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Abstract

Recent evidence suggests that low and high firing neurons display different plasticity and
dynamics. We therefore investigated the effects of sleep and waking states and state transitions
on hippocampal CA1 neurons with alog-normal distribution of firing rates. We analyzed single
unit spiking from 1017 putative pyramidal cells and 116 putative interneurons along with local
field potentials of hippocampal CA1 region recorded in 19 sessions from male rats during natural
wake/sleep across the 24-hr cycle. We separated cells into five quantiles based on firing rates,
and implemented a shuffle-corrected deflection index to account for changes relative to
regression to the mean. Firing-rate changes within non-REM sleep, REM sleep, and state
trangitions from non-REM to REM favored higher-firing neurons, with either smaller increases
or stronger decreases among lower-firing neurons. In contrast, transitions from REM to non-
REM sleep reduced variability across population, resulting in higher firing among lower-firing
neurons and vice versa. These changes account for previously reported net decrease of firing rate
across sleep, with the largest decrease occurring in lower-firing cells, while moderately-firing
cells show the greatest firing increases during waking. These results demonstrate that sleep/wake
states and state transitions affect lower and higher-firing neurons differently, with non-REM
sleep playing anormalizing role, and are consistent with competitive interactions that favor

higher-firing neurons, and greater plasticity in lower-firing cells.
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Statement of Significance

To better understand the effects of sleep and awake states on hippocampal neurons with different
activity levels, we separated neurons into quantiles based on firing rate and implemented a
shuffle correction to account for regression to the mean. During non-REM, REM, and non-REM
to REM transitions, low-firing neurons showed either the weakest increase or the largest
decrease in firing, whereas at the REM to non-REM transition, low- and high-firing cells
respectively increased and decreased their activity. The net effect of sleep was alarger firing
decrease in lower-firing neurons, while the net effect of waking was alarger increase in median-

firing cells, suggesting greater plasticity among these célls.
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I ntroduction

Neurons fire to communicate. Rates of firing vary across both time"? and neurons®*. The
dynamic range of a neuron'sfiring is determined by a combination of membrane geometry,
distribution and types of ionic conductances, and efficacy of synaptic inputs™ °, and can quickly
change. Modifications in each of these properties can potentially alter a neuron's gain function or
“excitability”. Recent evidence suggests that a neuron’ s firing rate is homeostatically regulated’,
and that modifications in membranes and synapses can work to maintain the neuron's dynamic
range® °. Several studies from different labsindicate that these modifications are at least partially

state-dependent; the emerging pictureis that firing rates of neurons increase during waking™*

and decrease during sleep’® 13

, iIn aconstant dance around the dynamic range.

Each waking and sleep stage features different levels of neuromodulators, which contribute
uniquely to the excitability of neuronal circuits, network firing patterns, and the plasticity of their
synapses™ . For example, REM is characterized by high acetylcholine and low noradrenaline,
serotonin and histamine levels, while non-REM and waking features intermediate and high levels
of these neuromodulators, respectively™* *°. Unique brainstem and thalamacortical networks are
also active within each state, producing state-specific oscillatory firing patterns *>*". The
differing neuromodulatory and network backgrounds lead to different average firing ratesin
REM, non-REM, and waking™ **, but averaging masks variations within each state. For
example, in sequences of non-REM and REM sleep, neuronal firing rates zig-zag, increasing
within non-REM and decreasing in REM*® 2. But while the net effect of these variationsisa
decrease in firing rate, it isnot clear how each of these brain states, at onset and over its duration,

affect neurons at different excitability levels. In particular, lower- and higher-firing neurons are

presumed to be affected differently by activity-driven homeostasis. Understanding such effectsis
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further complicated by regression to the mean (RTM), for which the null hypothesis allows that
firing rates of low-firing neurons should increase and those of high-firing neurons should
decrease. In this report, we aim to investigate changes in firing rates of neurons within different
stages of slegp and the effects of transitions between sleep stages, while carefully controlling for

RTM.

