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Slow oscillations and sleep spindles are hallmarks of the EEG during
slow-wave sleep (SWS). Both oscillatory events, especially when co-
occurring in the constellation of spindles nesting in the slow
oscillation upstate, are considered to support memory formation
and underlying synaptic plasticity. The regulatory mechanisms of this
function at the circuit level are poorly understood. Here, using two-
photon imaging in mice, we relate EEG-recorded slow oscillations
and spindles to calcium signals recorded from the soma of cortical
putative pyramidal-like (Pyr) cells and neighboring parvalbumin-
positive interneurons (PV-Ins) or somatostatin-positive interneurons
(SOM-Ins). Pyr calcium activity was increased more than threefold
when spindles co-occurred with slow oscillation upstates compared
with slow oscillations or spindles occurring in isolation. Independent
of whether or not a spindle was nested in the slow oscillation upstate,
the slow oscillation downstate was preceded by enhanced calcium
signal in SOM-Ins that vanished during the upstate, whereas spindles
were associated with strongly increased PV-In calcium activity.
Additional wide-field calcium imaging of Pyr cells confirmed the
enhanced calcium activity and its widespread topography associated
with spindles nested in slow oscillation upstates. In conclusion, when
spindles are nested in slow oscillation upstates, maximum Pyr activity
appears to concur with strong perisomatic inhibition of Pyr cells via
PV-Ins and low dendritic inhibition via SOM-Ins (i.e., conditions that
might optimize synaptic plasticity within local cortical circuits).
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ammalian slow-wave sleep (SWS) is characterized by two

major EEG oscillatory events (the slow oscillation and the
sleep spindle). The slow oscillation, also considered a neuro-
physiological substrate of EEG slow-wave activity, is character-
ized by widespread synchronized changes in the membrane
potential of cortical neurons between hyperpolarization during
the slow oscillation downstate and depolarization during the slow
oscillation upstate, occurring at frequencies between 0.1 and
4 Hz (1, 2). Neural silence characterizing the slow oscillation
downstate pertains to excitatory neurons as well as inhibitory
interneurons (3, 4). The slow oscillation is primarily generated
within cortical networks, where it can occur in the absence of
thalamocortical input, with major participation of layer 5 neu-
rons (5-7). Nevertheless, in natural conditions, thalamic inputs
substantially contribute to the occurrence of cortical slow oscil-
lation upstates (8). Slow oscillations often show propagation
patterns as waves traveling from anterior to posterior cortical
areas (9-11).

Sleep spindles are characterized by waxing and waning oscillatory
field potentials in a frequency range between 7 and 15 Hz and with a
duration of 0.5-3 s (1). Within this frequency band in the human
EEG, fast and slow spindles can be discriminated, which differ in
topography and possibly also in their function (12, 13). Sleep spin-
dles are generated in intrathalamic circuits comprising GABAergic
neurons within the nucleus reticularis thalami and in collaterals of
glutamatergic thalamocortical projection neurons, with these pro-
jections also mediating their propagation to widespread neocortical
regions (14-16), where they reach both excitatory and inhibitory
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cells. The initiation and termination of spindles critically depend on
corticothalamic feedback (17, 18). The generation of spindles is
driven by the depolarizing upstate of the neocortical slow oscillation
such that they tend to nest in the beginning phase of the cortical
slow oscillation upstate (2).

There is convergent evidence that slow oscillations, as well as
spindles, contribute to the consolidation of memory during sleep
and underlying cortical synaptic plasticity mediating this memory
effect (19-23). The slow oscillation is thought to convey pri-
marily global processes of synaptic downscaling and renormali-
zation (24), although it might concurrently contribute to long-
term potentiation and upscaling of synapses in local cortical
circuits (25). Spindles and associated neural firing patterns have
been shown to promote cortical synaptic long-term potentiation
(23, 26, 27). The consolidation of memory during sleep likely
originates from the repeated reactivation of respective neural
ensemble activity in hippocampal as well as neocortical networks
(28-30). Such reactivations occur preferentially during the up-
state of the cortical slow oscillation. In fact, the depolarizing
upstate of the slow oscillation appears to drive neural memory
reactivations and thalamocortical spindles in parallel (31-33). In
this framework, slow oscillations co-occurring with spindles have
been proposed to be particularly effective in forming long-term
memory and in regulating underlying synaptic plasticity (34-36).

Significance

Slow oscillations and spindles are hallmarks of the EEG during
slow-wave sleep. They are thought to support memory con-
solidation, particularly in instances where the faster spindle
nests into the “upstate” of a slow oscillation. Using two-
photon and wide-field imaging, we recorded calcium tran-
sients from distinct populations of cortical excitatory and in-
hibitory neurons during sleep in mice. Compared with spindles
or slow oscillations occurring in isolation, events where spin-
dles nested in a slow oscillation upstate were indeed accom-
panied by a unique pattern of calcium activity where high
pyramidal cell activity appears to concur with high perisomatic
inhibition through parvalbumin-positive interneurons and with
low dendritic inhibition through somatostatin-positive inter-
neurons. These conditions might foster dendritic plasticity.
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Here, we aimed to directly link calcium activity, also as a factor
that has been considered to eventually enable the neural plasticity
underlying memory formation during SWS (37) in the mouse
cortex, to EEG measures of slow oscillations and spindles,
reflecting synchronized membrane potential oscillations in cortical
networks. Two-photon imaging was used to assess calcium activity
before, during, and after solitary slow oscillations and spindles,
and spindles co-occurring with slow oscillation upstates, in
pyramidal-like (Pyr) cells and neighboring parvalbumin-positive
interneurons (PV-Ins) and somatostatin-positive interneurons
(SOM-Ins) representing the major populations of excitatory and
inhibitory neurons, respectively, in cortical circuits. We find that
solitary slow oscillation upstates and spindles are accompanied by
increased Pyr calcium activity. Inhibitory regulation during the
slow oscillation appears to be conveyed mainly by SOM-Ins, which
show strongly increased calcium activity in the beginning of the
slow oscillation downstate and also a transient increase in the
beginning of the slow oscillation upstate, whereas inhibitory PV-In
activity is dominant during spindles. Notably, spindles nesting in
the slow oscillation upstate are accompanied by maximal increases
in Pyr activity, while inhibitory PV-In activity is maintained at the
same high level as during solitary spindles and SOM-In activity
is low.

