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Non-rapid eye movement (NREM) sleep facilitates memory consolidation by trans-
ferring information from the hippocampus to the neocortex. This transfer is thought
to occur primarily when hippocampal sharp-wave ripples (SWRs) and thalamocortical
spindles are synchronized. However, the mechanisms underlying this synchronization
remain unknown. In this study, we investigated the role of cortical layer 1 neuron-derived
neurotrophic factor (NDNF)-expressing (L1 NDNF) interneurons in gating information
transfer during SWR-spindle synchronization in NREM sleep. Using simultaneous
cell-type specific calcium imaging with a head-mounted microscope and local field
potential recordings in freely moving mice, we compared the activity of L1 NDNF
and L2/3 neurons across vigilance states and during NREM-specific oscillations. Our
findings reveal that L1 NDNF neurons form three distinct populations, assembling into
cell networks tuned to specific sleep stages. REM active L1 NDNF and L2/3 neurons
exhibit opposite activation patterns during spindles. While L2/3 cells are mostly inactive
during SWR, NREM and REM active L1 NDNF cells inhibit the network upon SWR
onset depending on their coupling with spindles. L1 NDNF neurons mediate slow
inhibition primarily via GABAy, receptors. Systemic application of a GABAy, receptor
antagonist resulted in decreased neuronal coupling of pyramidal cells but did not change
the responses during SWRs. Overall, these findings highlight the potential role of L1
NDNF neuron-mediated inhibition in the response to synchronized sleep oscillations,
with possible implications for memory consolidation.

REM/NREM sleep | layer-1interneurons | oscillation coupling | spindles/ripples | Miniscope

Sleep, and in particular non—rapid eye movement (NREM) sleep, plays an important role
in transforming daily experiences into lasting memories (1, 2). This memory consolidation
process is supported by a dialog between the hippocampus, which initially encodes the
information, and the neocortex, which holds the long-term stable memories (3). This
dialog is thought to occur when hippocampal sharp-wave ripple (SWR) oscillations (120
to 200 Hz) are coordinated with neocortical slow oscillations (0.5 to 2 Hz) and thalam-
ocortical spindles (10 to 16 Hz) (4-9). Indeed, the coupling of these oscillations increases
during NREM sleep following learning, and promoting the coupling between SWRs,
slow oscillations, and spindles improves memory consolidation (9, 10). However, how
this coordination is orchestrated remains unclear.

Layer (L)1 of the neocortex is a major neocortical hub where dendritic tufts from 1.2/3
and L5 pyramidal neurons integrate inputs from multiple subcortical regions, in particular
from the thalamus and other neocortical areas (11, 12). Integration of these inputs is
controlled by local inhibitory neurons that also receive long-range and local inputs and
target the tufted dendritic branches of pyramidal neurons. Among these, a subclass of L1
interneurons, the neurogliaform cells, or L1 neuron-derived neurotrophic factor NDNF)
interneurons, is of major interest (13, 14). L1 NDNF neurons are targeted by cortico-cortical
and subcortical inputs (14, 15) and exert a powerful control over pyramidal cell activity
across all cortical layers through both fast (GABA,) and slow (GABAy) inhibition (16-19).
Additionally, recent research has linked their activity with memory performance in mice
(20, 21). Although a role for L1 NDNF interneurons in generating Down states has been
identified (15), it remains uncertain whether they also contribute to the integration or
synchronization of SWRs and spindles.

Here, we performed simultaneous cell-type specific one-photon calcium imaging, phar-
macological manipulations, and local field potential (LFP) recordings in two neocortical
areas and the hippocampus of freely moving, naturally sleeping mice. We found that each
L1 NDNF neuron preferentially activates during a specific brain state—wakefulness,
rapid-eye movement (REM) sleep, or NREM sleep—and this state-specific activity remains
stable over multiple days. Moreover, L1 NDNF neurons with similar activity profiles form
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L1 neuron-derived neurotrophic
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deep sleep. We identified three
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ripples (SWRs) and spindles-
which are crucial for transferring
memories from short-term to
long-term storage. This research
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oscillations synchronize and how
this phenomenon correlates with
local neuronal activity, with
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understanding learning and
memory mechanisms.
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assemblies with each other, suggesting they are organized into
distinct networks. These three subpopulations also differentially
link to sleep oscillations, with L1 REM cells being particularly
recruited when spindles are simultaneously detected in different
brain regions. L1 NDNF neuron subpopulations also differentially
and complementary responded to SWR-spindles synchronization.
Finally, blocking GABAy receptors (GABAgR), the main receptor
family activated by L1 NDNF neurons, decreased the neuronal
coupling of pyramidal neurons while maintaining the response of
the network to sleep oscillations. Taken together, this study sug-
gests a prominent role for L1 NDNF neuron-mediated inhibition
in 1) controlling the cortical activity during and around spindles,