M ethods

We analyzed data previously recorded from hippocampal CAL1 region of four rats. Details of
the experimental protocols, including animals, surgery, electrophysiological recoding, spike
detection and clustering, and sleep detection can be found in ref (*°) and are summarized below.
All experimental procedures were in accordance with the National Institutes of Health guidelines
and approved by the University of Wisconsin-Milwaukee Institutional Animal Care and Use
Committee.

Animals, surgery, and electr ophysiological recoding Four male Long-Evans rats (250 — 350 g;
Charles River Laboratories, Wilmington, MA) were implanted with 64-ch silicon probesin the
dorsal hippocampus (2.00 mm lateral and 3.36 mm posterior from the bregma) under isoflurane
anesthesia. Three were also surgically implanted with two stainless steel wires (AS 636, Cooner
wire, Chatsworth, CA) in the nuchal muscles to record electromyography (EMG). After at least 5
days of recovery from the surgery, we recorded local filed potentials (LFP) and unit activities
continuously for 12 hoursin light cycles (9 am. —9 p.m.) and 9 hoursin dark cycles (9 p.m.—6
am.), in 19 total sessions. Animals were water-restricted, and ran on alinear track daily from 6
am. —9 am. Spike detection and clustering were done, as previously described™®, on each 9 — 12

hr session separately. Animals were kept in 12-hour light/dark cycles throughout the experiment.
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Sleep detection Waking and sleep were segregated based on head speed of the rats and
amplitudes of the EMG. In an animal that did not have EMG electrodes, we used volume-
conducted EM G derived from the brain electrodes instead of nuchal EMG™ *°. High theta
periods were detected based on the ratio of power in the 5 — 10 Hz band over 1 —4 Hz and 10 —
14 Hz bands, using aMATLAB script developed by Anton Sirota®. High theta during sleep
identified REM sleep™, and the remaining was non-REM. REM and non-REM epochs < 50 s
were excluded from analyses.
Changeindex and deflection index Change index (Cl) was defined as (FR: - FRy)/(FR; + FRy),
here FR; and FR; are firing rates of a neuron. Neuronal population was separated into quintiles
based on FR; within each epoch, and mean Cl across epochs was calculated for each quintile.
Because neuronal firing rates are log-normally distributed, the difference in logarithm of firing
rates, Alog(FR), has been used elsewhere to assess firing rate change'®. Although CI and
Alog(FR) generally behave similarly (see supplemental information), Alog(FR) becomes singular
when either FR; or FR; approach or equal zero. Therefore, in our analysis we opted to use ClI.
In each analysis, we generated 2000 shuffled surrogates by randomly flipping FR; and FR, and
obtained shuffled mean and 95% confident intervals. The deflection index (DI) was defined as
difference of CI from the surrogate mean.
Simulation of additive and multiplicative changes. Starting with n = 5000 “true firing rates’
(TFRy) obtained from alog-normal distribution in CA1 pyramidal cells during non-REM sleep
(0.536 + 0.686 Hz, n = 50846)™ %, true firing ratein period 2 (TFR,) was determined based on:
For no change: TFR,= TFR;
For multiplicative decrease: TFR, = (1 - a) x TFRy

For subtractive decrease: TFR, = TFR; —b.
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For our example, we set a = 0.090 and b =0.052, to match the mean ratio and difference between
non-REM epochs in non-REM/REM/nNonREM . triplets.
We also considered additive noise (SD,) and multiplicative noise (SDr) estimated from these

triplets:

FR; ; — FRi+1,j)

SDazvi-RMs( _

FR,; —FR,,,
SD,, =2 -RMS( R )

(FRyj + FRi41,j)/2
where FR;; isthefiring rate of cell j in period i, and RM§(*) is root mean square across all cells
in al triplets (n=15555). Our example (Figure 1) was generated by inducing additive or
multiplicative noise as follows (n=1,2):
for additive noise: FR, = TFR,+ Nj,
for multiplicative noise: FR, = TFR,x (1+Ny),
where N, and N were zero-mean Gaussian distributed random values whose SDs, SD, and SD,

were determined above (SD, = 0.171, SDiy, = 0.592).

