
"Replay of Hippocampal "Memories 
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William E. Skaggs and Bruce L. McNaugh-
ton state, in the title of their report, that 
they found a "Replay of neuronal firing 
sequences in rat hippocampus during sleep 
following spatial experience" (I). On the 
basis of the evidence they present, we ques
tion that finding. 

Skaggs and McNaughton analyzed re
cordings from pairs of rat hippocampal neu
rons during a period of running on a closed 
track and a period of sleep immediately 
after. Each cell typically fires at a high rate 
when the animal enters a zone on the track 
called its "place field." When the fields of 
the two cells do not overlap, the cells fire in 
the order that the animal encounters their 
respective fields. During subsequent sleep, 
the same cells tend to fire nearly synchro
nous bursts. 

Skaggs and McNaughton state that the 
temporal order of activation of two cells— 
not their "firing sequences" but their se
quence in firing—is the same during track 
running and in the sleep period that follows. 
Skaggs and McNaughton do not base this 
statement on the observed firing of the cells, 
but rather on a novel "measure of temporal 
ordering" they call "temporal bias." This bias 
is computed from a crosscorrelogram of the 
spike trains of a pair of cells, and is therefore 
dependent on the detailed timings of both 
spike trains. During running, those spike 
trains are influenced in a complex way by 
the shape and arrangement of the two place 
fields, the running speed of the animal 
(which may be age-dependent), track geom
etry and its familiarity, ongoing theta activ
ity, and the propensity of the animal to stop 
and receive a food reward [see the legend of 
figure 1 and note 11 in the report (I)]. Thus, 
although the temporal order in which the 
animal encounters place fields may affect 
bias, these other factors render it an unsuit
able and unreliable indicator of temporal 
order of firing under most conditions. 

Furthermore, the algebraic sign of bias is 
neither a necessary nor sufficient condition 
for fixing the temporal order of firing of two 
cells. To give a simple example, consider 
the following three spike sequences 

Cell A: 
Cell B: 
Cell C: . . . . . 

Although cell A fires before cells B and C, 
the sign of the bias of cells A and B is 
opposite to that of cells A and C. Skaggs 
and McNaughton provide no evidence 
that a positive bias of their cell pairs con
sistently implies one temporal order of 
firing while a negative bias implies the 

reverse order. To establish this relation
ship they would first need an independent, 
unambiguous definition of temporal order, 
a subtle issue not addressed in their report. 

Thus, even if Skaggs and McNaughton 
could demonstrate a statistically significant 
"replay" of bias in sleep, that would not 
logically imply that firing sequences or se
quences of firing were "replayed," 

If Skaggs and McNaughton used data from 
one session to select the most favorable "win
dow" duration over which to compute bias 
from the correlogram [see note 11 in (I)] and 
then used this window duration to calculate 
bias for the other six sessions, they would then 
be left with six, not seven, sessions on which 
to use the Sign Test to determine the statis
tical significance of their observations. But if 
[see note 14 in (I)] they "experimented" with 
data from several (or all) of the sessions in 
choosing the window duration (achieving 
"consistent" results only with a value of 200 
ms), they would be left with even fewer ses
sions in which to test for significance. 

Depending on how many cell pairs were 
used in determining an optimal window, to 
that extent would the number of pairs be 
diminished on which to test the statement 
that "a significant majority of cell pairs 
showed the same direction of bias during 
the maze-running session as they did during 
sleep afterward. . . . " That number would 
certainly be far less than the number of 
pairs shown in figure 2B of the report (I), 
all of which were used in obtaining the 
"highly significant" result on which that 
statement is based. 

The results [figure 2B of (I)] do not 
support the bias "replay" hypothesis in the 
majority of the remaining sessions even 
when the most favorable window duration 
is used. Even then, the null hypothesis— 
that bias is not replayed—could not be 
rejected in at least half the remaining 
sessions. Using other window durations, 
they were apparently unable to reject the 
null hypothesis in more than half the ses
sions. On the basis of this report, it seems 
just as logical to attribute the sessions with 
significant results to the age of the animal 
(there were three young and three old 
animals), or the shape of the track (trian
gular or square), or the experience of the 
animals with that track (familiar or unfa
miliar), because each of these variables 
could affect the value of bias. 
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Response: Moore et al. state that our title 
(I) was misleading in that the report is 
really about temporal bias rather than fir
ing sequences per se. This criticism has 
some validity, and it might have been 
better to title the report "Replay of tem
poral bias . . . ," or "Replay of temporal 
order . . . ," rather than "Replay of neuro
nal firing sequences . . . ." We used the 
latter phrase because we thought it would 
be easier for the general reader to under
stand, but we agree that it might have 
misleading connotations for some. In any 
case, the text of our report made clear 
what we are describing. 

