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Over 50 years ago, Scoville and Milner
(1957) reported the case of H. M., an epi-
leptic patient who underwent bilateral re-
moval of his medial temporal lobe, a re-
gion of the brain that encompasses the
hippocampus. After the surgery, H. M.
was unable to form new memories, high-
lighting the importance of the hippocam-
pus in memory formation. However,
H. M. retained most of his childhood
memories, suggesting that these older
memories were stored outside of the hip-
pocampus. Research on primates and ro-
dents has corroborated the essential role
of the hippocampus in transforming new
memories into stable representations else-
where in the brain (Squire, 1992), a pro-
cess known as consolidation. However,
the mechanisms underlying consolida-
tion remain poorly understood, and it is
these fundamental mechanisms that a re-
cent study by Lansink et al. (2008) in The
Journal of Neuroscience attempts to
understand.

Many theories of memory consolida-

tion propose the reactivation of behav-
ioral experiences, typically during periods
of sleep or rest. Electrophysiological evi-
dence for such theories has been recorded
in hippocampal place cells in rats. Pavlides
and Winson (1989) found that after a rat
was exposed to a particular region of
space, only place cells encoding that spe-
cific region increased their firing rates
during postbehavioral sleep (POST). Wil-
son and McNaughton (1994) extended
this finding to show that pairs of place
cells that had correlated activity during a
track session (RUN) were more strongly
correlated during POST sleep, a phenom-
enon called reactivation of correlated ac-
tivity. More complex examples of behav-
ioral activity recurring during POST sleep
have also been observed. For instance,
specific multineuron activity patterns
during RUN are reactivated during both
rapid eye movement (REM) sleep (Louie
and Wilson, 2001) and slow-wave sleep
(Lee and Wilson, 2002), a phenomenon
known as replay. Replay thus refers to a
particular sequence of spikes among a
population of cells, whereas reactivation
refers to the simultaneous activity of pairs
of cells.

Active and sleep states are often de-
fined by their cortical and hippocampal
EEG or local field potential (LFP) signals.
As a rat runs on a track, LFP recordings in
the hippocampus reveal an 8 Hz extracel-
lular oscillation, called the theta oscilla-

tion. REM sleep is also characterized by 8
Hz theta oscillations in the hippocampus.
Given this similarity, it is perhaps unsur-
prising that replay of RUN activity in
REM sleep occurs on almost the same
time scale as the original spike patterns
seen during RUN (Louie and Wilson,
2001).

During slow-wave sleep, the cortex
shows prominent slow (0.5–3 Hz) oscilla-
tions, but the hippocampal LFP is charac-
terized by high-amplitude irregular activ-
ity. These irregular hippocampal events
are marked by large, brief (100 ms), high-
frequency oscillations called ripples. Rip-
ples are accompanied by the synchronous
firing of many hippocampal cells, and are
hence thought to be important in consol-
idation. Amazingly, hippocampal activity
patterns that span several seconds during
RUN are compressed 20-fold when they
are replayed during a single ripple event in
slow-wave sleep (Lee and Wilson, 2002).
The reactivation of correlated activity first
observed by Wilson and McNaughton
(1994) also occurs preferentially during
ripple events. Thus, behaviorally induced
activity can recur in different forms dur-
ing sleep, and ripples are important in
most cases.

Many theories of memory consolida-
tion suggest that multiple brain regions
are simultaneously reactivated so that
multimodal information can be “bound”
together into unified memories. Other
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brain regions would thus be expected to
show concurrent reactivation with the
hippocampus to strengthen memories
stored outside the hippocampus. Indeed,
replay has been recorded simultaneously
in the hippocampus and the visual cortex
(Ji and Wilson, 2007). Furthermore, Pen-
nartz et al. (2004) showed that neurons in
the ventral striatum are reactivated during
quiet wakefulness/slow-wave sleep (QW-
SWS). This striatal reactivation is coinci-
dent with hippocampal ripples, suggest-
ing that the ventral striatum is also
involved in more global consolidation
processes.

The ventral striatum encompasses the
nucleus accumbens, a region that is
thought to encode both reward expecta-
tion and reward delivery, and might also
play a role in controlling motor output.
Given this reward-related activity, Lan-
sink et al. (2008) asked whether ventral
striatum reactivation is specific to reward-
modulated cells, and could thus contrib-
ute a motivational component to the
memories being consolidated.