Results

Wefirst set out to understand the relationship between variability and RTM in a population of
neurons with log-normally distributed firing rates. We reasoned that variability might be either
“additive noise”, affecting all neurons by an equal amount, or else “multiplicative noise’,
proportional to each neuron’sfiring rate (also see Methods). These scenarios are depicted for two
snapshots from a population of neurons (n = 5000) where the only change comes from the noise

term (Figure 1A). Naturally, additive noise has alarger relative effect on low-firing neurons.
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However, under both scenarios, lower-firing neurons show an apparent increased firing, while
higher-firing neurons show an apparent decreased firing. Thisis RTM and can confound
evaluations of true effects (e.g. from sleep). To control for this RTM, we instated a shuffling
method in which we randomly flipped before/after indices and repeated the analysis multiple
times to obtain a surrogate distribution. Under either (additive/multiplicative) noise scenario this
surrogate data provided us with valuable “control” shuffle means and confidence intervals for
each quintile. We defined the “ deflection index (DI)” asthe difference between the observed
change index (Cl) and the surrogate mean within each quintile. These DIs were not significantly
different from zero when changes were due only to noise (Figure 1A).

We then examined DIs under two scenarios with a smulated effect in addition to noise: when
firing rates were decreased across the population, either multiplicatively (Scenario 1), by an
amount proportional to each cell’sinitial firing rate, or additively (Scenario 2), by afixed
amount for all cells (Figure 1B, C). Parameters for these effects were chose to ssimulate real data
across non-REM dleep (see Methods). In both scenarios, despite the incorporated decrease,
lower-firing neurons appeared to increase firing, based on the Cls. However, under Scenario 1
the evaluated DI’ s correctly depicted a uniform decrease across the population (Figure 1B).
Meanwhile the additive decrease under Scenario 2 produced a larger relative effect on the DI in
low-firing cells than in high-firing cells (Figure 1C), as expected. Thus, the shuffle-method
produces Dls that can effectively describe and differentiate the two scenarios under either noise
model, and control for RTM.

We next applied this method to hippocampal firing changes within non-REM and REM stages
of sleep. During non-REM sleep, the average firing rates of (putative) pyramidal neurons

increased (Cl = 0.058 + 0.002, p<103®, Wilcoxon signed-rank test; Figure 2A). While the Cl
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alone appears to show the largest increase in low-firing cells, and a decrease in the highest-firing
quintile, when shuffle corrected, in fact all quintiles, as well as (putative) interneurons, showed a
firing-rate increase (Figure 2A). While lower-firing cells appeared to show a smaller relative
increase, firing increases were more uniform when we separated epochs depending on time-of -
day and sleep-history (Figure S1 A-C). During REM sleep, we found an overall net decrease (Cl
=-0.030 + 0.003, p= 5.4 x 10™°, Wilcoxon signed-rank test; Figure 2B), including in
interneurons. This decrease was apparently additive: lower-firing cells showed the largest
relative firing decreases over the course of a REM sleep epoch. The magnitude and significance
of this decrease was, however, dependent on time-of-day and subsequent sleep/wake state
(Figure S1 D&E). These changes did not appear to reflect a change in the balance between
excitation and inhibition within either non-REM or REM states™,

While firing rates of neurons change within each slegp stage, they also change between
different stages. How a change in neuromodulatory background between sleep stages affects
lower- and higher-firing neurons has not explicitly been tested. We therefore compared firing-
rate quintiles across transitions from the last third of non-REM to the first third of the subsequent
REM epochs, and from the last third of REM to the first third of the subsequent non-REM
epochs. Non-REM to REM transitions were marked by an overall decrease (Cl =-0.186 + 0.003,
p < 10, Wilcoxon signed-rank test; Figure 2C), with decreased firing in lower-firing cells but
increased firing in higher-firing cells. Interneuron firing also increased, potentially driving some
of the differences. In contrast, when REM transitioned to non-REM dleep, lower-firing quintiles
showed increased firing while higher-firing quintiles and interneurons showed afiring decrease
(Figure 2D). Interestingly, this transition was the only one we investigated that was not

comparatively dominated by higher-firing neurons, but was instead marked by a renormalizing
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effect on firing rates across quintiles. Thus, non-REM sleep was unique in providing theinitial
background state for the most uniform firing among the population of cells, potentially because
of lower effective inhibition.