The problem with the argument that 
temporal bias is not the same thing as tem
poral order is that "temporal order" is not a 
well-defined entity. We chose our temporal 
bias measure because it is a simple and 
robust indicator of temporal structure. Oth
er measures of temporal order are possible, 
but we doubt that there are any whose 
virtues are manifestly superior to those of 
the temporal bias measure we have used. In 
the example of cells A, B, and C, Moore et 
al. state that cell A fires before cells B and 
C, apparently because, in the burst of spikes 
they illustrate, the first spike from cell A 
comes before the first spikes from cells B 
and C. This "first spike in a burst" principle 
would be difficult to turn into an unambig
uous measure without making strong as
sumptions about the temporal structure of 
the spike trains, and even so it would prob
ably not be very robust. In any case, we 
agree wholeheartedly that it would be in
teresting to examine the consequences of 
using different definitions of temporal order 
or temporal sequence, and we invite sugges
tions in this regard. 

With regard to the criticism that the 
Sign Test analyses should have been based 
on six rather than seven sessions: Strictly 
speaking, this is correct. This makes the test 
significant at P < 0.05 rather than P < 
0.01. 

Moore et al. state that there should have 
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been a correction for the l l ~ ~ m h e r  of ilifter- 
en t  nrindo\\- ciurations examined. This too, 
strictly spealiing, 1s correct. Becar~se tiye 
different durations n-ere esamined, \ye 
should have used a Boiiferro~ll correction, 

mul t ip I~ .~ng  the tinal s~glliflcance level hy 5.  
In fact,  it-11 the  g r~~upe i i  clata s h o ~ \ - ~ n g  a 
slgnlflcant etfect at  the lei-el P < 9.1717921 
u.ithout any correction, such a correct ic)~~ 
mal<es Ilttle practical clifference. Xslorec~ver, 
it is not  accurate to state that the only 
significant effects occurrecl for a time \\-In- 
do\\ o t  299 ms. There xe re  also s i~~ l i t i ca l l t  
effects for time nlnclo\vs I,t 517, li?i?, ancl 5917 
ms, h ~ ~ t ,  as \ye stated in our report, the effect 
tor 2i?i? ms Lvas most consistent. Space diLl 
no t  permit us to ilescrihe these relation- 
s h ~ p s ,  or their statistical ramific~tlons,  111 

detall. T h e  l ~ o t t o m  line 1s that v-e are com- 
pletely comfortable that  our results cannot 
he acc ,~un ted  tor by statistical nialfeasance. 
Ifn-e were d e a l l l l  ~ l t h  a marginal phenom- 
e n c ~ ~ i ,  the ol>iectii~ns raised 111 thls colllmellt 
\'i.oulci be telllnq, hut the phenomenon we 
clescril?ed is actually quite rol~ust,  and has, 
In fact, heen replicated several tunes in our 
l ahora to r~ ,  \'i.ith different data. 

X~loore i7t nl. appear to argue that the 
pattern of hias replay among sessions was 
~ l l c o r r e c t l ~  described. Thls criticism seelns to 
be h a d  on  a mi5reading of our report. Vile 
clid not state that \ye prote~I that temporal 
bias is seplhi-eLl 111 e\.ery session. O ~ l r  ilata 
silggest that it is, hilt J o  not prove it. More- 
over, we JiJ not try to determine which 
factors (tor i.xample, age or apParat~ls) were 

associated 1~1th  sessions yleldilig ~ndivid~lall;; 
significant res~llts. G ~ v e n  the small ll~llnber 
of sessions in the study, this \voulcI not be 
possible. Perhaps the most Ilkel? explanatlo~l 
1s that tlie ~nclividuall~ slgllificallt sesslons 
tended to be those 111 w h ~ c h  the largest 
numhers of cells were recorded. 
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