Results

We investigated the activity of layer 2/3 PV-Ins and SOM-Ins
and of neighboring putative Pyr cells during slow oscillations and
spindles occurring in isolation and during co-occurring slow
oscillation-spindle events during SWS (Fig. 1 4, C, and D). For
this purpose, we identified PV-Ins and SOM-Ins in PV-Cre and
SOM-Cre transgenic mice by Cre-dependent expression of
tdTomato and assessed the calcium signal as a proxy for cellular
activity by panneuronal expression of GCaMP6f (cf. ref. 38) (Fig.
1 B and D). Calcium activity of all three cell types was compared
during a 5-s time window lasting from 2 s before to 3 s after the
negative slow oscillation half-wave peak and the spindle onset,
respectively. Activity between —3 and -2 s before the negative
slow oscillation half-wave peak and spindle onset, respectively,
was used as a baseline. Average calcium activity during this
baseline interval did not differ between solitary slow oscillations,
solitary spindles, and spindles co-occurring with slow oscillations
(P > 0.23). Three different frequency bands were used to analyze
spindles: slow spindles (7-10 Hz), fast spindles (11-15 Hz), and
broad-band spindles (7-15 Hz). As no major differences were
found, we focused on broad-band 7-15-Hz spindles as charac-
terized in previous reports (3, 15, 17).

SI Appendix, Table S1 summarizes basic features of the ana-
lyzed slow oscillations and spindles. With our criteria for slow
oscillation and spindle detection (Materials and Methods), we
detected a total of 18,931 solitary slow oscillations in seven
animals (PV-Cre animals: 8,062, SOM-Cre animals: 10,869),
1,311 solitary spindles (PV-Cre animals: 557, SOM-Cre animals:
754) and 1,092 spindles co-occurring with slow oscillation up-
states (PV-Cre: 451, SOM-Cre: 641). Across imaging sessions
and animals, mean slow oscillation duration (0.61 + 0.008 s vs.
0.61 + 0.01 s) and amplitude (0.26 + 0.01 mV vs. 0.27 + 0.01 mV)
were closely comparable between slow oscillations and slow
oscillations co-occurring with spindles. Whereas the duration of
solitary spindles was slightly shorter than for spindles co-
occurring with slow oscillations (0.71 + 0.01 s vs. 0.77 + 0.01 s;
P < 0.001), interevent intervals (3.26 + 0.2 s vs. 3.63 + 0.1 s) and
peak frequencies (12.14 + 0.04 Hz vs. 12.09 + 0.04 Hz) did not
differ between the spindle types (P > 0.1; Fig. 1E).

Activity of Pyr Cells, PV-Ins, and SOM-Ins During Slow Oscillations and
Spindles. All three cell types of interest showed distinct modu-
lations of their activity during solitary slow oscillations and
spindles, and during slow oscillation-spindle events (Fig. 2 4 and
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B). To assess the temporal dynamics of cell activity during the slow
oscillation, the slow oscillation cycle was divided into four phases
(Fig. 2C, Top): (i) a positive-to-negative “transition” phase
(0.32 to —0.00 s before a negative half-wave peak), (if) the “down”
phase (—0.00 to +0.16 s), the “up” phase (+0.32 to +0.48 s), and
an “after” phase (+0.54-3 s). In solitary slow oscillations, the
transition phase was hallmarked by a distinct increase in SOM-In
activity paralleled by a significant decrease in PV-In activity (both
P < 0.01 with reference to baseline activity; Fig. 2 B and C). In-
creases in Pyr cell activity during the transition phase were not
significant. During the subsequent down phase, we observed sig-
nificantly reduced activity, on average, across all three cell types
[in percent signal change value (AF/F) x107>: =6.3 + 0.5, —7.1 +
0.7, and -6.1 = 0.6 for Pyr cells, PV-Ins, and SOM-Ins, re-
spectively; all P < 0.001]. In the up phase, putative Pyr cells and
SOM-Ins displayed significant increases in activity (P < 0.01),
averaging +2.8 + 0.5 and +1.7 + 0.7 (in AF/F x107°), respectively.
For SOM-Ins, this increase was restricted to the initial part of the
up phase (Fig. 2B). By contrast, PV-In activity during the up phase
did not differ from baseline. In the after phase, all cell types dis-
played significantly reduced activity (all P < 0.01). Exploratory
principal component analyses (PCAs) confirmed a predominant
inhibitory control via SOM-Ins rather than PV-Ins during the slow
oscillation. This analysis identified one component starting with
the transition phase and extending over the whole slow oscillation,
with component scores in the opposite direction for SOM-Ins and
PV-Ins (S Appendix, Fig. S1).

During solitary spindles [+0.00 to +1.00 s with reference to
spindle onset (“during”)], PV-Ins showed distinctly increased
activity (on average, by +10.1 + 3.0 AF/F x10~%; P < 0.001). For
putative Pyr cells, a similar increase did not reach significance
(Fig. 2B). By contrast, SOM-In activity did not differ from
baseline (Fig. 2C). After solitary spindles [+1.00 to +3.00 s with
reference to spindle onset (after)], activity of SOM-Ins was de-
creased, compared with baseline levels (P < 0.05). PCA con-
firmed an opposing modulation of PV-In and SOM-In cells,
reflecting high PV-In activity and low SOM-In activity, for the
major component covering the whole spindle range (SI Appendix,
Fig. S1).

To examine how the temporal dynamics in cell activity during
a slow oscillation were modified by a spindle nesting in its up
phase, we compared patterns during solitary slow oscillations
and slow oscillation-spindle events (Fig. 2C). For all three cell
types, activity did not significantly differ between solitary slow
oscillations and slow oscillation-spindle events before (transition
phase) and during the slow oscillation down phase. During the
subsequent up phase, co-occurring spindles consistently en-
hanced Pyr cell activity more than threefold (P < 0.01) and PV-
In activity more than 20-fold (P < 0.01), but did not change
SOM-In activity (Fig. 2C). Additional analyses revealed that for
both Pyr cells and PV-Ins, the duration of calcium transients, as
assessed per cell, during the up phase was longer for slow
oscillation-spindle events compared with calcium transients ob-
served during solitary slow oscillations (P < 0.01). In the after
phase of slow oscillations, when spindles co-occurred with slow
oscillations, we observed a reduction in activity for putative Pyr
cells and PV-Ins (P < 0.01) compared with solitary slow oscil-
lations, but not for SOM-Ins. ANOVA across all slow oscillation
phases confirmed significant co-occurring/solitary x phase in-
teractions for all three cell types (Pyr: F = 8.2, P < 0.001; PV-In:
F =10.7, P < 0.001; SOM-In: F = 4.1, P < 0.01).

