
tion of synapses elseu7here in  the nervous 
system of Drosophila and probably in m a n -  
mals as well. 
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Replay of Neuronal Firing Sequences in 
Rat ~ippocampus ~uring-sleep Following 

Spatial Experience 
William E. Skaggs and Bruce L. McNaughton 

The correlated activity of rat hippocampal pyramidal cells during sleep reflects the activity 
of those cells during earlier spatial exploration. Now the patterns of activity during sleep 
have also been found to reflect the order in which the cells fired during spatial exploration. 
This relation was reliably strongerfor sleep after the behavioral session than before it; thus, 
the activity during sleep reflects changes produced by experience. This memory for 
temporal order of neuronal firing could be produced by an interaction between the 
temporal integration properties of long-term potentiation and the phase shifting of spike 
activity with respect to the hippocampal theta rhythm. 

Several lines of circumstantial evidence 
point to a role for the hippocampus in 
memory, including numerous reports of am- 
nesia or learning deficits after hippocampal 
damage ( I  ) and of the presence in several 
parts of the hippocampus of a robust and 
long-lasting form of Hebbian synaptic mod- 
ification known as long-term potentiation 
(2).  Much of the data can be accounted for 
by a theory postulating that the hippocam- 
pus is the heart of a system capable of 
storing memory traces on the basis of a 
single, brief experience, after which these 

Arizona Research Laboratories, Division of Neural Sys- 
tems. Memory, and Aging, University of Arizona, Tucson, 
AZ 85724, USA. 

traces are "consolidated" gradually into 
more permanent storage in the neocortex 
(3-5). A memory system of this sort would, 
however, be seriously lacking if it were in- 
capable of encoding information about the 
order in which events occurred. 

Recent studies indicate that hippocam- 
pal unit activity during sleep reflects the 
activity patterns that occurred during the 
experience that preceded the sleep interval. 
Pyramidal cells in the CA3 and CA1 re- 
gions of the rat hippocamp~~s have long 
been known to fire in a spatially specific 
manner in a variety of behavioral para- 
digms, with each cell firing when the rat is 
in a particular area of the environment (6): 
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Pavlides and Winson (7) found that when a 
rat spends an extended period of time inside 
the spatial firing field of a hippocampal 
pyramidal cell, the firing rate of that cell is 
increased during an immediately following 
period of slow-wave sleep (SWS). More 
recently, Wilson and McNaughton (8), us- 
ing data recorded in parallel from groups of 
50 to 100 hippocampal units, found that 
pairs of cells with overlapping place fields in 
an environment showed enhanced correla- 
tions during SWS following a period of 
food-seeking behavior in the environment. 

When pairs of cells displayed strong 
temporal ordering on the track, they tend- 
ed in a statistically significant way to show 
a bias in the same direction during sleev 

there were no reproduction of temporal 
bias, then the expected correlation coeffi- 
cient would be zero. Because correlation 
coefficients are hvversensitive to outliers. w .  

that followed the track-running period, 
but not during sleep that preceded the 
track-running period. A particularly clear 
example is illustrated in Fig. 1C for one of 
the recording sessions. The central cluster 
of points in each panel represents pairs of 
cells having little or no overlap on the 

8 .  

we supplemented this analysis by comparing 
the number of points in the upper right 
quadrant (N++) with the number of points 
in the lower right quadrant (N+-) for each 
plot. If there were no reproduction of bias, 
then these numbers would be expected to 
be equal. (Because the bias merely changes 
sign when the order of a pair of cells is 
reversed. the left auadrants contain no ex- 

track; these clusters show a broad scatter 
of bias values durine sleev both before and " 

Because much of the spike activity in the 
hippocampus during SWS occurs during 
"sharp waves" (9) (100- to 200-ms bursts of 
activity that appear to be generated inside 
the CA3 region), these results suggest that 
the hippocampal synaptic matrix encodes 
information about the vattems of unit ac- 

" L  

after track-running. The points whose 
horizontal coordinates are large, on the 
other hand, represent pairs of cells with 
place fields close to each other on the 
track; the bulk of these show a bias in the 
same direction during sleep that followed 
the track-running session. 

The irregular distributions in Fig. 1C do 
not lend themselves verv well to statistical 

tra information.) ~ o t h  of these methods are 
independent of the scale of the axes (13). 