The trangition patterns were remarkably stable across early and late Sleep in both light and
dark cycles (not shown). However, the within-state changes during non-REM and REM sleep
somewhat varied according to time-of-day and preceding/following states (Figure S1). Quantiles
in non-REM dleep following waking in early light-cycle sleep (9 am. — 3. p.m.) did not show the
otherwise typical firing increases (Figure S1), likely because firing rates were saturated
following awake track running (6 am. —9 am.)™; these patterns resumed shortly thereafter
following REM dleep. It may be worth noting that this first non-REM sleep following behavior
(often called “ post-slegp”) isin fact the most widely investigated epoch across the circadian
cycle®® %, though it is the most anomalous. Additionally, in non-REM epochs that transitioned to
waking, firing ratesin fact decreased during the light cycle (when rats sleep most), but increased
in the dark cycle. For REM sleep preceding non-REM, decreased firing was also observed
mainly in the early light cycle (9 am. — 3. p.m.), whilein REM before waking, alarge decrease
was seen in the late dark cycle (1:30 am. —6 am.).

A recent study reported differential firing rate changes among low- and high-firing prefrontal
cortical cells across microarousals, with waking EMG levels, during non-REM sleep™®. We did
not observe such microarousals in our recordings. However, we did observe extended (~ 59)
periods of low-amplitude sleep, within non-REM, marked by substantially decreased power in
the hippocampal local field potential and cortical EEG < 50 Hz?. We refer to these as LOW
states. LOW states may share features with microarousals™ 2" %8, but were much shorter (~ 5s

compared to ~ 16s) and were not accompanied by increased EMG?. We then examined how
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LOW states affect hippocampal firing patterns'®. Comparing firing ratesin non-REM from
before (pre-) to after (post-) LOW states (Figure 3A), the Cl indicated increased firing in low-
firing cells and decreased firing in high-firing cells, as reported for prefrontal neurons before and
after microarousals'®. However, when we corrected for RTM, the firing increase actually
occurred in higher-firing neurons, and lower-firing neurons decreased firing. Similarly, when we
investigated firing changes across consecutive LOW states, within non-REM sleep (Figure 3B),
low-firing and high-firing neurons respectively appeared to increase and decrease firing, but this
pattern reversed in the DI, shuffle corrected for RTM. These observations highlight the
importance of correcting for RTM and suggest that LOW states differential affect firing in lower
and higher-firing cells.

To summarize and compare the effects we have observed for REM and non-REM sleep along
with waking and the net result across sleep, we plotted changesin quintiles (and for
interneurons) on the same scale (Figure 4). Thisfixed scale well demonstrates that the largest
changes occurred between, rather than within states and, aside from the REM to non-REM sleep
transition, most changes were anti-normalizing. It also illustrates the comparative effects of
trangitions between waking and sleep. Within waking, firing rates increased (Cl = 0.111 + 0.010,
p=1.9 x 10, Wilcoxon signed-rank test; Figure S3F) and preferentially in median-firing
neurons'™®. Falling asleep was marked by anincreasein firing ratesin all quintiles (Cl = 0.254 +
0.004, p<10°®, Wilcoxon signed-rank test; Figure S3G), but with the largest increase in the
median quintile. On the other hand, waking up from either non-REM (Figure S3D) or REM sleep
(Figure S3E) was marked by arelatively larger decrease in low-firing neurons, which were again
the quintile most readily changed. To evaluate how net hippocampal firing changed across entire