After comparing solitary slow oscillations and slow oscillations
co-occurring with spindles, we likewise assessed whether the
presence of a slow oscillation upstate changed the dynamics of
cell activity seen during solitary spindles (Fig. 2C, Right). This
analysis confirmed that the activity of putative Pyr cells was more
than threefold higher during a spindle that nested in a slow os-
cillation upstate than during a solitary spindle (P < 0.05),
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Fig. 1. Simultaneous EEG recording and two-photon calcium imaging. (A,
Left) lllustration of EEG and electromyography (EMG) electrode positions
and of the imaging window for the two-photon experiments. (4, Right)
Example frame from one SOM-Cre animal. (Scale bar: 100 pm.) (B) Fluores-
cence image of GCaMP6f (green) and td-tomato-positive interneurons (red;
Top, SOM-Cre; Bottom, PV-Cre) and immunohistochemical staining (yellow,
SOM; blue, PV). (C) Example EEG trace (from a parietal electrode) and, un-
derneath, corresponding classification of sleep stages [wake, SWS, rapid eye
movement (REM) sleep] and example calcium activity traces from three in-
dividual putative Pyr cells. The frame marks the interval magnified in D. (D,
Top) Zoomed-in EEG trace (from a parietal electrode) and, underneath, the
corresponding time-frequency plot. For detection of slow oscillation(s) (SO),
the EEG signal was filtered between 0.1 and 4.0 Hz. An SO was identified in
the EEG when (i) the distance between consecutive positive-to-negative zero
crossings was between 0.4 and 2 s, (ii) the amplitude of the negative half-
wave peak in this interval exceeded 0.66 SD (gray-shaded range) from the
mean of all identified intervals in a recording session, and (iii) the difference
in amplitude between the negative and succeeding positive peak was
greater than 2/3 of the average negative-to-positive peak amplitude for all
identified intervals in a recording session. Spindle(s) (Spi) were detected
when the amplitude of the filtered EEG signal (7-15 Hz) was greater than 1.5
SDs from the mean (gray-shaded range) amplitude during a recording ses-
sion for at least 0.5 s. (D, Bottom) Example fluorescence traces (AF/F) from
three individual putative Pyr cells during the same time interval. Note the
synchronous activity of cells 1 and 2 during the first Spi co-occurring with an
SO and of cell 3 during the second Spi co-occurring with an SO (arrows). (E)

E9222 | www.pnas.org/cgi/doi/10.1073/pnas.1805517115

whereas activity of PV-Ins during these two types of spindles was
at a high but comparable level during solitary and nested spin-
dles. Also, the after phase of spindles was characterized by en-
hanced Pyr cell activity when the spindle had occurred during a
slow oscillation compared with solitary spindles [F = 5.1, P <
0.05 for co-occurring/solitary main effect in an ANOVA across
both phases (i.e., during and after the spindle)].

To examine to what extent scattered fluorescence from the
neuropil contaminated the fluorescence signal from the cell
soma, we repeated the analyses using AF/F values that were
neuropil-corrected. In this approach, calcium events were de-
tected whenever the signal within a frame exceeded 2 SDs of the
median neuropil-corrected fluorescence signal of the cell (Ma-
terials and Methods). This analysis revealed temporal dynamics of
calcium event rates during solitary spindles, slow oscillations, and
slow oscillation-spindle events, which are summarized in SI Ap-
pendix, Fig. S2. These control analyses rule out the possibility
that the results concerning uncorrected AF/F signal from the
three neuron subpopulations of interest reported above are
substantially contaminated by scattering dendritic fluorescence.

Overall, these findings indicate the existence of specific mech-
anisms of circuit regulation for slow oscillations and spindles. On
one side, slow oscillations are characterized by enhanced SOM-In
activity, which precedes the initial negative slow oscillation half-
wave peak and seems to also counterregulate the distinct increase
in Pyr cell activity during the slow oscillation upstate. On the other
side, during spindles, increased PV-In activity appears to coun-
terregulate the increase in Pyr cell activity. The co-occurrence of a
slow oscillation upstate with a spindle produces a maximum in-
crease in Pyr cell activity in the presence of high levels of PV-In
activity and low levels of SOM-In activity.

Wake-Active Versus Wake-Inactive Neurons. Previous studies have
revealed that cell activity dynamics differ depending on the cell’s
activity during wakefulness (38-40). To investigate whether the
wake activity level affected cell-specific calcium activity during
slow oscillations and spindles, we compared, separately for each
of the three cell types of interest, fluorescence signals between
the 20% of cells (fifth quintile) that were most active during
wakefulness and the 20% of cells (first quintile) that were least
active during wake phases (SI Appendix, Fig. S3).

This comparison revealed that wake-inactive SOM-In cells
displayed a stronger modulation of calcium activity by slow os-
cillations and spindles than the wake-active SOM-In cells (S
Appendix, Fig. S3). For putative Pyr and PV-In cells, the direct
comparisons between wake-active and wake-inactive cells did not
reach significance, which might partly reflect the enhanced signal
variability in these subsamples.

