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High-frequency oscillations, known as sharp-wave/ripple (SPW-R) complexes occurring in hippocampus during
slow-wave sleep (SWS), have been proposed to promote synaptic plasticity necessary for memory consolidation. We
recorded sleep for 3 h after rats were trained on an odor-reward association task. Learning resulted in an increased
number SPW-Rs during the first hour of post-learning SWS. The magnitude of ripple events and their duration were
also elevated for up to 2 h after the newly formed memory. Rats that did not learn the discrimination during the
training session did not show any change in SPW-Rs. Successful retrieval from remote memory was likewise
accompanied by an increase in SPW-R density and magnitude, relative to the previously recorded baseline, but the
effects were much shorter lasting and did not include increases in ripple duration and amplitude. A short-lasting
increase of ripple activity was also observed when rats were rewarded for performing a motor component of the task
only. There were no increases in ripple activity after habituation to the experimental environment. These
experiments show that the characteristics of hippocampal high-frequency oscillations during SWS are affected by
prior behavioral experience. Associative learning induces robust and sustained (up to 2 h) changes in several SPW-R
characteristics, while after retrieval from remote memory or performance of a well-trained procedural aspect of the
task, only transient changes in ripple density were induced.

Hippocampal neural activity during sleep has been hypothesized
to play a critical role in memory consolidation (Buzsaki 1989,
1996; Pennartz et al. 2002; Born et al. 2006). Sharp-wave/ripple
complexes (SPW-Rs), first described a quarter of a century ago
(Buzsaki et al. 1983), are associated with a synchronous discharge
of a large neuronal population in multiple hippocampal sites
(Buzsaki et al. 1983; Suzuki and Smith 1985; Buzsaki 1986).
Buzsaki (1989) suggested that the SPW-R bursts are initiated by
neurons whose recurrent connectivity had been transiently po-
tentiated during the preceding awake experience. The fact that
only a small and select subpopulation of pyramidal cells fire dur-
ing successive SPW-Rs indicates experience-specific modulation
of neuronal connectivity during the SPW-R (Buzsaki 1996).

SPW-Rs are present mainly during SWS but also occur dur-
ing behaviors not associated with theta rhythm like eating,
drinking, grooming, and drowsiness (Buzsaki et al. 1983; Suzuki
and Smith 1985; Buzsaki 1986). This supports the notion that
SPW-R activity provides a substrate for off-line memory consoli-
dation during behavioral states not associated with new infor-
mation processing. Slow-wave sleep (SWS) is of particular interest
because learning-associated changes in cortical spindle activity
during SWS are well documented both in humans (Meier-Koll et
al. 1999; Fogel et al. 2002; Gais et al. 2002; Clemens et al. 2005)
and recently in rats (Eschenko et al. 2006). Moreover, hippocam-
pal ripples and cortical spindles tend to group around the slow
oscillations typical of SWS, thus promoting hippocampal–cortical
communication during this sleep stage (Siapas and Wilson 1998;
Sirota et al. 2003; Battaglia et al. 2004; Mölle et al. 2006).

In vitro studies show that pharmacological induction of
SPW-R activity produces long term potentiation (Buzsaki et al.
1987; Ben-Ari and Gho 1988; Csicsvari et al. 1999), as does de-
polarization of CA1 pyramidal neurons during spontaneously oc-
curring SPW-Rs, in vivo, (King et al. 1999). The SPW-R complexes
can be induced in hippocampal slices with stimulation protocols
known to induce long-term synaptic changes (Behrens et al.
2005). Thus, SPW-Rs provide a background for highly selective
temporal and spatial coordination of neuronal activity that is
essential for the synaptic modifications considered to underlie
memory consolidation (Hebb 1949). Nevertheless the behavioral
evidence for this is only indirect. Hippocampal neurons that fire
together during exploratory behavior tend to fire together again
during subsequent sleep (Pavlides and Winson 1989; Wilson and
McNaughton 1994), leading to the speculation that this off-line
“replay” might be a memory consolidating mechanism. Impor-
tantly, the replay occurs during the SPW-R activity (Kudrimoti et
al. 1999; O’Neill et al. 2006). These studies used behavioral para-
digms in which the rats were performing well-trained motor tasks
in familiar environments in which there was no new learning
involved before the sleep session.