For all seven recording sessions, the cor- 
relation (Fig. 2A) during the "sleep after" 
period was greater than the correlation dur- 
ing the "sleep before" period. This consist- 
encv is statisticallv sirmificant (P < 0.01: 

tivity generated by place-related firing dur- 
ing experience in an environment. Given 
that the activity patterns during sleep con- 
tain information about which groups of hip- 
pocampal cells fired together, it is natural to 
wonder whether they also contain informa- 
tion about the temvoral order in which the 

, " 
one-tailed sign test). The mean correlation 
for the "sleep after" period was significantly 
larger than zero (P < 0.05; Student's t test, 
one-tailed) and significantly larger than the 
correlation during the "sleep before" period 
(P < 0.01; paired t test, one-tailed), which 

analysis. We used two methods to quantify 
the relations. First, we calculated the corre- 
lation coefficient between the horizontal 
and vertical coordinates in each plot. If 

cells fired. We demonstrate here, using en- 
semble recording methods similar to those 
of Wilson and McNaughton (8), that tem- 
poral order information is indeed preserved 
during sleep, and a possible physiological 
mechanism is outlined. 

Hippocampal unit activity was recorded 
from six male Fisher 344 rats by an array of 
12 independently movable four-channel 
"tetrodes," each of which can pick up dis- 
tinguishable action potentials from 5 to 20 
pyramidal cells if the tetrode is positioned 
with the electrode tips near the center of 
the CAI  cell body layer (10). Unit activity 
was recorded during sleep and also as the 
rats ran for food reward on one of two 

C 

Cell 1 

. . .  

601 counts . \ .  . 
1 Sleep before 
I 

Bias in 
sleep 

apparatuses. The first was an elevated 
wooden track in the shape of a triangle (Fig. 
lA) ,  with each side 75 cm long and 8 cm 
wide; the second was a similar wooden 
track, 7 cm wide, in the shape of an 87 cm 
by 36 cm rectangle. Both apparatuses were 
vlaced on a table in the center of a cue- 

Bias on 
track 

60lmunts 

1 Sleep after 

Cell 2 -900 -m 200 400 

Time (ms) 1 

Fig. 1. Temporal bias of cross-correlations. (A) Spatial firing fields for a pair of simultaneously recorded 
CAI pyramidal cells. The rat ran repeatedly counterclockwise along an elevated triangular track, stopping 
in the center of each side to consume a small food reward. The trajectory of the rat is shown in gray, and 
spikes fired by the cells are represented by small black dots. The place field of cell 1 is displaced slightly 
forward with respect to the place field of cell 2. (B) Firing rate and cross-correlation plots for the two cells 
in (A). (Top) Mean firing rate for each of the two cells, as a function of position on the track. The direction 
of motion is from left to right. (Bottom) Cross-correlation plots derived from data recorded while the rat 
slept 15 min before the track-running session (top), while the rat ran on the track (middle), and while the 
rat slept 15 min after the track-running session (bottom). The temporal bias of the pair of cells is measured 
by the difference in area of the light- and dark-shaded regions. Note the strong theta-frequency (-8 Hz) 
modulation of the cross-correlation during the track-running session. The cross-correlation plots for 
different pairs of cells during any of the three periods are highly variable; this example illustrates the overall 
pattern found in the data. The bin size for these plots is 10 ms. (C) Scatterplots of temporal bias while the 
rat ran on the track versus the bias during 15-min periods of sleep before and after the track-running 

controlled recording area, with numerous 
salient visual cues scattered around the ve- 
riphery. The task of the rats was merel; to 
traverse the track repeatedly in the same 
direction, stopping at two (rectangle) or 
three (triangle) locations to eat a small food 
reward (I 1 ). For each pair of CAI pyrami- 
dal cells in a data set, a measure of temporal 
ordering was calculated on the basis of their - 
cross-correlation histogram. The temporal 
bias Bij for cells i and j was defined to be the 
difference between the cross-correlation 
xij(t) integrated over a 200-ms window after 
time zero and the cross-correlation intemat- 

session. Each point represents a single pair of CAI pyramidal cells. This figure shows data from one of the 
seven recordina sessions. Not all of the others showed such a salient effect. but the tendencv was in all w 

ed over a 200-ms window preceding time 
zero (1 2) (Fig. 1B). 

cases in the sa;;le direction. The scales for the axes differ, but the vertical-a& scale is the s h e  for both 
plots. 
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Fig. 2. Relation of temporal A 
bias on the track wlth blas be- With bias in 800 Sleep before 

sieep after 
fore and after track running. 