Like Pennartz et al. (2004), Lansink et
al. (2008) addressed these questions by us-
ing a measure of reactivation known as
explained variance (EV). To calculate EV,
the authors record the activity of a popu-
lation of ventral striatal neurons in three
epochs: prebehavioral sleep (PRE), RUN,
and POST. By calculating all possible pair-
wise correlations among the recorded
cells, EV measures how well the correla-
tions during RUN predict the correlations
during POST. As a control, the “reverse
explained variance” (REV) is calculated
by replacing POST with PRE. EV thus
provides a population-based measure of
the pairwise reactivation found by Wilson
and McNaughton (1994).

Cells were classified as reward cells or
nonreward cells based on whether they
showed a significant response time locked to
a reward site visit [Lansink et al. (2008),
their Fig. 2 (http://www.jneurosci.org/cgi/
content/full/28/25/6372/F2)]. As found by
Pennartz et al. (2004), cells in the ventral
striatum showed significant reactivation
(defined as EV � REV), and this reactiva-
tion persisted for at least 40 min during
POST [longer than what has been observed
in the hippocampus (Wilson and Mc-
Naughton, 1994)]. Interestingly, ventral
striatum reactivation was limited to QW-
SWS, and did not occur during REM sleep
[Lansink et al. (2008), their Fig. 4 (http://
www.jneurosci.org/cgi/content/full/28/25/
6372/F4)]. Furthermore, significant reacti-
vation during QW-SWS was confined to
200 ms periods after the onset of hippocam-

pal ripples [Lansink et al. (2008), their Fig. 3
(http://www.jneurosci.org/cgi/content/full/
28/25/6372/F3)].

To quantify the specific contribution
of reward cells to reactivation, the authors
pooled their data across rats and across
sessions, because the number of reward
cells per session was typically limited. To
do this, pairs of reward cells were sampled
from the pooled data, each sample con-
sisting of the pair’s activity over PRE,
RUN, and POST. Both nonreward- and
reward-cell populations showed signifi-
cant reactivation. However, reward-cell
populations showed greater differences
between EV and REV [Lansink et al.
(2008), their Fig. 5A (http://www.jneurosci.
org/cgi/content/full/28/25/6372/F5)], in-
dicating that reward cells are more
strongly reactivated. Reward cells also

demonstrated an increased tendency to
fire spikes during hippocampal ripple
events in POST QW-SWS relative to PRE
QW-SWS, which could not be explained
by overall changes in firing rate (Fig. 1).

The realignment of ventral striatal
reward-cell spikes with POST hippocam-
pal ripples was quite substantial. In PRE,
reward cells fired at the same rate, both
during ripples and between ripples (Fig.
1A, cells 1–3). In POST, however, the fir-
ing rate during ripples was double the rate
between ripples (Fig. 1C, cells 1–3). This
realignment of spikes to coincide with rip-
ples was distinctly absent in nonreward
cells (Fig. 1A,C, cell 4). Such a realign-
ment of reward-cell spikes with brief rip-
ple events should increase the correlations
between pairs of reward cells in POST
compared with PRE. As the authors point
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Figure 1. Schematic depiction of the main findings of Lansink et al. (2008). The hypothetical activities of four ventral striatal
cells (C1–C4) during PRE, RUN, and POST are shown in the left column. The corresponding pairwise correlations are depicted by the
thickness of the lines connecting the cells and are shown in the right column. A, During PRE, all four cells fire at a constant rate, and
their firing rate does not change during a ripple in the hippocampal local field potential (blue trace). B, During RUN, the reward
(indicated by a water drop) elicits strong responses in cells C1 (green), C2 (orange), and C3 (red), but not in cell C4 (blue). Of the
three reward cells, only C1 and C2 show the same temporal response to the reward and are thus strongly correlated during the RUN
period. C, In POST, all three reward cells (C1–C3) fire preferentially during the hippocampal ripple. However, the two cells that
were strongly correlated on the track are the most strongly correlated during POST ripples. Because of the strong correlation of C1
and C2 during both RUN and POST, the EV is high, and the C1/C2 cell pair is said to be strongly reactivated.
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out, the large reactivation in reward-cell
populations was shown to be entirely de-
pendent on a small subset (5 of 70) of
strongly correlated reward-cell pairs
[Lansink et al. (2008), their Fig. 5B (http://
www.jneurosci.org/cgi/content/full/28/
25/6372/F5)]. This suggests that although
most reward cells realigned with POST
ripples, the reward cells that were strongly
correlated during RUN were the most
strongly correlated during the brief POST
ripples. Thus, correlations between re-
ward cells during RUN seem to be pre-
served within the compressed time frame
of POST ripples (Fig. 1B,C, cells 1, 2).