The present study provides a more direct evaluation of the
role of SPW-R complexes in memory consolidation by monitor-
ing changes in their characteristics after new associative learning
or after retrieval from remote memory.

Results
Prior to sleep recording, rats were subjected to different behav-
ioral experiences (Table 1). In one group, EEGs and hippocampal
LFPs (local field potential) were recorded for 3 h immediately
after the associative learning session (learning group). The elec-
trophysiological recording of the second group took place after
the retrieval session, 3–4 wk after the learning of the identical
task (retrieval group). In a within animal design, two recording
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sessions were made for each rat: a baseline control session, where
no behavioral manipulation preceded the recording, and a post-
experience session, where the recording session was preceded by
either a learning session or a retrieval test. In an additional group
of rats, the recording took place after habituation to the experi-
mental environment and procedural training; the prelearning
behavioral procedures applied to all experimental conditions
(for details, see Table 1).

As we have reported previously (Eschenko et al. 2006), none
of the behavioral procedures altered the awake–sleep pattern or
total amount of post-experience SWS during the 3-h monitoring
period. Since the temporal pattern of SWS episode occurrences
and their duration varied among naturally sleeping rats, the
analysis of ripple activity was performed for mean values over
30-min time intervals. On average, there were 5.9 � 0.3 SWS
episodes per 30-min of recording; despite individual variability,
the actual number of SWS episodes did not differ over time, nor
between behavioral conditions.

Ripple activity during baseline SWS
The intrinsic ripple properties (amplitude, duration, and magni-
tude; see Fig. 1) during baseline recording did not differ among
rats assigned to learning or retrieval groups and were stable over
the 3 h of baseline recording. The SWS-associated ripple density
was higher at the beginning of the session and gradually de-
creased over time (Fig. 2, white bars). This was confirmed by a
significant main effect of “repetition” (F5,12 = 7.3; P < 0.01) and
subsequent Newman Keuls tests showing that the first 30-min
period of the baseline recording had a significantly higher ripple
density than the later periods (P < 0.001).

Ripple activity during
post-learning SWS
There was a striking increase in ripple
density during the first episodes of SWS
after the session of learning the odor-
reward association, relative to the base-
line (Fig. 2, left panel). In addition to the
main effect of repetition (F5,40 = 30.96;
P < 0.001), there was a significant main
effect of “behavioral condition,” base-
line vs. post-learning (F1,8 = 9.5;
P = 0.015), and a significant repetition
� behavioral condition interaction
(F5,40 = 4.18; P = 0.004). Post hoc New-
man Keuls tests indicated that the inter-
action was due to significantly higher
ripple density during the first two 30-
min periods of post-learning SWS com-
pared with the equivalent baseline peri-
ods, as indicated in Figure 2 (P < 0.001
for each comparison). The ripple density
during the remaining 2 h of recording
did not differ from the corresponding
baseline periods.

Learning not only resulted in more frequent occurrence of
ripples but also increased their duration (F1,8 = 5.89; P = 0.04, for
main effect of behavioral condition; F5,40 = 4.05; P = 0.004, for
repetition � behavioral condition interaction). The increase
reached significance during the first and third 30-min periods. A
more durable effect of learning was seen on the magnitude of the
ripples (see Materials and Methods; F1,8 = 7.46; P < 0.05), which
was significantly increased after learning for at least 2 h, as illus-
trated in Figure 3 (left panel).

Thus, the learning-related effects on the hippocampal ripple
activity were expressed as higher ripple density (ripples/minute),
increase in ripple duration, and magnitude; all effects were ob-
served immediately after SWS onset and lasted for up to 2 h of
post-learning SWS.

