation inhibits LTP induction, has no effect on LTD, has no
effect on Rin, increases spike frequency adaptation, elevates cir-
culating corticosterone levels, and dramatically impairs
hippocampal-dependent learning task performance. Persistent
long-term immobilization stress has no effect on LTP (LTD was
not tested), reduces Rin in CA1 cells, does not change adaptation,
elevates circulating corticosterone levels, and slightly impairs
hippocampal-dependent learning task performance (Fig. 7).
Other nonspecific platform effects (e.g., water aversion) do not
appear to impact any of the parameters that we have examined.

Together these data indicate that our methods of producing
SD induce several robust ion channel and synaptic alterations
that overall act to reduce membrane excitability in CA1 pyrami-
dal neurons and inhibit the production of LTP in both dentate
granule and CA1 pyramidal neurons. These alterations in the
basic membrane and synaptic properties could obviously play an
important role in producing the spatial memory deficits observed
in the SD rats. Not only could the reduction in LTP inhibit the
formation of memory-specific synaptic modifications within the
relevant neuronal networks, but also the increased amount of
spike frequency adaptation present in CA1 cells could greatly
alter spike phase precession, further degrading the temporal en-
coding of spatial information in the hippocampus (LTP and
memory review) (Harris et al., 2002; Mehta et al., 2002).

Table 1. Somatic membrane properties of CA1 pyramidal neurons

Rat Vm (mV)
Rin �

(M&OHgr;)
AP thresh
(mV)

AP ampl
(mV)

AP width
(msec)

fAHP
ampl
(mV)

fAHP dur
(msec)

mAHP
ampl (mV)

mAHP dur
(msec)

Adapt
(msec)

Cort (ng/
ml) n � 12

SP (19) �62 � 1 52 � 3* �51 � 1 90 � 5 0.8 � 0.02 8.9 � 2 4.1 � 0.1 1.3 � 0.2 249 � 55 73 � 8 211 � 33*
Control (25) �63 � 1 69 � 3 �53 � 1 92 � 4 0.8 � 0.02 8.6 � 1 4.8 � 0.5 1.2 � 0.1 190 � 36 43 � 4* 87 � 21

Vm, Resting membrane potential; Rin, input resistance; AP, action potential; thresh, threshold; ampl, amplitude from Vm, width at half-maximum amplitude; fAHP ampl, fast afterhyperpolarization peak amplitude from Vm; dur, duration at
half-maximum amplitude; mAHP, medium afterhyperpolariztion; adapt, spike frequency adaptation as mean spike interval during last 350 msec of 700 msec current injection; Cort, plasma corticosterone concentration. * p � 0.01.

Table 2. Dendritic membrane properties of CA1 pyramidal neurons

Rat Vm (mV)
Rin �

(M&OHgr;)

Spike
ampl
(mV)

Spike width
(msec)

Spike
boosting
(%)

F-dep
prop
(%)

SP (4) �69 � 2 28 � 4* 41 � 5 1.4 � 0.02* 186 � 12 58 � 4
Control (4) �71 � 1 40 � 2 42 � 4 2.4 � 0.02 190 � 20 60 � 4

Dendritic recordings from 250 –275 �M distant to soma. Vm, Resting membrane potential; Rin, input resistance; Spike, dendritic action potential; ampl, amplitude from Vm, width at half-maximum amplitude; boosting is increase in spike
amplitude when paired with a 10 –15 mV dendritic depolarization; F-dep prop, frequency dependent propagation as the amplitude of 10th spike in a train divided by the amplitude of the first spike for 30 Hz antidromic stimulation. * p �
0.01.

Table 3. Schaffer collateral properties

Rat fEPSP ampl (mV) EPSP rise � (msec) EPSP dur (msec) PPF (%)

SP (8, 20) 0.58 � 0.2 3.5 � 0.4 26 � 5 40 � 3
Control (8, 20) 0.61 � 0.1 4.0 � 0.6 32 � 4 44 � 6

n � (whole cell, field); amplitude at 50% of maximum; PPF, Paired-pulse facilitation at 50 msec from field recordings; fEPSP, field EPSP.
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It is of interest to note that SD impaired
the contextual, but not the cued, aspects of
Pavlovian fear conditioning, consistent
with a recent study (Dametto et al., 2002).
Given that contextual fear conditioning
relies on normal hippocampal function
(Kim and Fanselow, 1992; Phillips and Le-
Doux, 1992) and that SD interferes with
other types of learning associated with the
hippocampus [e.g., the Morris water maze
and passive avoidance (Harris et al., 1982;
Smith and Rose, 1996)], these behavioral
data support the concept that SD disrupts
hippocampal function. Conversely, SD
did not interfere with the cued aspect of
fear conditioning, suggesting that the
amygdala is more resistant to the disrup-
tive effects of SD than is the hippocampus.