sequences of non-REM/REM sleep (bottom, Figure 4), we compared the first third of non-REM;
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to the first third of the subsequent non-REM;.1 epoch (Figure S3A). Consistent with our previous
report™®, we found that, overall, firing decreased in all quintiles, but with alarger effect in lower
than in higher-firing neurons. Likewise, across longer extended sequences of non-REM and
REM sleep (> 30 min without interruption > 60 sec), firing rates of lower-firing cells decreased
more (Figure S3C). Interneuron firing decreased as well, illustrating that this firing decrease was
not due to arebalance in excitation and inhibition. Somewhat surprisingly, we did not observe
similar changes when comparing the first third of REM; to the first third of the subsequent
REM;.1 epoch (Figure S3B). This may be because of greater firing variability or saturated firing
during REM sleep™ that masks changes across sleep. However, this change was also manifest
when we compared the last minute of waking before to the first minute of waking after extended
sleep sequences (Figure S3C), with, again, a greater decrease seen in lower-firing cells. We also
considered the possibility that each neuron hasits own set point within the log-normal range of
firing rates, and that sleep and waking move neurons relative to their individual set points’. For
this analysis, rather than investigating changes across firing rates, we calculated ratio of firing
rate for each neuron relative to their session mean firing rates (Figure S3) and determined
quantiles by combining all epochs. Interestingly, these patterns were highly similar to those seen

in Figure 4 without individual normalization.

Discussion

In this work, we aimed to understand how lower and higher firing neurons were affected
during and across REM and non-REM sleep and waking states, which isimportant for a better
understanding of the function(s) of deep statesin mammals. We tested for RTM under two
conditions. In the presence of multiplicative noise, lower-firing cells showed an apparent firing

increase while higher-firing neurons showed a similar apparent decrease. When noise was
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additive, lower-firing cells showed ardatively larger effect. Some combination of additive and
multiplicative variability islikely to be present in neuronal recordings. Overall, this analysis
advocates caution in interpretation of increases and decreases that affect lower and higher firing
neurons respectively. RTM alone describes a basic homeostatic effect. By measuring changes
relative to a surrogate distribution obtained by random shuffles of the real data, we were able to
measure effects beyond RTM, with significance determined by effect size and variability in the
data. We found that, in general, sleep states and state transitions do not affect neurons uniformly,
but that the changes depend on the relative excitability of cells, which likely reflect a
combination of neuromodulation of membrane excitability”, sleep-dependent network
dynamics™ *, and synaptic input to the respective cells*.

Most of the states and transitions we investigated and their net effects favored (increased or
maintained) high-firing cells over low-firing ones. Interestingly, the transition from REM to
Non-REM was the only timepoint that we saw a simultaneous increase in lower-firing cellsand a
decrease in higher-firing ones, which served to partially renormalize firing across the population.
Such an equitable effect was also present when we evaluated each neuron’sfiring relative to its
own session mean. Thus, upon transition from REM to non-REM, célls firing below their mean
rates, increased firing while those firing above their means tended to decrease. Perhaps non-
REM dleep, relatively devoid of neuromodulation and external sensory influence, provides the
most equitable brain state for neurons. But as a non-REM epoch develops, neuronal firing rates
increase'® '3, The shuffle-corrected firing increases were significant across quantiles, though
exact patterns depended on time-of-day and preceding/following states, (Figure S1). Likewise,

during REM sleep, shuffle-corrected firing rates decreased across the population, and with a
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lower decrease in higher-firing neurons. More dramatically, the non-REM to REM transition
lead to afiring increase in the higher-firing cells, but a decrease in lower-firing cells.

There may be several explanations for these observations. One possibility isthat during most
of deep, except non-REM, there is competition between assemblies of neurons, with the winner
determined by the assemblies starting with a higher-firing advantage. Such a winner-take-all
mechanism may be implemented in arecurrently connected circuit along with inhibition®>°,
such as region CA3, one synapse upstream from our CA1 recordings. Consistent with this
conjecture, interneuron firing rates were at their lowest during non-REM sleep °, potentially
signifying a shift in the balance of excitation and inhibition towards normalized firing rates, and
away from winner-take-all. A second possibility, compatible with the first, isthat Sleep is
composed of multiplicative changesin firing rates coupled with additive decreases. These
decreases therefore affect all neurons by a similar amount, regardless of whether they are high or
low firing cells, and they are manifest by a higher-relative decrease in lower-firing neurons.