Ripple activity and behavioral performance
Based on the behavioral performance during learning session,
rats fell into two groups: those that showed a significant decrease
in latency to retrieve the reward by the end of learning session,
which reflected learning of the odor-reward association, and
those that showed no significant learning over trials (Fig. 4A).
The latency in learners (six of nine rats) decreased from
163.2 � 12.5 to 55.3 � 13.5 sec (mean response latency for the
first and last two trials, respectively). The latency in the remain-
ing three rats (nonlearners) did not significantly decrease by the
end of the learning session. These rats tended to forage ran-
domly, not locating the reward within the allotted 3 min. The
increase in ripple density in learners was significantly greater
than zero during the first hour after learning and even over the
whole recording session.(t5 = 3.34, P = 0.02 and t5 = 2.78, P = 0.04,
respectively). The nonlearners showed a much smaller change in

Figure 1. Detection and quantification of CA1 SPW-associated ripples. (A) Trace 1 indicates local
field potentials recorded at the CA1 pyramidal cell layer (1–500 Hz); trace 2, trace 1 filtered to 150–250
Hz; trace 3, ripple troughs; trace 4, ripple peaks; trace 5, ripple on and off sets; and trace 6, root mean
square of trace 2. (B) Illustration of the ripple detection algorithm and estimation of the ripple intrinsic
properties. The ripple indicated with an asterisk on panel A is enlarged. Vertical lines indicate the ripple
duration (100 msec); horizontal line on trace 6 indicates the ripple on/off set threshold; and the filled
region indicates the area used to estimate the ripple magnitude. The amplitude scale is 1 mV for trace
1; 0.1 mV for trace 2; 0.05 mV for trace 6.

Table 1. Behavioral experience prior to sleep recording

Experimental group

Experimental manipulation

Pretraining Surgery Habituation Learning Surgery Retrieval

Learning + + + Odor-reward associationa

Retrieval + � + Odor-reward association + Remote memory testa

Habituation/pseudo-learning + + +a Random rewarda

aSession preceded and followed by recording session.
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ripple density, which was not significantly different from zero, dur-
ing the first hour or over the whole recording session (Fig. 4B).

Ripple activity during post-retrieval SWS
The behavioral performance of all eight rats trained on the odor-
reward association task and tested 3–4 wk later was comparable
to the performance at the end of the learning session. The short
response latency, 51.8 � 11.9 sec compared with 55.3 � 13.5 sec
at the end of learning, indicated a well-preserved memory trace.
Reactivation of memory of the odor-reward association by the
retention testing resulted in an overall higher ripple density dur-
ing SWS after retrieval relative to the baseline recorded one day
before (F1,7 = 10.5; P < 0.01). There was also a significant effect of
repetition (F5,35 = 24.8; P < 0.0001) indicating a gradual decrease
in ripple activity over time regardless of preceding experience.
Although the interaction between the behavioral condition and
repetition was not quite significant, (P = 0.07) Newman Keuls
tests revealed that the elevated ripple density was present only
for the first 30 min after SWS onset (Fig. 2, right panel). The
ripple density during this time window was significantly higher
than for the corresponding baseline period and also higher than
for all subsequent post-retrieval time periods. The post-retrieval
elevated ripple density was accompanied by a significant increase
in ripple magnitude, again limited to the first 30-min period of
SWS (Fig. 3, right panel).

Ripple activity during post-habituation or post-digging
SWS
In a control experiment, the recording was made after habitua-
tion to a novel environment and after digging for random re-
wards (Table 1). Similar to learning and retrieval groups, these
rats (n = 6) were first trained to dig in a gravel-filled cup to obtain
reward. After post-surgery recovery, the rats were submitted to a
baseline recording session. This was followed immediately by
habituation session consisting of five 3-min exposures to the
experimental box with a 1- to 2-min intertrial interval to ap-
proximate the behavioral procedure of the learning session, after
which the electrophysiological recording took place. There was
no reward available in the box and no opportunity to dig.
Twenty-four hours later, the rat was re-exposed to the experimen-
tal box, now containing four gravel-filled cups, one of which
contained the reward. The rat was submitted to five trials in
which the reward was randomly located independently of any
known cue; therefore, there was no opportunity for associative
learning. Since differences in ripples were restricted to the first 2

h of SWS in the learning experiment, recording sessions were
limited to 2 h after the habituation and digging sessions.