and 2) dynamically inhibiting the network during the coupling
of hippocampal SWRs and neocortical spindles, which could affect

memory consolidation.

Results

L1 NDNF Population Consists of Wake Active, NREM Active,
and REM Active Subpopulations. We combined one-photon
calcium imaging, using Miniscope V4, with LEP recordings of the
contralateral prefrontal cortex (PFC), the primary somatosensory
cortex (S1), and hippocampal CAl to monitor the activity of
cortical neurons in naturally sleeping mice (Fig. 1 A-C). First, we
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Fig. 1. L1 NDNF population consists of Wake active, NREM active, and REM active subpopulations. (A) Schematic of the LFP and Miniscope implantation. (B)
Representation of a sleeping mouse wearing a Miniscope and a connected LFP/EMG headstage. (C) Top, raw LFPs of PFC, S1, CA1, with their respective filtered
(filt.) LFPs superimposed and EMG. Bottom, the hypnogram of the recording example. (D) Viral injection site in layer 2/3 with a non-Cre-dependent GCamp6f
construct (AAV-1-hsyn-GCamp6f) in NDNF-Cre mice. (E) Field of view under the Miniscope in a mouse expressing GCamp6f in L2/3 neurons and associated spatial
footprint. (F) Calcium traces of 20 L2/3 neurons in £ according to the vigilance states. (Scale bar, 200 um.) (G) Average AUC of the calcium transients of unique L2/3
neurons recorded in all sleep states (P < 0.001 for all comparisons, except Ppey.qu > 0.05). (H) UMAP based on the activity of L2/3 cells in G in each vigilance state.
(/) Viral injection site in layer 1 with a Cre-dependent GCamp6f construct (AAV-5-hsyn-flex-GCamp6f) in NDNF-Cre mice. (/) Field of view under the Miniscope in a
mouse expressing GCamp6fin L1 NDNF neurons and associated spatial footprint. (Scale bar, 200 um.) (K) Calcium traces of 20 L1 NDNF neurons in / according to
the vigilance states. (L) Average AUC of the calcium transients of unique L1 NDNF neurons recorded in all vigilance states (P < 0.001 for all comparisons, except
P aw.rems Paremqw > 0.05). (M) UMAP based on the activity of L1 NDNF cells in L in each vigilance state. (N) Results of the HDBSCAN clustering performed on L1
NDNF UMAP. Three distinct clusters were identified. (O) Average AUC of the calcium transients of each L1 NDNF neuron cluster according to sleep states (For
L1 Wake cells: P < 0.001 for all comparisons, except Pygem.qw < 0.05 and Pygem rems Paremqw > 0.05; For L1 NREM cells: Py nrew @Nd Pygevqw < 0.01; For L1 REM
cells: P<0.001 for all comparisons, except Pay.qw < 0.05 and Pygev.aws Parem.qw > 0.05). (P) Proportion of L1 Wake, NREM, and REM cells for each recorded mouse.
(Q) Classification of L1 NDNF neurons recorded over more than 2 recording sessions according to their cluster during their first and last recording sessions.
Generalized linear mixed-effects model (G, L, and 0). See S/ Appendix, Table S1 for statistics. Data are shown as means + SEM.
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injected a non-Cre-dependent calcium indicator -GCamp6f- in
the L.2/3 of the dorsal neocortex of NDNF-cre mice (V= 3 mice)
(Fig. 1D). We then simultaneously recorded LFPs and the activity
of the putative L2/3 pyramidal cells during the sleep—wake cycle
(Fig. 1 £ and F). Vigilance states were scored over time using
raw and filtered LFDs, and electromyographic (EMG) recordings
(Fig. 1C). We first confirmed that our recordings with Miniscope
did not affect the sleep quality of the mice by recording the same
animals with and without the Miniscope (S Appendix, Fig. S1 A—
Q). Then, calcium transients in identified neurons were extracted
and synchronized with the vigilance states. The normalized area
under the curve (AUC) of the calcium signal of each neuron
was computed for each episode. We first quantified the averaged
activity in active wake (AW), quiet wake (QW), NREM, and
REM sleep. We found that 1L.2/3 neurons had higher activity at
the population level during wake and REM sleep compared to
NREM sleep (Fig. 1G and see also ST Appendix, Fig. S24 and
Table S1 for statistical analysis). We then asked whether the
averaged activity reflects the behavior of individual neurons. For
that, we represented the activity of each cell on a uniform manifold
approximation and projection (UMAP) (Materials and Methods)
reflecting the preferential activity of each neuron during AW,
QW, NREM, and REM sleep. We found that L2/3 cells were
homogenously spread on the UMAPD, and that most cells were
active during both AW, QW, and REM sleep (Fig. 1H).