Fluorescence Signal Correlates with EEG Signal During Slow Oscillations
and Spindles. To clarify the relationship between fluorescence in-
tensity and EEG signal amplitude during slow oscillations and
spindles, we calculated Pearson’s correlation coefficients between
respective measures. Only a few survived Bonferroni corrections
for multiple testing. For slow oscillations, correlations were
stronger for the negative-to-positive peak amplitude measure than
for the other amplitude measures (negative half-wave and positive
half-wave peak amplitudes) and slightly higher for slow oscillations
co-occurring with spindles than for solitary slow oscillations.
Correlations between r = 0.12 and » = 0.09 (P < 0.01) were found
between the slow oscillation negative-to-positive amplitude and

Summary of SO and Spi properties (mean duration, mean SO amplitude,
mean Spi frequency across all animals and all recorded events), separately
for isolated SO and Spi and for SO co-occurring with Spi (SO + Spi). **P <
0.01, for pairwise comparison (corresponding results for each animal are
shown in S/ Appendix, Table S1).
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o half-wave peak (0 s). (A, Right) Grand average of the

rms of EEG spindle (Spi) signal (7-15 Hz) time-locked

"j]_i@‘ to Spi onset (0 s). (B) Mean AF/F signals for putative
Pyr cells (green), PV-Ins (blue), and SOM-Ins (red)

during solitary SO (Top Left) and solitary Spi (Top

Right) and during SO co-occurring with Spi (SO +

B 5O+Spi Spi), time-locked to a negative SO half-wave peak
B spi (Bottom Left) and to Spi onset (Bottom Right). Bars

w # on top indicate significance (P < 0.05) with reference
to a baseline (-3 to -2 s) set to zero. Average traces
across all events from all animals are indicated. (C,
Left) Comparison of mean (£SEM) AF/F signals be-
tween solitary SO and SO + Spi events for the positive-
to-negative transition phase (Trans; —0.32 to —0.00 s,
with reference to the SO negative half-wave peak =0's),
the down phase (-0.00 to 0.16 s), the up phase (0.32-
0.48 s), and the following after phase (0.54-3 s). (C,
Right) Comparisons between mean (+SEM) AF/F signals
between solitary Spi and SO + Spi events for the phase
during the acute Spi (0-1 s with reference to Spi onset
set to 0 s) and the after phase (1-3 s). **P < 0.01, *P <
t 0.05, and 'P < 0.1 for pairwise comparisons between
solitary events and SO + Spi events respectively. *#P <
0.01, *P < 0.05, and *P < 0.1 for difference from baseline
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Down

the AF/F signal of Pyr cells and SOM-Ins, respectively, during the
transition, down, and up phases of slow oscillations co-occurring
with spindles, with overall highest coefficients for correlations with
the signal during the up phase.

Analyses of spindles revealed somewhat higher correlations
(Fig. 3). The AF/F signal of putative Pyr cells showed significant
positive correlations with spindle power, with this correlation
being more robust for spindles co-occurring with slow oscilla-
tions (r = 0.19, P < 0.001) than for solitary spindles (r = 0.12, P <
0.001). Moreover, for spindles co-occurring with slow oscilla-
tions, this correlation was significantly (P < 0.001) stronger for
wake-active Pyr cells (fifth quintile; » = 0.27, P < 0.001) than
for wake-inactive cells (first quintile; r = 0.12, P < 0.001). On
the other side, wake-inactive SOM-Ins (first quintile) showed
stronger correlations between AF/F signals and spindle power
than wake-active SOM-Ins during spindles co-occurring with
slow oscillations (r = 0.18, P < 0.001 vs. r = 0.04 P = 0.27; P <
0.001 for difference between coefficients).

We also calculated pairwise correlations of AF/F signals within
the populations of putative Pyr cells, PV-In cells, and SOM-In
cells, as well as between Pyr cells and the two inhibitory cell
populations (SI Appendix, Fig. S4). Generally, these correlations
were small (r < 0.15), and their distribution did not provide ev-
idence for the presence of highly correlated subgroups of cells
accompanying the occurrence of slow oscillations or spindles.

Cortical Topography of Calcium Activity During Slow Oscillations and
Spindles. To characterize the cortical topography of slow oscil-
lation and spindle-related changes in calcium activity, we used
wide-field imaging of the dorsal surface of the cortex in mice
(Fig. 4 A and B). This technique provides calcium signals with
high temporal resolution (50-60 frames per second) and, addi-
tionally, broader fields of view covering cortical areas in ranges
of square centimeters (38, 41). The cortical surface of transgenic
animals expressing a genetically encoded calcium indicator

Niethard et al.

After

activity (-3 to -2 s).

(GCaMPof) in almost all cortical Pyr cells (CaMKII-positive
cells) was monitored. To investigate the topographical distribu-
tion of calcium activity during sleep spindles and slow oscilla-
tions, we compared grand averages (across all events from all
animals) of f,,., signals in 36 regions of interest (ROIs) during
solitary slow oscillations, solitary spindles, and slow oscillations
co-occurring with spindles, with the EEG events detected in
recordings from either the left frontal cortex or the left occipital
cortex. To characterize anterior and posterior cortical activities,
and for the respective statistical comparisons, activity was aver-
aged across four frontal and four occipital target ROIs (Fig. 44).

During solitary slow oscillations, calcium signal showed a
widespread and significant reduction during the down phase
regardless of whether the slow oscillation was identified in the
frontal or occipital EEG channel (P < 0.05 for analysis of target
ROIs, with reference to baseline levels —3 to —2 s before the
negative half-wave peak; Fig. 4C and SI Appendix, Fig. S5). This
decrease was followed by a transient increase in calcium signal in
the beginning of the slow oscillation up phase, which did not
significantly differ from baseline, however. Solitary spindles de-
tected in the frontal EEG channel were associated with signifi-
cantly increased calcium signal in the anterior target ROIs,
which was succeeded by a widespread reduction in calcium signal
persisting for more than 3 s after the spindle had ceased (P <
0.01). This reduction in signal was likewise significant for solitary
spindles identified in the occipital EEG (P < 0.01 for posterior
target ROIs; SI Appendix, Fig. S5). Slow oscillations that co-
occurred with a spindle were marked by a clear increase in cal-
cium signal during the up phase, most pronounced over the
anterior ROIs (P < 0.01). However, the mean f,o;q, signal am-
plitude during a 1-s interval starting with spindle onset did not
significantly differ between solitary spindles and spindles that
occurred during a slow oscillation upstate (P > 0.1). Like solitary
slow oscillations, these slow oscillation-spindle events were as-
sociated with a widespread decrease in activity during the prior

PNAS | vol. 115 | no.39 | E9223

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805517115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805517115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805517115/-/DCSupplemental

L T

z

D\

down phase, and, like solitary spindles, they were followed by a
widespread persisting suppression of activity (P < 0.05 across all
target ROIs; SI Appendix, Figs. S5 and S6 show corresponding
data for events detected in the occipital EEG channel).