The net effects of these transitions, from the beginning of one non-REM epoch to the
beginning of the next one, or from the end of waking to its subsequent onset, were consistent
with previous reports'® *®: firing rates decreased in all quantile over sleep, but preferentially in
lower-firing neurons. Whereas large state and state-transition effects are likely attributed to the
combination of excitability effects discussed above, we and others have conjectured that that the
slower firing rate decreases over sleep are indeed produced by synaptic downscaling ** %% |
this conjecture is correct, the greater relative decrease in lower-firing neurons may be indicative
of an additive decrease, in which all synapses are downscaled by the same amount, which would

have the effect of improving signal-to-noise in higher firing cells. The final result appears

tantamount to greater plasticity in the synapses of lower-firing than higher-firing neurons' *.
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Figurelegends

Figurel

Simulated noise and firing decr eases affect low- and high firing cells differently. Log-
normally distributed firing rates (n = 5000) were ssimulated (see Methods) with additive noise
(Noiseyqyq, left columns) and multiplicative noise (Noiseny:, right columns). Top panels show
density plots of firing rate with identity (white lines). Black crosses indicate means of FR; and
FR,. Cells were separated into quintiles based on FR;. Change indices (CI, middle panels) and
deflection indices (DI, bottom panels) were calculated for each quintile. Gray bands show 95%
confidence intervals obtained from surrogate (shuffle) distributions. (A) Because of regression to
the mean, with noise alone, low- and high-firing quintiles had positive and negative CIs,
respectively. However, shuffle-corrected DIs were not significantly different from zero. (B) With
amultiplicative decrease, Cls showed similar patterns to noise (A), but DIs demonstrated a
uniform decrease across quintiles. (C) In contrast, an additive decrease had a greater relative

effect on lower-firing cells. Error barsindicate SEM.

Figure2

Firing rate changeswithin slegp states and upon transitions between deep states. Density
plot of firing rates (top panels) with identity lines (white) and means (black crosses). Change
indices (Cl, middle panel) and deflection indices (DI, bottom panels) are shown for each quintile
along with 95% confidenceintervals (gray bands), aswell as for interneurons. (A) Within non-
REM (50846 pyramidal cells and 5694 interneurons in 925 epochs), firing rates increased across
quintiles, with a greater increase in higher-firing neurons, not apparent in CIs. (B) Within REM

(24113 pyramidal cells and 2782 interneurons in 456 epochs), an apparent additive decrease was


https://doi.org/10.1101/069237

bioRxiv preprint doi: https://doi.org/10.1101/069237; this version posted August 11, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

observed, showing a greater decrease in low-firing quintiles. (C) Upon transition from non-REM
to REM (21832 pyramidal cells and 2523 interneuronsin 405 transitions), an anti-normalizing
change was observed: lower-firing cells decreased firing but high-firing cells increased firing.
(D) In contrast, a normalizing change was observed upon transition from REM to non-REM
(17385 pyramidal cells and 1989 interneuronsin 326 transitions). Error barsindicate SEM, *** p

< 0.001.

Figure3

Firing rate changes across L OW amplitude sleep within non-REM epochs. Density plots of
firing rates (top panels), change indices (Cl, middle panels), and deflection indices (DI ; bottom
panels) were calculated between non-REM (NREM) periods before and after LOW amplitude
sleep (A; 416895 cells in 10128 sequences)®. In (B), consecutive LOW states, separated by non-

REM, are compared (B; 158084 cells in 11439 sequences). * p < 0.05, *** p < 0.001.