Voltage-gated ion channel alterations
What ion channel alterations might un-
derlie the observed reduction in mem-
brane excitability after SD? The enhanced
spike frequency adaptation is presumably
the result of an elevation in IAHP channel
activities (Hotson and Prince, 1980; Lan-
caster and Adams, 1986) but could be in
response to alterations in other channel
types such as IM (Storm, 1989). The
changes in Rin and dendritic spike dura-
tion are most likely the result of an en-
hanced hyperpolarization-activated (IH)
channel activity (Maccaferri et al., 1993;
Magee, 1998). That dentate granule cells
do not appear to have a large IH compo-
nent under normal conditions (Stabel et
al., 1992; Santoro et al., 2000), and in turn
did not show alterations in Rin after SD,
supports this hypothesis. Our data there-
fore suggest that the lack of sleep modifies
CA1 neuronal excitability by elevating cer-
tain ion-channel activities of which IAHP

and IM are the most likely candidates. Like-
wise, sustained immobilization stress ap-
pears to produce a similar enhancement of
IH channel activity. Interestingly, various forms of learning have
been reported to decrease AHP currents in hippocampal neurons
(Moyer et al., 1996; Oh et al., 2001). There are, however, no other
reports of stress-related changes in IH, although activity-related
alterations in hyperpolarization-activated cyclic nucleotide-
sensitive cation nonselective channel subunit expression and IH

activity in general have been reported (Chen et al., 2001, Fricker
and Johnston, 2001).

Synaptic modification
What processes are responsible for the impairment of LTP? It is
possible that during sleep deprivation there is an increase in syn-
aptic efficacy such that many synapses may be near the LTP sat-
uration point. We feel that this is improbable, because we did not
see any facilitation of LTD, as would be expected (Staubli and
Lynch, 1990; Wagner and Alger, 1995), and producing LTD be-
fore LTP induction did not rescue potentiation. Although it is
undoubtedly a contributing factor, the reduced membrane excit-

ability observed after SD is not, by itself, responsible for LTP
impairment because comparable numbers of action potentials
were produced in all whole-cell recording groups during the in-
duction protocols and LTP is also inhibited in dentate granule
cells, where no change in membrane excitability was observed
(Fig. 3). Also, differences in the probability of transmitter release
do not appear to be a factor because both groups showed similar
levels of paired-pulse facilitation. Thus, although there are many
potential synaptic alterations to consider, the most obvious place
to look would be toward some form of altered postsynaptic
NMDA or AMPA receptor function.

Sleep versus nonspecific effects
As far as synaptic plasticity is concerned, the effects of small plat-
form SD on LTP appear to be mediated primarily by the reduced
REM sleep itself. That LTP was normal in the LP group but sig-
nificantly inhibited in the MP group supports this interpretation.
There is, however, a substantial body of evidence indicating that

Figure 3. LTP is inhibited in hippocampal slices after sleep deprivation. A, Top, Representative somatic EPSPs recorded in vitro
from CA1 cells in response to Schaffer collateral stimulation. Bottom, Normalized averages of EPSP amplitudes (EPSP ampl) from
control and small platform sleep-deprived rats. Theta-like stimulation of Schaffer collaterals occurred at the 10 min time point.
Inset, Example of theta-like stimulation used to induce LTP. B, Top, Representative CA1 field potentials recorded in vitro from
control and small platform sleep-deprived rats after Schaffer collateral stimulation. Bottom, Grouped data showing normalized
field EPSP slope from both groups. LTP induction (2 � 10 0 Hz � 1 sec; 30 sec interval) occurred at the 10 min time point. C, Top,
Representative EPSPs recorded from dentate granule cells in response to medial–lateral perforant path stimulation. Bottom,
Normalized averages of EPSP amplitudes from control and SP rats. Theta-like stimulation of perforant path occurred at the 10 min
time point. All waveforms are an average of 10 consecutive traces. D, Summary of LTP induction in hippocampal slices (mean �
SEM) from control and small platform sleep-deprived rats. We calculated potentiation by dividing the average EPSP slope–
amplitude at 30 min after tetanus by the baseline average. *p�0.01, compared with control group. In all plots the number of cells
in each group is given in parentheses. WC, Whole cell; DG, dentate gyrus; FP, field potential.