The behavioral experience (habituation or digging), did not
change the sleep pattern. The number of SWS episodes per 30-
min was similar to that of the learning and retrieval experiments
(5.5 � .05). The SWS-associated ripple density during the base-
line and after each of the behavioral experiences was higher at
the beginning of the session and gradually decreased over time
(Fig. 5 A). This was confirmed by a significant main effect of
repetition (F3,15 = 31.85; P < 0.0001 and subsequent Newman
Keuls tests showing that the first 30-min period of recording had
a significantly higher ripple density than the later periods
(P < 0.01). There was also an effect of the behavioral experience
(baseline, habituation, or digging) on the ripple density
(F2,10 = 4.97; P = 0.03). Subsequent Newman Keuls tests revealed
a significant difference between the digging condition and base-
line and between the digging condition and habituation for the
first 30-min time period (Fig. 5A). Post-habituation ripple density
did not differ from baseline, as shown in Figure 5A (Ps > 0.05 for
all time intervals). There were no behavioral condition effects at
any other time period of the 2-h recording session. Ripple mag-
nitude is shown in Figure 5B. There was a statistically significant
decrease of the ripple magnitude over the recording session
(F3,15 = 4.71; P = 0.01), but none of the orthogonal comparisons
were significant, according to the Newman Keuls test.

Discussion
This set of experiments shows that hippocampal SPW-R com-
plexes occur more frequently during the first hour of post-
learning SWS, relative to frequency of occurrence during SWS
recorded after no behavioral experience. The post-learning in-
crease in the magnitude and duration of ripple complexes was
observed for up to 2 h. The change in ripple activity was not seen
in those rats that did not express behavioral learning of the odor-
reward association task. There was also a small, but shorter last-
ing (∼30 min) increase in ripple density (ripples/second) and
magnitude in rats that retrieved a previously learned odor-reward
association from remote memory to successfully perform the
task. Rats that, after a pretraining of digging, merely performed
the digging task to obtain reward without any explicit odor-
reward association learning also showed a significant increase in
ripple density, however limited to the first 30 min of post-
experience SWS sleep, and no change in ripple magnitude. Fi-
nally, there was no increase in ripple density or ripple character-
istics after a habituation session involving simply exploring the
experimental environment.

Odors alone do not appear to be sufficient to drive the sus-
tained changes in ripple activity seen after associative learning.

Figure 2. The dynamic of hippocampal ripple occurrence during SWS.
Open bars indicate baseline recording; gray bars, post-learning (left
panel) or post-retrieval (right panel) recording. ***P < 0.001 and
*P < 0.05 for within-group comparisons. The post-learning data include
all animals, learners and nonlearners. Note the striking elevation of ripple
density during the first hour of post-learning SWS and less persistent
change during post-retrieval SWS.

Figure 3. The hippocampal ripple magnitude (µV*sec) across 3 h after
SWS onset. Open bars indicate baseline recording; gray bars, post-
learning, including both learners and nonlearners (left panel) or post-
retrieval (right panel) recording. ***P < 0.001, **P < 0.01, and *P < 0.05
for within-group comparisons. Note the long lasting elevation of ripple
magnitude during post-learning SWS and less pronounced change after
the retrieval.
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Those rats that failed to learn were equally exposed to the odors
but did not show any changes in ripple activity. Furthermore,
rats in the retrieval situation were also exposed to the odors but
showed only a short-lasting elevation of ripple activity during
the early episodes of SWS. Finally, rats performing the digging
task to obtain reward in the control experiment were not exposed
to odors but showed changes of ripple activity similar to those of
the retrieval group.

The learning-associated increase in ripple density, magni-
tude, and duration could be taken as support for the notion that
SPW-R events in the hippocampus provide a physiological sub-
strate for a second (off-line) stage of memory consolidation
(Buzsaki 1989; King et al. 1999). On the other hand, behavioral
experience that does not involve new associative learning can
also induce changes in ripple activity, although of shorter dura-
tion, as indicated by the retrieval group and by the “digging
only” control group. There are, however, some important differ-
ences between the changes seen after associative learning and
after retrieval of the odor-reward association or performance of
the digging task. After associative learning, it was not just the
frequency of SPW-R occurrence (ripple density) increased but the
magnitude of SPW-R events and their duration were significantly
elevated for up to 2 h after learning. An increase in ripple mag-
nitude would suggest the engagement of a larger population of
hippocampal neurons in a SPW-R–associated synchronous dis-
charge. It has been shown that ripple magnitude is correlated
with the number of spikes recorded in the time window of the
ripple duration (King et al. 1999).