0.4 - 
(A) Scatterplot of correlation . A With " N+. 
coefficients for the seven re- 
cording sessions. Each cor- 
relation coefficient is caculat- 
ed from a plot of the type in - 0 4  

I 
Sleep after 

Fig. 1 C. The horizontal coor- 
* 

dinate of each point repre- 
sents the overall correlat~on, 
for a pairs of cells from the -0.4 - 
recording session, between Correlation of bias o n  track 

the temporal blas during track Session number 
running a ~ d  the temporal bias 
during thk 15 min of sleep before the track-running session. The veriical coordinate represents the 
correlation of the bias during track running and the b a s  during sleep after the track-running session. 
(6) Histogram plots of N.... and N - ,  for each of the seven recording sessions, during perlods of sleep 
before and after the track-runnlng session. Asterisks mark sessions where N++ is significantly greater 
than N (P < 0.05). 

was not itself significantly different from 
zero. Thus, the bias 'during track running 
was Inore strongly correlated with the bias 
during sleep afterward than with the bias 
during sleep before. 

For the "sleep after" period, all seven 
sessions yielded N+- > A T -  (Fig. 2B); this 
consistency is statistically significant (P < 
0.01; one-tailed sign test). For four of the 
seven individual sessions, N _ _  was signifi- 
cantly larger than N +  (P < 0.05; one- 
tailed sign test). When the data fro111 all 
seven sessions were pooled, the overall dif- 
ference was highly significant (Z = 4.79, P 
< 0.00001; one-tailed sign test). In con- 
trast, for the "sleep before" period, none of 
the individual sessions showed a significant 
difference between N +  - and N - ,  and nei- 
ther did the data pooled from all seven 
sessions (14). Thus, a significant majority of 
cell pairs showed the same direction of bias 
during the maze-running session as they did 
during sleep afterward; this was not the case 
for sleep before. 

One possible explanation of the data is 
that the bias is a consequence of long-term 
potentiation (LTP) occurring while the rat 
runs on the track, either during the specific 
recording session analyzed or c~~mulatively 
during earlier experiences in the same en- 
vironnlent (15). In order for this to occur, 

offset such that the rat passes through their 
centers in rapid succession, then their cross- 
correlation histogram shov-s a theta-fre- 
quency peak offset fro111 zero in the same 
direction. This offset is a conseauence of 
the phase shifting of spike activity with 
respect to the theta cycle (17, 18) and is 
illustrated by the middle ("on track") cross- 
correlation plot in Fig. lB, where the theta- 
frequency peak nearest zero is offset fro111 
zero in the same direction as the offset of 
the overall cross-correlation curve. This ef- 
fect leads to a substantial enhancement of 
cross-correlation bias over a time window of 
approximately half the perlod of the theta 
crcle. that is. about 60 111s. , , 

The proposed inechanlsnl could only 
function in an area where cells are densely 
interconnected. This is not true for CAI ,  
where the data for the vresent stud\: were 
recorded, but it is certaynly true for'CA3, 
which provides the dominant input to CAI.  
Pyramidal cells in CA3 have place fields and 
generally behave much the same as pyrami- 
dal cells in CAI.  The proposal, then, is that 
temporal order is recorded by LTP of asso- 
ciational connections within CA3, and that 
these selectively modified synapses give rise 
to teinporal biases during sleep, which are 
then transferred to CAI by way of the strong 
Schaffer collateral projection. 
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intelvals of drowsy wakefulness or arousal, during 
wh~ch pace-specific f r~ng of some unts was seen on 
the platform, but th~s actiity bore no apparent rela- 
ton to the activity seen on the track. From each sleep 
sesslon, a per~od of 15 min w~th m~n~mal signs of 
arousal (that is moiiement and theta actliity in the 
EEG) was selected for analyss It is dffcult, with the 
information available, to d~stinguish clearly between 
SVVS and a state of drowsy wakefulness, or between 
the physology of these two states. The design of the 
study proceeded as follows, Intally, a data set w~t l i  a 
large number of cells was chosen for preliminary 
analyses, workng out the computational and statls- 
tcal technques Next, we performed the same anal- 
yses on SIX more data sets, choosng ths number 
because seven out of seven is sgnf~cant at the 0.01 
leve! in a sgn test, gven an a prior probab~ity of 0.5. 
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The cr~terla were that there be a good number of 
cells, good behavior on the apparatus, and at least 
15 mln of good sleep both before and after the be- 
havioral sesslon. These were lnforma criter~a, but the 
data sets were chosen before any analyses were 
performed on them. The data were taken from ani- 
mals involved in a varlety of experments, Including, 
for example, a study of the effects of agng on rat 
hippocampal activity Every data set that was ana- 
lyzed 1s presented in this report. 