Calcium activity associated with the slow oscillation revealed a
systematic traveling from frontal to occipital cortical regions, such
that reductions in activity during the negative half-wave peaked
slightly earlier over frontal cortical areas than over posterior areas
(Fig. 5 and Movie S1). This traveling was significant for both solitary
slow oscillations and slow oscillation-spindle events (mean + SEM
delay between frontal ROIs 25-36 and occipital ROIs 1-12: 10.5 +
1.7 ms; P < 0.001). No significant delay between hemispheres was
found, and there were also no hints at a systematic traveling of
spindle-associated changes in calcium activity.

We wanted to exclude the possibility that changes in fluores-
cence observed with GCaMP6f imaging are not reflecting cal-
cium activity but are confounded by metabolic and/or blood flow
changes, which can affect the intensity of the detected fluores-
cence signal. To this end, we measured fluorescence change in
control animals expressing GFP within cortical layer 2/3, which is
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Fig. 3. Calcium activity of putative Pyr cells correlates with spindle amplitude.
Density plots showing the correlation between activity of putative Pyr cells
(mean AF/F across all cells for each event) and EEGs with 7-15-Hz spindle am-
plitude (normalized rms) for solitary spindles (Left) and spindles co-occurring
with slow oscillations (Right). Results are shown separately for all Pyr cells (A),
wake-active Pyr cells (B), and wake-inactive Pyr cells (C). **P < 0.001.
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Fig. 4. Cortical topography of calcium activity during slow oscillation and spindle.
(A) Schematic drawing of the wide field used for calcium imaging, positioning of
electrodes for EEG (pink crosses), and electromyography (EMG) recordings (blue
dots). (Right) Imaging window was divided into 36 ROIs. Asterisks mark ROIs used
for statistical comparison of activity between anterior (red) and posterior (orange)
regions. (Scale bar: 2 mm.) (B) Average EEG signal for solitary slow oscillations (Top;
from left frontal cortical recordings, white line overlaying average time-frequency
plot with color-coded power) together with average (+SEM) calcium activity (frorm)
across the four designated anterior (red) and posterior (orange) cortical regions
(Middle). Averages are time-locked to the negative half-wave peak of the slow
oscillation (0 s). Intervals with significant changes in calcium activity (P < 0.01,
relative to the baseline interval from —3 to —2 s) are indicated in red [for anterior
ROIs (FRO)] and orange bars [for posterior ROIs (OCC)]. (Bottom) Topographic
changes of calcium activity in all 36 ROIs (f,,orm, color-coded) for subsequent 500-ms
time windows. (C and D) Corresponding data for solitary spindles (Spindle) and
slow oscillations co-occurring with spindles (Slow oscillation + Spindle). Note that
for solitary spindles, the average EEG signal (overlaying the corresponding EEG
time-frequency plot) shows the rms amplitude and averaging is time-locked to the
spindle onset. Average traces are shown across events from four animals (total: n =
9,472, n =706, and n = 770, for solitary slow oscillations, solitary spindles, and slow
oscillations co-occurring with spindles, respectively; corresponding results for EEG
events identified in occipital recordings are shown in S/ Appendix, Fig. S5).
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not a calcium-dependent fluorescent protein (Materials and Meth-
ods). As expected, these animals showed neither the acute decrease
and increase in calcium signal accompanying the slow oscillation
downstate and upstate nor an acute increase in calcium signal
during spindles (P < 0.001 for all relevant comparisons with the
experimental GCaMP6f animals).

Discussion

Using calcium imaging in the naturally sleeping brain, our study
provides evidence that the slow oscillations and spindles of SWS
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Fig. 5. Slow oscillation-associated calcium signal travels from anterior to
posterior cortex. (A) lllustration of the 36 cortical ROIs used for wide-field
imaging experiments. The red-shaded area indicates anterior ROIs (25-36),
and the blue-shaded area indicates posterior ROIs (1-12). (B) Histogram
showing the distribution of the temporal delays of slow oscillation negative
(neg.) half-wave peaks defined in the f,om signal between frontal ROIs and
occipital ROIs. Only slow oscillation events were included in this analysis,
where the minimum of the f,om signal was associated with the slow oscil-
lation half-wave peak exceeding a critical threshold for both anterior and
posterior regions (with the threshold defined by 0.66 SD from the mean
activity of the filtered 0.1-4-Hz signal). (C) Calcium activity for 36 cortical
ROIs using wide-field imaging during solitary slow oscillations (Left), solitary
spindles (Center), and slow oscillations co-occurring with spindles (Right,
Slow Oscillation + Spindle). The red-shaded area indicates anterior ROIs, and
the blue-shaded area indicates posterior ROIs. The numbering of ROIs is
indicated in A. Average traces across four animals (total: n = 9472, n = 706,
and n = 770 for solitary slow oscillations, solitary spindles, and slow oscilla-
tions co-occurring with spindles, respectively) are indicated. Averaging is
time-locked (0 s) to the negative half-wave peak of slow oscillation and
spindle onset, respectively. EEG events were detected in the frontal EEG
channel (corresponding results for EEG events detected in occipital record-
ings are shown in S/ Appendix, Fig. S6). The red-marked calcium signal in-
dicates intervals of significantly (P < 0.05) enhanced or reduced activity (with
reference to activity during the baseline interval from -3 to -2 s).
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are characterized by a specific balance between the activity of
excitatory and specific inhibitory neurons within cortical circuits.
We find that the slow oscillation upstates and, to a far lesser
extent, spindles are accompanied by an increase in calcium ac-
tivity of putative Pyr cells. The excitatory drive during the slow
oscillation appears to be mainly countered by inhibitory activity
of SOM-Ins showing distinct increases in the beginning of the
downstate and also transiently in the beginning of the upstate. By
contrast, inhibitory activity during spindles is primarily conveyed
by increased activity of PV-Ins. Importantly, when spindles co-
occur with the slow oscillation upstate, Pyr calcium activity rea-
ches a maximum in the presence of high levels of PV-In activity
and low levels of SOM-In activity.