Figure4

Firing rate changes across deep. Summary plot of changing deflection indices through
multiple non-REM (NREM) and REM epochs (see also Figure S2) shown on the same scale. Top
panels depict average changes within epochs (note also Figure S1: these can vary depending on
time-of-day and preceding/following states), and upon transitions. Bottom panels show changes
from thefirst third of NREM; (or REM) to the first third of NREM .1 (or REM;+,) for all
quintiles, as well as changes from the last minute of waking before sleep (Wake) to the first

minute of waking after sleep (Wake.1). Error barsindicate SEM.
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Supplemental Information

Change index and differencein log firing rate. Because neuronal firing rates are log-normally
distributed, a recent study used the difference of log firing rates (AlogFR) to evaluate firing
changes across sleep™®. We therefore compared this measure to the Cl we use here and
elsewhere™. When firing rates FR = TFR + N (I = 1,2), (true firing rate plus noise) ALogFR and

Cl are given asfollows:

2N
AlogFR = log(FR,) —log(FR,) = log (1 * m>'

~ FR,+FR, TRF

Cl

Thus, AlogFR and CI arerelated by:

AlogFR =log (1 + 1= CI)

When N << TRF, AlogFR~2CI. However, when N = TFR (and/or FR =» 0), unlike ClI,

AlogFR diverges. We therefore prefer to employ the Cl to evaluate changes.
Supplemental Figure L egends

Figure S1

Changeswithin non-REM ar e affected by the timing and history of deep. Deflection indices
(DI) were calculated within non-REM epochs that followed waking (A), interleaved REM (B) or
preceded waking (C) in early light (9 am. — 3 p.m,; top row), late light (3 p.m. —9 p.m.; second
row), early dark (9 p.m. — 1:30 am.; third row) and late dark (1:30 am. — 6 a.m.; bottom row)
periods, separately. In light cycles, firing rate did not further increase during non-REM following

waking (A), likely because of saturated firing. Firing rate robustly and uniformly increased in
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non-REM interleaving REM (B). Unlike at other times, in non-REM preceding awake in light
cycles (C), firing rates actually decreased. In REM preceding non-REM (D), firing decreases,
affecting low-firing cells most strongly, were mainly seen in early light. In REM preceding
waking (E), firing decreases were seen mainly in the late dark cycle. The number of analyzed
cells are shown at top right corner in each plot (black for pyramidal cells, gray for interneurons).

* p<0.05, ** p<0.01, *** p<0.001. Error bars indicate SEM.

Figure S2

Firing rate changes at state transitions. Dengty plots of firing rates (top) with identity lines
(white) and means (cross), change indices (CI; middle) and deflection index (DI; bottom) in each
quintile of pyramidal cells are shown, along with interneurons. Gray bands indicates surrogate
mean and 95% confidence intervals. The comparisons are as follows: (A) first and last minutes
of stable waking (1775 pyramidal cells and 54 interneurons in 46 stable wake), (B) state
trangitions from last minute of awake to first third of non-REM (NREM; 14494 pyramidal cells
and 1508 interneurons in 251 transitions). (C) trangitions from last third of non-REM to first
minute of awake (12049 pyramidal cells and 1372 interneurons cells in 214 transitions), (D)
trangitions from last third of REM to first minute of awake (1802 pyramidal cells and 241
interneuronsin 32 transitions), (E) between the first third of non-REM epochsin non-
REM/REM/non-REM.; triplets (15555 pyramidal cells and 1778 interneurons in 288 triplets),
(F) last and first one minutes of awake separated by sleep (3800 pyramidal cells and 704
interneuronsin 99 deep), (G) first third of REM epochs in REMi/non-REM/REM ;.4 triplets

(8690 pyramidal cells and 1051 interneurons cellsin 167 triplets).
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Figure S3

Summary of changesin normalized firing rates. Firing rates were normalized by the ratio of
each neuron’ s firing rate to its session mean, pooled across epochs, then separated into quintiles.
The same shuffling method as before was used to generate surrogates. Patterns were remarkably

similar to those for log-normal (non-normalized) firing rates (Figure 4). Error barsindicate SEM.
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