12. The value of the "cross-correlation" functon ~ , ( t ) ,  
as used here, was equal to the number of pairs of 
spkes, one from cell i and the other from cell j ,  that 
were separated by an interspike nterval in the range 
( i  , t + At ), where A i  1s the bin size. The measure of 
temporal asymmetry used here is, however, inde- 
pendent of the bin slze, so long as i is small The 
measure of temporal asymmetb) was 

J ,  J ,,>,> 

B,, measures the d~fference between the number of 
eiients n whlch a sp~ke from cell i was followed w~ th~n  
200 ms by a spke from cell] and the number of events 
in whlch a spke from cell! was followed within 200 rrs 
by a sp~ke frorr cell i, possibly wlth other spikes of e~ther 
cell ~n between. Note that 5, = -6,.  Ths reversal of sgn 
as a consequence of exch'anglng the cells rrakes the 
iempora b~as measure qulte different f ror,  a s~mple 
correlaton rreasure of the type used by Wlson and 
McNaughton (a), which keeps the same value if the two 
cells are exchanged To rrinmze the possibty of artl- 
facts caused by shrnhage of spke arrpl~tude when a 
cell 1s hghy actve, we used only palrs of cells recorded 
from different tetrodes n the analyses. 

13 Our maln concern In t hs  study was to establish the 
reality of the phenomenon In as stra~ghtfo~.~!ard a 
way as possible. Therefore, we thought it preferable 
to avo~d any man~pulations of the data that were not 
absolutely necessary, such as rescaling or thresh- 
olding It is ke ly  that the relat~ons reported here 
would be stronger f ,  for example, only pars of cells 
w t h  overlappng place felds were included. 

14 As ment~oned previously, we calculated the temporal 
b~as ~n these analyses uslng a time window of ?200 ms. 
We also experimented wlth t~me wlndows of 50, 100. 
500. and 10S.0 ms. Slgn~flcant effects could beseen for 
some of the recordng sessions w~th  time windows of 
100 and 500 rrs, but they appeared to be less consls- 
tent. We also expermented wth dfferent tme windows 
for thesleepand track-runnngsesslons, but again, tlme 
windows of 200 ms for both yielded the most consistent 
evdencefor reproducton of terrpora bas. Durng track 
runnng, a tlrre wndow of 200 rrs captures the reaton 
of rrost pars of cells with overlapping place f~elds but 
yields zero for most pairs whose felds are more w~dely 
separated, dur~ng sleep, a tlrne window of 200 ms cap- 
tures relations that occur w~ thn  ~ndvdua  sharp waves 
but rarely encompasses two consecutive sharp waves. 
Buzsak; (5) suggested that behavora sequences may 
be compressed Into the t~r re  wndow of indvdua sharp 
waves, and Skaggs er a/, (77) have shown evdence 
that sequences are corrpressed w~ thn  ndividual theta 
cycles. 

15. Long-term potent~ation in the rat hippocarrpus is 
thought to have a duration of days to weeks [(P); C. A. 
Barnes. J. Comp. Physiol. Psycho1 931. 74 (1979)j 
Why, then, would temporal b~as be reproduced prefer- 
entially during sleep after behav~or In a farrihar envron- 
ren t?  One possib~l~ty IS that the effects are the result of 
the early. decrerrenta component of LTP, known as 
short-term potentlation, which has a time course of 5 to 
40 mln [R. Malenka. i'deuro~ 6, 53 (1991): A. Colino, 
Y.-Y. Huang. R. C. Malenka. J. Neurosci. 12. 180 
(1 992)] Another theoretical possbl~ty, whch remans to 
be explored 1s that the obsetved pattern of temporal 
bias results from a combinaton of long-asting tempo- 
rally asymmetric LTP wth a short-ast~ng postbehavioral 
enhancement of the actlvty level of ndiv~dual units. as 
observed by Pavdes and W~nson (7). However no 
such enhancement In act~vlty was observable ~n our 
data; th~s d~screpancy r , ay  be because Pavlides and 
Winson obtaned their results by confinng each rat In- 
side the place fled of each cell for an extended period of 
tlme 