The retrieval group, in addition to elevated ripple density,
also showed an increase in ripple magnitude, but both effects
were short-lasting and observed only during the first 30 min of
post-retrieval SWS. In the digging situation, which did not re-
quire making odor-reward association, the changes were re-
stricted to ripple density only and were observed for the first 30
min of post-experience SWS. It is important to note, however,
that there was no increase either in ripple density or in the in-
trinsic properties of ripples after the habituation session, relative
to its baseline. During this session, the rat explored the experi-
mental environment for five trials, the session being about the
same duration as other behavioral conditions. The rats moved
about in the box, but there was no reward available and no op-
portunity to dig. Thus, a 15-min period of intermittent locomo-
tor activity and handling is not sufficient to drive changes in
ripple activity during subsequent SWS.

The activity of neuronal population in hippocampal CA3
area, which generates sharp waves, depends on both cellular ex-
citability and recurrent excitatory synaptic interactions. The on-

set of SPW-R coincides with a brief transient increase in firing of
CA3 neurons, which may be triggered by extra-hippocampal in-
put related to the preceding behavioral experience. The activity
elicited in CA3 neurons spreads to other hippocampal areas and
eventually leads to synchronous activity of a large neuronal
population in CA1 (Buzsaki 1986, 1996). The population burst in
CA1 will depolarize target cells and promote synaptic plasticity
in these target regions. It has, indeed, been shown repeatedly
that persistent changes in synaptic transmission and intrinsic
excitability of the cells of the engaged network occur as a result
of learning (Brons and Woody 1980; LoTurco et al. 1988; Saar
and Barkai 2003; Zhang and Linden 2003; Disterhoft and Oh
2006). Thus the increase in ripple activity may be a reflection of
these experience-dependent changes in the cellular properties
and synaptic connectivity within the network (King et al. 1999).

Replay of hippocampal neuronal ensembles active during
previous behavioral episodes is another example of experience-
dependent persistent neuronal activity thought to be involved in
off-line memory consolidation (Pavlides and Winson 1989; Wil-
son and McNaughton 1994; Skaggs and McNaughton 1996; Na-
dasdy et al. 1999; Louie and Wilson 2001; Lee and Wilson 2002).
These studies have focused exclusively on ensemble activity of
place cells in the hippocampus recorded in rats performing fa-
miliar tasks, requiring a high degree of locomotor activity, such

Figure 4. (A) Behavioral expression of odor-reward association learn-
ing. Average response latency for the first two trials (1) and the last two
trials(2) of the learning session for learners (open squares) and nonlearn-
ers (black squares) are shown. Behavioral performance significantly im-
proved within one training session in learners (six out of nine rats). (B)
Percentage of ripple density increase over the first hour of post-learning
SWS in learners (open bar) and nonlearners (black bar). A significant
increase was observed in learners only (one-sample t-test, P < 0.05).

Figure 5. The dynamic of hippocampal ripple occurrence (A) and
ripple magnitude (B) during SWS after habituation and after pseudo train-
ing. Open bars indicate baseline recording; black bars, post habituation;
and gray, pseudo training. *P < 0.05 for within-group comparisons. Note
the absence of ripple modification after habituation and the significant
elevation of ripple density limited to the first 30 min of SWS after pseudo
training.
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as foraging for food or running on a track. The majority of these
investigators, nevertheless, suggest that the ensemble replay rep-
resents a reactivation of a memory trace established during the
previous behavioral episode, even though such behavioral activi-
ties do not necessarily involve acquisition of a new information
and formation of new memories. It remains an open question
whether reactivation occurs after acquisition of information un-
related to spatial encoding. The existing literature is sparse, with
just one report of SWS-associated reverberating activity in mul-
tiple brain regions including hippocampus, after exposure to
novel objects in familiar environment (Ribeiro et al. 2004). Un-
fortunately, that study provided no behavioral information on
the degree of learning or expression of memory. An important
point to emphasize here is the fact that this ensemble replay
occurs preferentially during the SPW-R episodes (Nadasdy et al.
1999; Kudrimoti et al. 1999, O’Neill et al. 2006).