Our results, revealing an increase in SOM-In calcium activity
at the transition into the slow oscillation downstate as well as at
the transition into the upstate, shed light on the regulation un-
derlying the emergence of the cortical slow oscillation. The slow
oscillation downstate is considered a disfacilitatory state (1, 42),
which is confirmed by the present findings indicating a general
decrease in the activity of excitatory Pyr cells as well as inhibitory
PV-Ins or SOM-Ins during the downstate. However, what trig-
gers the downstate, and what explains its high synchrony across
cortical columns, has been unclear for a long time. Based on
studies of slice preparations of the rodent entorhinal cortex, an
involvement of slow GABA(B) receptors as well as D1-like do-
paminergic receptors has been suggested (43, 44). Comparisons
of local field potentials in mice lacking glutamate decarboxylase
67 in either SOM-Ins or PV-Ins provided the first hints that these
cells might specifically contribute to the regulation of slow os-
cillation downstates and upstates (45). Strong electrophysiolog-
ical evidence for the induction of the slow oscillation by distinct
inhibitory activities has only recently been provided by Timofeev
and coworkers (46). They found in natural sleeping cats that
the slow oscillation downstate was preceded by a longer (100-
300 ms) chloride-mediated inhibitory barrage that was likely
mediated by long-range afferent inputs to inhibitory interneu-
rons. The rather similar time course observed here for the in-
crease in SOM-In activity preceding the slow oscillation
downstate, together with findings that optogenetic stimulation of
SOM-Ins can induce slow oscillations (47), speaks for a contri-
bution of SOM-Ins in initialization of the slow oscillation
downstate. This view is further supported by our observation that
PV-In activity gradually decreased in the same time interval (i.e.,
before the downstate), as SOM-Ins are known to directly inhibit
PV-Ins and a number of other cortical interneurons (48). The
majority (~70%) of cortical SOM-In cells are Martinotti cells
(49). They mainly target the apical dendrites of Pyr cells, where
they regulate dendritic spike generation and synaptic integration
in local networks of Pyr cells (50, 51). These properties make
them a strong candidate for active induction of the slow oscil-
lation downstate, as well as for regulating inhibitory control
during the downstate-to-upstate transition, when their activity
transiently increased.

Our finding that spindles are accompanied by a strong in-
crease in PV-In calcium activity concurs with findings from
electrophysiological studies. Not only do PV-In-like fast spik-
ing cells show increased firing rates during spindles but firing is
also in synchrony with the spindle oscillation (52, 53). On the
other hand, Pyr cells do not show consistent increases in firing
during spindles, even though they receive highly synchronized
excitatory input. This picture of a predominant inhibitory reg-
ulation of spindles via feedforward or intracortical feedback
inputs to PV-Ins agrees well with the present data of a distinct
increase in PV-In activity accompanied by only a slight (but
significant) increase in Pyr activity (54). Interestingly, at the
same time, SOM-In activity was low, possibly reflecting in-
hibition of SOM-In via PV-In, thereby shifting Pyr inhibition
from SOM-In-driven dendritic inhibition to PV-In-driven
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perisomatic inhibition, which might favor dendritic synaptic
plasticity (48, 55, 56).

Mainly based on computational models, it has been proposed
that a massive intracellular increase in calcium in Pyr cells during
spindles mediates persisting synaptic plastic changes underlying
memory consolidation during sleep (37). This study provides
evidence that calcium activity in cortical layer 2/3 Pyr is only
slightly enhanced when spindles occur in isolation but becomes
profoundly enhanced when the spindle occurs during a slow
oscillation upstate, rendering such slow oscillation-spindle events
a condition particularly fostering the consolidation of cortically
represented memories (19, 36, 57).

Our data also uncover some of the underlying circuit condi-
tions of the strong increase in Pyr activity during slow oscillation-
spindle events, as it concurred with PV-In activity at levels as
high as during solitary spindles, as well as with rather low SOM-
In activity. The shift toward perisomatic inhibition by PV-Ins in
the presence of low dendritic inhibition through SOM-Ins during
slow oscillation-spindle events and solitary spindles probably
enables local increases in calcium levels within dendrites by ex-
citatory inputs. Such inputs might originate from reactivated
memory representations in cortical and extracortical regions
such as the hippocampus. As they are synchronized to the
depolarizing slow oscillation upstate with a co-occurring spindle,
they reach cortical Pyr cells in a time window of dendritic dis-
inhibition, allowing for effective local calcium responses (31, 32,
35, 58). Indeed, in awake rats, dendritic encoding of sensory
stimuli and associated increases in dendritic calcium levels were
facilitated by increased perisomatic inhibition and simulta-
neously decreased inhibition through Martinotti cells (50).
According to this scenario, low SOM-In activity during spindles
nesting in slow oscillation upstates would play a permissive role
for dendritic calcium activity, facilitating the induction of per-
sisting plasticity at dendritic synapses in Pyr cells. Although this
view is tentative, as we did not directly assess dendritic calcium
activity, it concurs well with findings in awake mice showing that
low SOM-In activity, in the presence of strong perisomatic in-
hibition of Pyr cells, facilitates dendritic synaptic plasticity upon
encoding of motor memories in these cells (47, 55, 59). More-
over, during SWS, after motor memory encoding dendritic
plasticity was shown to occur, as a consequence of reactivated
representations, on select apical branches of Pyr cells (60) and
dendritic calcium activity was found to be distinctly increased
during spindles (54). Collectively, those and the present findings
tempt one to propose that the constellation of low SOM-In—
mediated dendritic inhibition, together with strong perisomatic
inhibition of Pyr cells, is a general feature facilitating dendritic
plasticity in postencoding wake conditions as well as during SWS,
when newly encoded representations are reactivated in the
presence of slow oscillation-spindle events (29, 31, 61).

Recent studies suggest that synaptic plastic changes during
sleep depend on the prior activity of the involved neurons during
wakefulness (62, 63). In the present study, differences between
the most and least active cells during wakefulness were moderate
overall and mainly found for inhibitory cells, but not for putative
Pyr cells. The described dynamics in calcium activity, especially
during spindles, appeared to be more pronounced in SOM-Ins
and PV-Ins with the lowest wake activity than in those with
highest wake activity, although direct comparisons between the
cell clusters often failed to reach significance. This observation
might be linked to electrophysiological findings indicating that
cells with low firing activity are more likely involved in encoding
specific memories (39). However, the greater dynamics in wake-
inactive interneurons were observed independent of whether
activity levels were determined based on only the wake periods
preceding the experimental sleep period or on wake periods
preceding and following sleep, suggesting that the enhanced
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dynamics in wake-inactive cells are unrelated to the encoding of
information during the prior wake phase.