9692 • J. Neurosci., October 22, 2003 • 23(29):9687–9695 McDermott et al. • Physiological Effects of Sleep Deprivation



short-term or intermittent, long-term immobilization stress al-
ters LTP (Xu et al., 1998; Pavlides et al., 2002) and learning and
memory (Luine et al., 1994; de Quervain et al., 1998), with this
effect being mediated mainly through the HPA stress axis (Xu et
al., 1998) and mimicked by modulations in circulating corti-
costerone (Pavlides et al., 1993; de Quervain et al., 1998) (but see
Bramham et al., 1998; Kim et al., 2001). The data presented here
indicate that there may be some possibility for adaptation to the
immobilization stress and elevated corticosterone levels pro-
duced during this sustained amount of time. These observations
are in line with reports stating that sleep actually enhances plas-
ticity (Frank et al., 2001) and with others showing that long-term
immobilization stress does not impair developmental synaptic
plasticity, whereas sleep deprivation does (Schaffery et al., 2002).
Furthermore, the fact that corticosterone levels were consistently
elevated across all manipulations, whereas the behavior and cell
physiology were affected differentially, indicates that elevated cir-
culating corticosterone is not in itself the causative factor of the
observed alterations. Moreover, both acute (Blank et al., 2002)
and chronic (Conrad et al., 1999; Sandi et al., 2001) restraint
stress as well as exogenous corticosterone (Cordero and Sandi,

1998) have been shown to augment contextual memory rather
than to impair it, as was observed in the present studies. This
strongly suggests that the deficiencies in contextual memory
found in the present study are the result of SD and not the result
of stressful aspects of the platform-over-water method.

Conclusion
The present findings demonstrate that 3 d of primarily REM sleep
deprivation produce severe behavioral and cellular abnormalities
that primarily originate with the lack of REM sleep itself. This is
not to say that our method of sleep deprivation or sleep depriva-
tion per se is devoid of additional stressors; in fact, recent evi-

Figure 4. LTP is recoverable and LTD is unaffected. A, Twenty-four hour recovery after 72 hr
single platform sleep-deprivation restores LTP to control levels. Tetanus, 100 Hz (2 � 1 sec, 30
sec interval), occurred at the 10 min time point. B, LTD is unaffected by 72 hr of small platform
sleep deprivation. LTD induction (5 min � 3 Hz) occurred at the 10 min time point. C, Giving LTD
before LTP induction does not rescue LTP in rats sleep deprived on the small platform. LTD
induction occurred at the 10 min time point, and LTP induction occurred at the 45 min time
point. Graphs represent grouped data showing normalized fEPSP slope. In all plots the number
of cells in each group is given in parentheses.

Figure 5. Neuronal excitability shows treatment-specific effects. A, Summary frequency–
current plot shows that firing is reduced in both the LP and MP groups, compared with controls.
B, Summary current–voltage plots show that Rin is reduced in neurons from the LP group but
not in neurons from the MP group. C, Summary plots of adaptation (mean interval for spikes in
the final 350 msec of the current step) show that the MP group has enhanced adaptation
compared with the control and LP groups. To normalize for the differences in Rin , mean intervals
were calculated from 350 pA injections in the control and MP groups and 400 pA injections in the
LP group. Significantly different ( p � 0.05) groups are as indicated. In all plots the number of
cells in each group is given in parentheses.
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dence suggests that stress may be an intrinsic component of sleep
deprivation (Meerlo et al., 2002). Nevertheless, we can state with
some degree of certainty that depriving rats of quality REM sleep
leads to specific reductions in membrane excitability and synap-
tic plasticity, all of which could diminish the ability of these ani-
mals to perform certain learning and memory tasks.
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