Is this reactivation attributable to
strengthened local connections within the
ventral striatum or changes in extrinsic
inputs? All principal cells in the ventral
striatum are inhibitory. These cells pri-
marily project to regions outside the ven-
tral striatum, but also branch extensively
within the ventral striatum, providing re-
current inhibitory input to other principal
cells. This lateral inhibition is weaker than
the feedforward inhibition from fast-
spiking GABAergic interneurons (Tepper
et al., 2004). Given this predominance of
inhibitory connectivity in the ventral stri-
atum, it might seem unlikely that the co-
ordinated reactivation seen in POST is
caused by the strengthening or weakening
of local connections during RUN. How-
ever, many studies have shown that mutu-
ally inhibited neurons can show strongly
correlated firing (White et al., 1998). Fur-
thermore, 2% of cells in the ventral stria-
tum are giant cholinergic interneurons
that densely innervate and strongly mod-
ulate the firing of principal cells. These
cholinergic cells are themselves modu-
lated by motivationally relevant dopami-
nergic projections from the ventral teg-
mental area. Lansink et al. (2008)
excluded fast-spiking interneurons from
their analysis, but did not distinguish be-
tween principal and cholinergic cells.
However, it might be possible to identify
cholinergic cells based on their tonic base-
line firing, broad spikes, and large afterhy-
perpolarization (Zhou et al., 2002) and to
assess whether their firing rates change
during POST ripples. It is possible that al-
tered cholinergic activity facilitates the re-
activation of reward-related principal
cells. Alternatively, the preferential re-

ward cell firing during POST ripples could
be primarily driven by extrinsic inputs
from the hippocampus, prefrontal cortex,
or amygdala, all of which project directly
to the ventral striatum.

We wish to reemphasize one of the
most important findings of the Lansink et
al. (2008) study: ventral striatal cells that
showed reward modulation in the RUN
session preferentially fired during hip-
pocampal ripples in POST, but not in
PRE. This is a striking result, but how
could it come about? It may be informa-
tive to consider the firing patterns of both
ventral striatal and hippocampal cells
during a RUN session on the track. As a
rat runs, hippocampal place cells fire in a
particular sequence. However, as the rat
approaches the reward and slows down,
the hippocampal LFP transitions from
theta oscillations to ripples (Diba and
Buzsáki, 2007). Compressed replay, or re-
verse replay, of hippocampal place cells
can even occur during these reward-
associated ripples on the track (Diba and
Buzsáki, 2007). Thus, even during RUN, it
is possible that ventral striatal reward-cell
activity is accompanied by, and perhaps
driven by, hippocampal ripple-associated
replay. This coordinated firing between
hippocampal place cells and ventral stria-
tal reward cells during RUN ripples could
strengthen the connections between the
ventral striatal representation of the re-
ward and the place cells encoding the tra-
jectory that led to the reward. During
POST sleep, a replay of this hippocampal
activity during ripples would then be ex-
pected to selectively drive reactivation of
reward cells in the ventral striatum via the
strengthened hippocampal projections to
these cells.

Testing the relationship between hip-
pocampal place cell firing, hippocampal
ripples, and reward-cell activity in the
ventral striatum during RUN sessions
thus represents an important next step. It
is possible that the binding of hippocam-
pal and ventral striatal memories has al-
ready begun on the track, and the coordi-
nated firing of reward cells in ventral
striatum during POST hippocampal rip-
ples consolidates this information during
subsequent slow-wave sleep. The ventral
striatum is thought to bind spatial infor-
mation from the hippocampus, emo-

tional information from the amygdala,
and higher-order information from the
prefrontal cortex and to send this pro-
cessed information to the rest of the basal
ganglia, which can then modulate the mo-
tor output of the animal. Thus, the results
of Lansink et al. (2008) have profound im-
plications for how binding of multimodal
information can take place, and are an im-
portant advance in our understanding of
the electrophysiological signatures of
consolidation.
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