
Supplementary Figure 1: Detection of REM sleep. Whitened spectrogram of CA1lm 

LFP recorded while the rat was in the home cage. Black line shows the ratio of theta 

power (4-12Hz) to power in nearby frequency bands (1-4Hz, 12-30Hz). Dotted lines 

mark the beginning and end of the identified REM period. SPW: power increase 

associated with sharp wave ripples. Blue trace shows 10 seconds of raw LFP recorded 

during the transition from slow-wave sleep (SWS) to REM sleep. Note large amplitude 

spindles, likely transmitted from the neocortex, typical for SWS-REM transition 

(Gottesmann et al., 1998). Note the strong peak in the 4-12Hz band during REM with 

brief increases in theta power and frequency during phasic bursts. REM often terminated 

with 200Hz+ EMG activity, volume conducted from the nuchal and jaw muscles, when 

the rat briefly awoke, yawned, jaw clenched and stretched. Sleep recordings were 

monitored online via visual monitoring of the rat and audio amplification of the LFP. 

When the characteristic audio indicated an LFP transition to theta, the time was noted and 

the animal was visually inspected for signs of sleep (eyes closed, relaxed posture, 

motionlessness occasionally interrupted by muscle twitches) and subsequent wake times 

were noted (eyes open, often posture adjustment). Offline, REM periods were initially 

detected using the power ratio of theta to nearby bands (Csicsvari et al., 1999, Louie and 

Wilson, 2001). Spectrograms and raw traces of these periods were subsequently 

examined by eye to adjust start/end times and to include brief dips in the theta power 

ratio embedded in long REM periods. Identified REM periods were checked against 

experimenter notes to determine validity of spectral criteria.  

 



Supplementary Figure 2. Hippocampal network changes during waking versus REM 

sleep after restricting to epochs with overlapping theta frequency. To rule out the 

contribution of different theta frequency distributions between active waking and REM 

sleep (Fig 4G), we selected one second epochs in which the peak theta frequency was in a 

maximally overlapping interval (7.6-8.1Hz) between the two states. (A) Changes in theta 

and gamma CSD power (decibels, +/- SEM; p<0.01, Bonferroni corrected t-tests) and (B) 

changes in theta and gamma CSD coherence (dot color, mean within layer change; dot 

size, significance of Bonferroni-corrected t-tests). Overall, the pattern of results from this 

comparison is very similar to that comparing across all theta frequencies during REM and 

waking (Fig. 2,3). This suggests that the primary difference in hippocampal network 

coordination results from a qualitative state-dependent shift rather than numerical 

changes resulting from differences in theta frequency. Although it is somewhat difficult 

to assess slightly weaker effects because this could result from reduced sampling of the 

data, it is interesting to note that some effects got stronger in this restricted comparison. 

For example, theta power in CA1 layers (sr and lm) and gamma coherence with specific 

dentate layers showed a significant increase during REM sleep in this analysis. These 

effects may reflect changes in hippocampal network coordination that are correlated with 

changes in theta frequency. However, these effects may also result in part from 

subthreshold phasic REM events among these higher frequency REM periods or due to 

specific behaviors correlated with lower frequency waking periods.  

 

Supplementary Figure 3. Changes in hippocampal network coordination during slow-

moving waking periods versus REM sleep. To assess whether our results were dependent 



on the contribution of high-speed running epochs, we reanalyzed the REM sleep versus 

waking comparison after selecting only those waking epochs in which the rat was moving 

5-10 cm/sec. (A) Distribution of running speeds averaged over one second epochs for all 

animals (running speeds < 5 cm/sec excluded; blue, 5-10 cm/sec; gray, >10 cm/sec). (B) 

Changes in theta and gamma CSD power (decibels, +/- SEM; p<0.01, Bonferroni 

corrected t-tests) and (C) changes in theta and gamma CSD coherence (dot color, mean 

within site change; dot size, significance of Bonferroni-corrected t-tests). Overall, despite 

utilizing only ~15% of the waking data, the pattern of results from this comparison is 

very similar to that comparing REM and waking across all running speeds, suggesting 

that the primary difference in hippocampal network coordination results from a 

qualitative state-dependent shift in between REM sleep and active waking. There are a 

few interesting differences between this analysis and previous analyses (e.g. differences 

in theta power/coherence with CA1sr/lm and some modest differences in gamma 

coherence with CA1), but future studies will be needed to determine the extent to which 

these are genuine running speed effects or due to other components of task performance 

that are correlated with changes in running speed (Montgomery and Buzsaki, 2007, 

Whishaw and Vanderwolf, 1973, Wyble et al., 2004). 

 

Supplementary Figure 4. Comparison of phasic activation during REM sleep versus 

waking behavior. (A,B) Integrated power, averaged over identified dentate molecular 

layer sites, and plotted as a function of time. Several short REM and waking periods were 

concatenated from recordings gathered during one recording session. (A) Whitened 

spectral power (see methods) integrated over 0-250Hz similar to Figure 4B. (B) Non-



whitened spectral power integrated over 40-120Hz range. “Phasic” epochs during REM 

and waking (red dotted lines; 41 during REM sleep versus 13 during wake) were detected 

using a 2 standard deviation threshold (dotted black line). From the same data, using a 

higher threshold of 2.5 standard deviations, 23 phasic activations were detected during 

REM and zero during waking. Note that the detection metrics in (A) and (B) showed 

similar peak times during REM sleep. During waking, the presence of large theta 

harmonics (reflecting wave shape asymmetry, see Fig. 1,2) and effects of specific 

whitening parameters increased the baseline whitened integrated (0-250Hz) spectral 

power. However, when analyzing only REM periods, the whitened 0-250Hz power 

provided lower noise for detecting phasic activations during REM. 

 

Supplementary Figure 5. Changes in hippocampal network coordination during tonic 

REM sleep versus active waking. (A) Changes in theta and gamma CSD power (decibels, 

+/- SEM; p<0.01, Bonferroni corrected t-tests) and (B) changes in theta and gamma CSD 

coherence (dot color, mean within site change; dot size, significance of Bonferroni-

corrected t-tests). Note that the pattern of results from this tonic versus wake comparison 

is nearly identical to the all REM versus wake comparison. This is not surprising given 

that tonic REM sleep accounts for the vast majority of total REM (~95% using our phasic 

REM detection criteria). 

 

Supplementary Figure 6. Firing rates of units recorded from different hippocampal 

subregions across REM and waking behaviors. Location of maximal spike amplitudes 

was used to determine layer origin of each unit (rows) and aspects of unit firing and wave 



shape (see Methods) were used to separate principal cells and interneurons (columns). 

Each plot shows the median firing rate from active waking, phasic and tonic REM (+/- 

95% bootstrap confidence intervals; n, number of recorded neurons of each type). 

 

 

 

 

 

 

 

 

 

 

 

 