There are several important behavioral differences between
our study and the “replay” studies. The most important one is
probably the fact that we are evaluating hippocampal activity
after new stimulus-reward learning, while the replay studies use
well-trained rats performing routine simple behavioral reper-
toires. In the present study, the rats must learn in a single session
to discriminate among four different odors and to associate one
of them with reward. The effect of this intensive multitrial odor-
reward associative learning on hippocampal ripple activity is
longer lasting than the duration of the replay reported by others.
The higher occurrence of post-learning SPW-R was observed for 1
h, while the larger magnitude of ripples and their longer duration
were present up to 2 h of post-learning SWS. Our control condi-
tion in which the rats had to perform a well-trained motor ac-
tivity to obtain reward clearly not involving new learning is
somewhat analogous to the behavioral procedures in the re-
play studies. In both cases, neuronal effects are limited to the
very early stages of SWS after the behavioral experience. More-
over, in the present study, these short-lived changes were only
seen in ripple density and not in ripple magnitude or duration, as
was the case for the group that learned the odor-reward associa-
tion.

Little is known about the correlation between ripple activity
and learning. It has been reported that number of ripples in-
creases within a given session, indicating possible relationships
between the satiation and incidence of ripples (Buzsaki 1985;
Jackson et al. 2006). Higher ripple occurrence accompanied a
short-lasting (∼30 min) neuronal replay in hippocampus after
running on a familiar track (Kudrimoti et al. 1999); the latter
result is consistent with a short-lasting elevation of ripple activity
after the retrieval from remote nonspatial memory or after per-
formance of the familiar digging task, reported in the present
study. The ripple occurrence during SWS is also proportional to
preceding waking duration, manipulated by stimulating drugs
(Ponomarenko et al. 2003). None of the studies provide direct
evidence for a relationship between ripple activity, learning, and
newly formed memories.

The present study substantially extends the existing data in
many respects. First, it directly tests the animals in a formal as-
sociative learning situation; second, it characterizes in detail the
post-learning ripple activity and learning-related changes in the
intrinsic properties of ripples during 3 h of post-learning SWS;
and third, it compares population activity after newly acquired
information, after retrieval from remote memories, and after per-
formance of a well-trained motor task. The odor-reward associa-
tion learning resulted in increased occurrence of SPW-Rs in rat
hippocampus during the first hour of post-learning SWS. The
magnitude of the ripple events and their duration were signifi-
cantly elevated for up to 2 h after learning, suggesting that a
larger population of neurons was involved in the synchronous

activity reflected in the high-frequency oscillation. The density
and magnitude of SPW-Rs after the retrieval test, where good
memory was expressed in all rats, were also increased. However,
the effect was shorter-lasting.

The increase in ripples after retrieval from remote memory
extends the data from many studies, largely based on cue-
dependent amnesia, suggesting that memory becomes labile after
it is retrieved and is subsequently stabilized by a reconsolidation
process (Sara 2000; Dudai and Eisenberg 2004). The present re-
sults, along with the ensemble replay studies, provide more posi-
tive evidence for a reconsolidation process occurring during SWS.

After retrieval from remote memory, change in ripple den-
sity and magnitude was much shorter-lasting, suggesting that the
duration of off-line memory consolidation processes may be a
function of the amount and nature of new information to be
processed. The short-lived increase in ripple density (but not
ripple magnitude) was also seen after simple performance of the
well-trained digging task, with random reward. This situation
involved no new learning; the rat was familiar with the experi-
mental environment (from the previous habituation session) and
had been pretrained to dig for reward. It is clear that both the
retrieval and the digging condition require the same motor be-
havior to attain the reward, and neither required new learning.
On the other hand, both required retrieval from remote memory;
the retrieval group learned the digging procedure and the odor-
reward association 3 wk prior to the test, and the digging only
group learned the behavior necessary to obtain the reward ∼2–3
wk prior to recording. In both cases, the increase in ripple density
was transient and, at least in the case of the digging only rats, was
restricted to ripple density. Further carefully controlled studies
will be required to determine the exact role of SPW-R complexes
in putative reconsolidation processes after retrieval from remote
memory (Sara 2000) and what is the relative contribution of
locomotor activity to the early, transient increase in ripple activ-
ity (and also to replay) during subsequent SWS.