Wide-field imaging confirmed the more widespread topogra-
phy of slow oscillations in comparison to spindles, as well as the
anterior-to-posterior traveling of slow oscillation-related activity,
a feature also reported in other studies using calcium imaging (7)
and electrophysiological recordings (e.g., refs. 10, 12, 64, 65).
Whether the traveling of the slow oscillation reflects spreading
via long-range intracortical excitatory connections, consequently
depending on the excitatory—inhibitory balance within cortical
columns, or critically involves thalamic regulation is not clear (7,
66, 67). Notably, our wide-field imaging did not show the pro-
nounced increase in Pyr calcium activity during spindles that
nested in slow oscillation upstates, compared with solitary spin-
dles, which we revealed with two-photon imaging of the Pyr
soma. This discrepancy might be related to the fact that, for the
most part, wide-field imaging covered calcium activity of apical
dendrites, whose dynamics are expected to differ from those of
the soma [e.g., as to the reflection of action potentials (54)].

Although our calcium imaging data mirrored topography and
its temporal dynamics for spindles and slow oscillations quite
well, correlations between calcium activity of the cells and our
electrophysiological amplitude measures, although significant,
remained rather modest. This is owing to the fact that calcium
signal and EEG amplitude reflect different aspects of activity: on
the one hand, calcium level in the contributing neurons and, on
the other hand, the synchronized changes in membrane potential
mainly of Pyr cells, as the parallel orientation of these neurons
and their dendrites enables the summation of extracellular field
potentials. It is thus not unexpected that the observed correla-
tions were highest for Pyr activity. The calcium activity in Pyr
cells was most robustly associated with the amplitude of slow
oscillation that co-occurred with a spindle, underscoring that the
up-regulation of calcium activity in these cells is particularly
strong when spindles nest in the slow oscillation upstate.

Not only was the size of correlation coefficients between
measures of EEG oscillations and calcium activity modest but
statistical effect sizes (partial eta-squared) for the observed main
effects were also consistently <0.3 despite their high significance
(P < 0.01). In fact, the overall moderate magnitude of effects
agrees well with electrophysiological studies demonstrating that
spontaneous firing rates of cortical neurons are log-normally
distributed, with the majority of neurons showing very low fir-
ing rates [<0.2 Hz (68)] and, importantly, that only a small
fraction of these neurons is recruited for the slow oscillation and
spindle events of interest here (69-71). Even during events of
highly synchronized activity like the upstate of the slow oscilla-
tion, no more than 3% of all cells are synchronously active.
Concurring with those findings, our calcium imaging approach
unselectively covering all cells revealed that changes in calcium
activity accompanying slow oscillations and spindles were always
conveyed by only a subsample of neurons covered. Thus, our
calcium imaging approach corroborates the notion that slow
oscillations and spindles are not associated with a global re-
cruitment of neural firing activity but only with activity in distinct
neuronal subpopulations, which are possibly those involved in
encoding of information during prior wakefulness (72-74).

In the current study, we aimed at linking changes in calcium
activity in distinct subsets of cortical neurons to EEG field po-
tential oscillations known to be involved in memory formation
during sleep. The basic question arises of to what extent the
assessed calcium signal changes relate to action potential activity.
Although the fluorescent calcium indicator we used (GCaMP6f)
enables the reliable detection of single action potentials (75), it is
likely that not all calcium transients detected in our study repre-
sent action potentials. However, additional analysis on neuropil-
corrected signals excluded the contamination of our measure-
ments with scattered fluorescence from dendrites. Moreover, such
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contamination should bias calcium signal levels in the different
cell types toward the same direction, which contrasts with our
findings of partly opposed changes. Overall, these analyses en-
sured that the pattern of calcium signal changes coinciding with
the EEG oscillations of interest, for the most part, reflect soma-
specific events, although this does not exclude the presence of
calcium events without spiking. Nevertheless, it seems justified to
assume that our measures of soma-specific calcium activity are
substantially correlated to cell activity in terms of action potentials
(75, 76). However, to precisely characterize this relationship,
further experiments are required combining recordings of calcium
and electrical activity in single units.

Despite the insights this study provides into the regulation of
microcircuits during slow oscillations and sleep spindles, three
principle limitations need to be considered. First, compared with
electrophysiological detection of firing activity, the temporal
resolution of the applied two-photon calcium imaging is rather
low, mainly owing to the rather slow decay times of the calcium
indicator (in this case, GCaMP6f). Nevertheless, the decay times,
together with the 6-Hz frame rate we used in our experiments,
are sufficient to cover the EEG oscillatory phenomena of in-
terest [slow oscillation and spindle events (the latter basically
defined by their power envelope)], which comprise frequen-
cies <3 Hz. However, our frame rate for two-photon imaging was
not sufficient to dissociate changes in calcium activity for sub-
types of spindles with faster and slower oscillatory frequency (77)
and, importantly, precludes a reliable discrimination of activity
changes occurring in synchrony with a specific phase of these
oscillations (52, 53). This limitation possibly relates to the
seemingly paradoxical observation that during slow oscillation-
spindle events, Pyr cell somata show distinct increases in calcium
activity in the presence of perisomatic inhibition and presumed
hyperpolarization by PV-Ins, which, itself, is expected to de-
crease calcium activity (78). The increase in calcium activity in
Pyr cells during slow oscillation-spindle events likely reflects
excitatory inputs (e.g., from thalamocortical projections) occur-
ring during the excitable troughs of the spindle cycle. PV-In
activity, on the other hand, with a slight delay, closes the excit-
atory phase of the spindle cycle to induce perisomatic hyperpo-
larization of Pyr cells. However, to scrutinize this scenario,
further experimentation is required combining recording of cal-
cium and electrical activity in single units.

A second limitation derives from the fact that we focused on the
two major types of cortical interneurons, PV-Ins and SOM-Ins. We
revealed a unique constellation of activity between these inter-
neurons that characterizes circuit activity during slow oscillation-
spindle events, which raises the question of the factors driving this
constellation. Here, long-range connections from subcortical (e.g.,
thalamic) structures, as well as several other types of intracortical
interneurons, might play a role (79-81). Vasoactive intestinal
polypeptide (VIP)-positive interneurons are a likely candidate to
be considered in future studies. Cortical VIP-positive interneurons
have been shown to exert disinhibitory control in cortical circuits
via action on SOM-In cells and also appear to be involved in the
regulation of EEG oscillations (82-84).