We next performed the same experiment on NDNF-cre mice
injected with a Cre-dependent AAV containing GCamp6f in order
to monitor the activity of L1 NDNF cells specifically (V=5 mice)
(Fig. 1 =K and SI Appendix, Fig. S1D). Our results indicate that
at the population level, L1 NDNF cells present an increased activity
during active wake and REM sleep, similarly to 1L.2/3 cells (Fig. 1Z;
see also S7 Appendix, Fig. S2B). However, the representation of L1
NDNF cell activity on a UMAP (using the same parameters as in
Fig. 1H), revealed three distinct clusters of neurons: L1 NDNF
cells mostly active during AW and QW, L1 NDNF cells active
during NREM, and L1 NDNF cells active during REM sleep
(Fig. 1M and SI Appendix, Fig. S2 C and D). The unsupervised
clustering method confirmed the presence of these three clusters of
neurons that we labeled L1 Wake cells, L1 NREM cells, and L1
REM cells, respectively (Fig. 1V). The averaged activity of these
three clusters of neurons confirmed their respective preference for
Wake, NREM, or REM sleep, respectively (Fig. 10 and SI Appendix,
Fig. S2 E and F). We then controlled the presence of the three
subpopulations of neurons in each of our recorded mice (Fig. 1
and ST Appendix, Fig. S2 G and H) and found that all mice but one
presented L1 NDNF neurons from all three subtypes. The remain-
ing mouse presented only L1 Wake cells, which might be due to
the small sample of neurons recorded from this mouse (<10 cells).
Surprisingly, we found that on average neurons belonging to the
same cluster were more distant from each other compared to cells
from different clusters. This was particularly prominent for L1 REM
cells (81 Appendix, Fig. S2 I and J). Last, we investigated whether
sleep stage selectivity was preserved over days. We compared the
cluster identity on the first and last days of recording (10.2 d on
average, ranging from 1 to 48 d) for each cross-registered neuron.
Data revealed that the assignment of a L1 NDNF neuron to a
cluster remained stable for 71% of the neurons (Fig. 1Q).

These findings reveal the existence of distinct subpopulations
of L1 NDNF neurons with consistent sleep-stage-specific firing
patterns, contrasting with the absence of selectivity observed in
L2/3 neurons. Furthermore, the analysis uncovered unique pop-
ulations of Wake-, NREM-, and REM-active L1 NDNF neurons
that were not previously identified using traditional averaged
activity assessments (19, 22).

PNAS 2025 Vol.122 No.33 2503139122

Stage-Selective Neurons Form Cell Assemblies. Next, we
investigated whether L1 NDNF neurons belonging to the same
cluster take part in similar neuronal assemblies. We first calculated
the correlation coeflicient for each pair of neurons according
to their cluster identity during the entire recording (wake and
sleep combined). We found that L1 NDNF neurons selective for
either Wake or REM sleep have a higher probability of firing with
neurons from the same cluster than with neurons from different
clusters (Fig. 2 A-C). We next compared how subpopulations
of neurons were correlated to themselves during the vigilance
state. Our results show that the activity of neurons belonging to
the same cluster exhibited highly correlated activity during both
active and quiet wake (87 Appendix, Fig. S3 A and B). L1 REM
neurons exhibited particularly strong pairwise correlations during
wakefulness. Overall, this indicates 1) that the correlation strength
is not influenced by the average activity, and 2) that wakefulness
strengthens coordinated activity within neuronal subpopulations.