16. W. B. Levy and O Steward, Neuroscience 8, 791 
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An RNA Polymerase II Elongation Factor 
Encoded by the Human ELL Gene 

Ali Shilatifard, William S. Lane, Kenneth W. Jackson, 
Ronald C. Conaway, Joan W. Conaway* 

The human ELL gene on chromosome 19 undergoes frequent translocations with the 
trithorax-like MLL gene on chromosome 11 in acute myeloid leukemias. Here, ELL was 
shown to encode a previously uncharacterized elongation factor that can increase the 
catalytic rate of RNA polymerase II transcription by suppressing transient pausing by 
polymerase at multiple sites along the DNA. Functionally, ELL resembles Elongin (SIII), a 
transcription elongation factor regulated by the product of the von Hippel-Lindau (VHL) 
tumor suppressor gene. The discovery of a second elongation factor implicated in on- 
cogenesis provides further support for a close connection between the regulation of 
transcription elongation and cell growth. 

T h e  identification of genes at breakpoints of 
frequently occurring chromosomal transloca- 
tions has led to the discoverv of cellular uro- 
reins that are involved in oncogenesis.  he 
fact that many of these proteins are transcrlp- 
tion factors illustrates the critical role of tran- 
scriptional deregulation in human cancer (1, 
2).  One form of acute rnyeloid leukemia re- 
sults from a t(11;19)(q23;p13.1) translocation 
between the ELL gene (also called MEN) on 
chrornosorne 19 and the MLL gene (also 
called Htrx, ALL- I ,  and HRX) on chromo- 
some 11 (3). The predicted open reading 
frame (ORF) of the human ELL gene provides 
few clues to its role in either normal cell 
growth or leukemogenesis; the ELL gene en- 
codes a basic, 621-amino acid protein that is 
ubiquitously expressed and highly conserved 
throughout evolution but exhibits no obvious 
homology to known proteins (3). The MLL 
gene encodes a 3968-amino acid protein; the 
NH,-terminal regions of MLL are similar to 
A-T hook DNA-binding and methyltrans- 
ferase-like domains, and the COOH-terminal 
region of MLL is similar to that encoded by 
the Drosophiln gene trithorax with a transcrip- 
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tional activation domain downstream of sev- 
eral contiguous zinc fingers (4,  5). The puta- 
tive oncogene generated by the t(11; 19) 
translocation encodes an NH,-MLL-ELL- 
COOIH f ~ ~ s i o n  protein that contains nearly 
the entire ELL ORF and the NH,-terminal 
1300 amino acids of iL4LL, including its A-T 
hook and methyltransferase-like domains but 
lacking its COOIH-terminal transcriptional 
activation domain and zinc fingers (3). 

Recently, we purified an R N A  polymer- 
ase I1 transcription factor from rat liver 
nuclear extracts by means of the procedure 
outlined in Fig. 1A (6). During purification, 
this factor was assayed by its ability to stim- 
ulate the rate of accumulation of 135-nucle- 
otide (nt)  transcripts synthesized by RNA 
polymerase 11 on the T-less cassette of the 
oligo(dC)-tailed template pCpGR220 S/P/X 
(7, 8). Analysis by SDS-polyacrylamide gel 
electrophoresis (PAGE) of fractions from the 
final PLRP-S reversed-phase high-perfor- 
mance liquid chromatography (rpIHPLC) 
colurnn revealed that transcriptional activity 
copurified with a single -80-kD polypeptide 
(p80) (Fig. IB), which stimulates transcrip- 
tion by RNA polymerase I1 in a dose-depen- 
dent manner (Fig. 1C). Results of pulse- 
chase experiments indicated that the factor 
is capable of stimulating the rate of elonga- 
tion of promoter-specific transcripts synthe- 
sized by RNA polymerase 11. Transcription 
was initiated at the adenovirus 2 major late 
(AdML) promoter by addition of adenos~ne 
triphosphate (ATP), guanosine triphosphate 
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