A third limitation relates to our focus on activity in layer 2/3,
which might differ from activity in other cortical layers. Slow os-
cillations propagate from layer 5 to more superficial layers (67),
and, in this context, a recent study by Seibt et al. (54) complements
the present findings by focusing on layer 5 rather than layer
2/3 neurons. Only concentrating on spindles, the study found
spindles to be accompanied by increased calcium activity in the
apical dendrites of the cells, but not in the cells’ soma throughout
the cortical column. Against this backdrop, it is conceivable that
the increase in calcium signal observed here in the soma of layer
2/3 Pyr cells specifically during spindle nesting in slow oscillation
upstates is even more profound in analyses focusing on apical
dendrites of layer 5 neurons (54). While our calcium imaging study
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reveals a distinct pattern of activity in cortical circuits associated
with slow oscillations and spindles, it did not include any in-
tervention. Thus, the central question of causality (i.e., to what
extent the observed changes in calcium activity characterizing slow
oscillation and spindles indeed play a causal role in the regulation
of these EEG events) remains to be resolved (47).

Nevertheless, the limitations of our study in no way challenge its
main finding (summarized in Fig. 6) that spindles nesting in slow
oscillation upstates are marked by a maximal increase in calcium
activity of excitatory Pyr cells, which occurs in the presence of
strong perisomatic inhibition by PV-Ins and low dendritic in-
hibition by SOM-Ins. This might optimize local synaptic plasticity
underlying the formation of long-term memory in these circuits.

Materials and Methods

Experimental procedures were approved by the local institutions in charge
of animal welfare (Regierungspraesidium Tubingen, State of Baden-
Wuerttemberg, Germany). Procedures of surgery and recordings followed,
in large part, protocols described previously (38). All used resources are
summarized in S/ Appendix, Table S2.

Animals and Surgery. PV-Cre mice [RRID:IMSR_JAX:008069 (85)] and SOM-Cre
mice [RRID:IMSR_JAX:013044 (86)] were used for in vivo two-photon calcium
imaging. CaMKII-Cre mice [RRID:IMSR_EM:01153 (87)] crossed with Ai95RCL-
GCaMP6f mice [RRID:IMSR_JAX:024105 (88)] and C57BL6/J mice were used for
wide-field calcium imaging. The mice were housed in groups of up to five
mice in temperature-controlled (22 + 2 °C) and humidity-controlled (45-65%)
cages. Experiments were performed during the light (i.e., rest) period of the
12-h/12-h light/dark cycle. Data collection in all mice started 1 h after light
onset. All mice were male and older than 8 wk of age. Detailed information
about the surgical implantation procedures is provided in S/ Appendlix.

Two-Photon Image Analysis. Lateral motion was corrected in two steps (89). A
cross-correlation-based image alignment (Turboreg) was performed, fol-
lowed by a line-by-line correction using an algorithm based on a hidden
Markov model (90). ROIs containing individual neurons were drawn manu-
ally, and the pixel values within each ROl were summed to estimate the
fluorescence of this neuron. PV-Ins and SOM-Ins were manually detected by

Solitary Spindle

Solitary Slow Oscillation Slow Oscillation + Spindle

Fig. 6. Schematic illustration of the main findings. Our findings indicate
distinct constellations of the excitation/inhibition balance in cortical circuits
during slow oscillations and spindles depending on whether these events
occur in isolation (Solitary Slow Oscillation, Solitary Spindle) or together,
with the spindle nesting in the slow oscillation upstate (Slow Oscillation +
Spindle). (A) Solitary slow oscillations are hallmarked by increased SOM-In
(SOM*) activity mediating dendritic inhibition of putative Pyr cells at the
transition to the downstate and in the initial upstate of the slow oscillation.
(B) Solitary spindles are hallmarked by increased PV-In (PV*) activity medi-
ating distinct perisomatic inhibition of Pyr cells in the presence of weak
dendritic inhibition by SOM-In cells. (C) Spindles nesting in the slow oscilla-
tion upstate are hallmarked by a more than threefold increase in Pyr cell
activity (compared with respective solitary events), which is possibly driven
by specific excitatory inputs to these cells. Simultaneously, Pyr cells receive
strong perisomatic inhibition through PV-Ins, while their dendritic inhibition
via SOM-Ins is reduced. We speculate that this constellation of excitatory and
inhibitory inputs during slow oscillation-spindle events facilitates dendritic
synaptic plasticity in Pyr cells underlying memory formation during sleep.
The “+" and “—" symbols indicate excitatory-inhibitory inputs, and the thick
vs. thin lines indicate the strength of inputs to Pyr cells.
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red fluorescence signal expressed by AAV2/1-Flex-tdtomato. Surrounding
neurons not expressing tdTomato were considered putative Pyr cells [these
cells likely include other types of interneurons, although the proportion of
them is negligible (<10%) (80, 91)]. The analyses aimed at globally assessing
calcium transients in the cells of interest during solitary EEG slow oscillations,
spindles, and slow oscillation-spindle events. For this purpose, the raw
fluorescence signal for an individual cell was calculated by averaging the
pixel intensity within the respective ROIs for each frame. Subsequently,
these values were transformed into AF/F values, in which the baseline for
each frame and each cell was defined by the corresponding 20th percentile
value within a sliding +3-min window. This procedure simultaneously nor-
malizes and high-pass-filters the signal. The values were then used for sta-
tistical testing in all analyses, except if based on neuropil-corrected values.
To examine to what extent nonspecific neuropil signal contributed to our re-
sults, we performed additional analyses in which the neuropil signal was
subtracted from the AF/F signal of each individual cell (75, 76) (SI Appendix, Fig.
S2). The neuropil signal was estimated for each ROI as the average pixel values
within a donut-shaped neuropil area, which was defined as a circle (three-pixel
radius) around each cell’s ROI omitting soma from other cells and the pixels
directly adjoining to the cell’s soma. The corrected signal was estimated as
AF/Feell_corrected(t) = AF/Feell_measured = ' X AF/Freuropis Where r = 0.7 (76).

Wide-Field Image Analysis. To define ROIs for the imaging data from CaMKII-
GCaMP6 mice, the area within the window was divided into 36 ROIs (Fig. 4).
For each frame, the pixel values within an individual ROI were summed, and
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