The results of the present study do lend further support to a
substantial body of literature from human and animal studies
suggesting the importance of off-line information processing and
SWS-associated memory consolidation (Pennartz et al. 2002; Gais
and Born 2004; Ribeiro and Nicolelis 2004; Stickgold 2005;
Walker and Stickgold 2006). Hippocampal SPW-R complexes oc-
curring in concert with cortical spindles may provide the condi-
tions for hippocampal-cortical dialogue necessary for memory
consolidation (Siapas and Wilson 1998; Sirota et al. 2003; Batta-
glia et al. 2004; Eschenko et al. 2006; Mölle et al. 2006). Thus,
studies addressing the spontaneously occurring neuronal popu-
lation events recorded as EEG and LFPs during post-learning SWS
should complement the ensemble recordings to further under-
standing of the spatial-temporal neural dynamics underlying
memory consolidation. The present results do also underline the
fact that many behavioral experiences affect spontaneous activ-
ity of networks during subsequent sleep, necessitating careful
control studies to determine what network activity changes spe-
cifically with associative learning.

Materials and Methods

Animals
Male Sprague-Dawley rats (Charles River Laboratories), weighing
350–400 g, were used (n = 23). The rats were housed individually,
handled daily, and kept on a 12-h light/12-h dark cycle with
lights on at 08:00 h. Water and food was available ad libitum. All
procedures were performed following the 1986 European Com-
munities Council Directive and Ministère de l’Agriculture et de la
Forêt, Commission Nationale de l’Experimentation Animale de-
cree 87848 (France).

Ripple activity and learning
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Surgery and electrophysiological recordings
Animals were anesthetized with sodium pentobarbital (40 mg/
kg, i.p., initial dose with 0.1-mL supplements given as necessary)
and fixed in a stereotaxic frame. Atropine sulfate (0.2 mg/kg) was
administered to minimize respiratory distress. The skull was ex-
posed, and burr holes were made for the electrode placement. A
microelectrode (FHC) (resistance ∼1 M�) was placed in the CA1
pyramidal cell layer (AP = �3.5, L = 2.0) at a depth of 2.0–2.5
mm. The depth of the electrodes was confirmed by monitoring
unit activity during implantation and histological analysis. Two
screw electrodes were placed over the prefrontal cortex
(AP = +4.0, L = 0.5 and AP = +0.5, L = 0.5) for EEG recordings.
Signals were amplified (� 1 k) by a differential AC amplifier
(model 1700, A-M Systems, Inc.), filtered (1–500 Hz), digitized at
2 kHz with 16-bit resolution using a CED Power1401 converter
and Spike2 software (Cambridge Electronic Design), and stored
for off-line analysis.

Recording was performed in a transparent Plexiglas box
(25 � 25 � 50 cm in size). The rat was connected to the ampli-
fier by a cable allowing free movement within the box. Behavior
was tracked by a video camera (Quickcam, Logitech) mounted on
the top of the recording box. The video image was synchronized
with electrophysiological recordings. Recordings lasted for 3 h
between 10:00 h and 18:00 h during the light period, i.e., when
rats spend most of their time sleeping. After the last recording
session, rats were deeply anesthetized with pentobarbital (100
mg/kg) and perfused intracardially, and brains were extracted for
histological analysis.

Behavioral procedures
After a 1-wk recovery from surgery, rats were put on a food-
restricted diet (20 g per day; body weight not less than 80% of
free-food weight). Each rat was habituated to the recording box
and the plugging procedure. The four-way odor-reward associa-
tion digging task was used for behavioral testing and is described
in detail elsewhere (Eschenko et al. 2006). Briefly, animals were
first trained in a neutral environment to retrieve reward located
on the bottom of a gravel-filled cup. For the learning procedure,
four gravel-filled cups, each containing a powdered spice with a
distinct odor, were placed in the corners of the experimental box
(100 � 100 � 50 cm), with reward placed in one of the cups
associated with the target odor. Location of the cups within the
box varied from trial to trial, according to a predetermined se-
quence for each rat. Rats were allowed five to 10 massed trials
with 3-min cut-off time and 1- to 2-min intertrial interval to
make an odor-reward association. In a within-animal design, two
recording sessions were conducted for each rat: a baseline control
session, where no behavioral manipulation preceded the record-
ing, and a post-learning or post-retrieval session. Recording ses-
sions were carried out in an adjacent room in a familiar recording
chamber. One group of rats (learning, n = 9) was trained the day
following the baseline recording; the second group of rats (re-
trieval, n = 8) was first trained and submitted to surgery 1–2 wk
later. After the recovery period, a baseline recording was made,
and the next day, rats were re-exposed to the learning situation
2–4 wk after the initial training.

In a control experiment, the rats (n = 6) were first trained to
dig to find the reward in gravel-filled caps. They were recorded in
a baseline session, with no preceding behavioral manipulation.
This was followed immediately by habituation session consisting
of five 3-min exposures to the experimental box with a 1- to
2-min inter-trial interval to approximate the procedure and du-
ration of the learning session, after which they were recorded for
2 h. The next day rats were submitted to a digging only session in
which they were confronted with four odor-free gravel-filled cups
in the experimental box, in which the habituation session had
taken place. One of the cups contained a reward; After the rat had
retrieved the reward, the trial was terminated and the rat placed
in a holding cage during the 1- to 2-min intertrial interval. The
rat was submitted to five trials in which the reward was randomly
located independently of any known cue, therefore, no oppor-

tunity for associative learning. After the rat completed five such
trials, sleep was recorded for 2 h.

The sequence of all the behavioral manipulations before re-
cording is summarized in Table 1.

Data processing and statistical analysis
Learning was characterized in terms of the latency for a correct
response, i.e., the time it took to locate the reward before finding
the reward.

Electrophysiological data processing was performed using
Spike2 and custom software based on the built-in script language
(Cambridge Electronic Design). Power spectra of delta (1–4 Hz),
theta (5–10 Hz), and spindle (12–15 Hz) frequency bands were
calculated continuously, and sleep-wake episodes were scored by
visual assessment for 10-sec epochs according to standard criteria
(Bjorvatn et al. 1998). AWAKE state was marked by the presence
of low-amplitude fast activity; SWS was identified by continuous
high-amplitude slow activity and regular appearance of spindles;
transitions from SWS into rapid eye movement (REM) sleep were
identified by a decrease in high-amplitude slow activity, increase
of theta activity, and presence of spindles. REM sleep was char-
acterized by dominant theta activity and low-voltage fast activ-
ity. Behavioral states were additionally verified by video record-
ing.

SPW-Rs were detected by means of an automatic threshold-
ing algorithm (Siapas and Wilson 1998; Csicsvari et al. 1999),
illustrated in Figure 1. The hippocampal LFP signal was first fil-
tered (150–250 Hz) and the root mean square (RMS) was calcu-
lated at every 5 msec (in a moving 10-msec window). The thresh-
old for ripple peak detection was set to 4 SDs above the mean
RMS signal. The beginning and end of a ripple were marked at
points at which the RMS signal dropped below 2 SD provided
that these two points were separated by 25 msec; these time
points were used to estimate ripple duration. For every marked
ripple, the troughs of the ripples were detected as the minima of
the filtered LFP signal, and the deepest trough was marked as the
time point representing the respective SPW-R event. The magni-
tude of the ripple was determined by integrating the RMS signal
over the duration of each ripple (King et al. 1999). Ripples were
detected during SWS periods only. The ripple amplitude was es-
timated as a voltage difference between maximum and mini-
mum peaks of the filtered CA1 signal during the ripple event.
Ripple density was defined as the number of ripples/second. Fig-
ure 1A shows the raw data from a hippocampal electrode. Ripple
parameters and how they were measured are illustrated in Fig-
ure 1B.

Since the temporal pattern of SWS episode occurrences and
their duration varied among naturally sleeping rats, the analysis
was performed for mean values over 30-min time intervals. On
average, there were 5.9 � 0.3 SWS episodes (range, 3–10) per
30-min of recording; despite variability between rats, the actual
number of SWS episodes did not differ over time, or between
behavioral conditions. The data were submitted to a randomized
block, repeated-measures ANOVA with blocks being baseline and
post-learning or post-retrieval behavioral condition; the repeated
measures were the six 30-min time periods. In the control experi-
ment, blocks were baseline, habituation, and digging only; the
repeated measures were the four 30-min time periods. All post
hoc comparisons were made using the Newman Keuls test.
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