‘We then wondered whether neurons from the same cluster are
organized into cell assemblies. We computed a principal compo-
nent analysis on calcium transients followed by an independent
component analysis (Materials and Methods) to identify significant
cell assemblies and their respective cell members for each recording
(Fig. 2 D and E and SI Appendix, Fig. S3 C and D). We then
classified cell assemblies according to the cluster identity of their
cell members. Our results indicate that given the proportion of
L1 Wake, NREM, and REM cells in each recording, the proba-
bility of getting cell assemblies composed of multiple cell subtypes
(mixed) was lower in our sample than expected by chance (Fig. 2F).
This suggests that cells from the same cluster tend to form cell
assembly, further reinforcing the idea of distinct subpopulations
in L1 NDNF cells.

L1 NDNF and L2/3 Neurons Show Opposite Activity Patterns
Around Spindles. During NREM sleep, thalamocortical spindles
can be recorded locally in most neocortical areas, but are
prominently observed in the PFC and S1. Spindles are thought
to play a role in memory consolidation by promoting synaptic
plasticity locally. Because L1 NDNF neurons could affect plasticity
processes specifically on distal dendritic tufts, we investigated the
activity of L1 NDNF subpopulations and L2/3 neurons around
spindles. In our recordings, we defined 3 types of spindles: those
detected in PFC but not S1 (PFC spindles), those detected in S1
but not in PFC (S1 spindles), and those recorded simultaneously
in S1 and PFC (S1&PFC spindles) (Fig. 34). Spindles detected in
both S1 and PFC comprised about 15% of all detected spindles
(Fig. 3B and SI Appendix, Fig. S44). Of note, the probability of
recording spindles in both S1 and PFC was significantly higher
than chance level (Fig. 3C), suggesting that distinct mechanisms
underlie the generation of putative global versus local spindles.
S1&PEC spindles lasted longer and were equally likely to first be
detected in either S1 or PFC (81 Appendix, Fig. S4 B-D).

Since our calcium imaging recordings were performed con-
tralaterally to the LFPs recordings (due to space restriction on the
skull), we first controlled that the majority of spindles detected in
one hemisphere were also present in the contralateral one. Our
measurements revealed that more than 90% of PFC spindles occur
in both cortices (S/ Appendix, Fig. S4 E-G). Similarly, a majority
of S1 spindles (more than 70%) were recorded simultaneously in
both cortices (S Appendix, Fig. S4 H-]). We therefore evaluated
the neuronal activity in the dorsal neocortex during and around
these 3 types of spindles, contralaterally to where spindles were
detected. L2/3 neurons’ activity increased during S1 spindles but
did not significantly differ between PFC, S1, and S1&PFC spin-
dles (Fig. 3D). We next investigated the activity of L1 Wake,
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Fig. 2. L1 NDNF neurons from the same subpopulation fire together. (A) Recording example of 15 L1 NDNF neurons across vigilance states. Neurons were
ranked according to their cluster identity. (B) Heatmap of the correlation coefficient (r) between each calcium transient displayed in A. Colored squares define
L1 Wake, NREM, and REM cells. (C) Average z-transform correlation coefficients (z) between L1 Wake cells, between L1 Wake cells and the rest of the population,
between L1 NREM cells, between L1 NREM cells and the rest of the population, between L1 REM cells, between L1 REM cells and the rest of the population
(Wake-Wake, n = 615 pairs; Wake-other, n = 1,309 pairs; NREM-NREM, n = 14 pairs; NREM-other, n = 386 pairs; REM-REM, n = 712 pairs; REM-other, n = 1,291
pairs). (D) Eigenvalue distribution from the example in A. The red dotted line represents the Marcenko-Pastur threshold that determines significant principal
components (i.e., cell assemblies). In this example, 5 putative cell assemblies were detected. (F) Neurons weight in each detected cell assembly in the example in
A. Dotted gray lines represent the threshold for a neuron to cross to significantly participate in the cell assembly. Here, one cell assembly was removed because
only 1 neuron crossed the threshold. Note how cell assemblies are mostly constituted of neurons belonging to the same cluster. (F) Proportion of cell assembly
observed containing a majority of L1 Wake cells (>L1 Wake), L1 NREM cells (>L1 NREM), L1 REM cells (>L1 REM), or a mixed population of cells (mixed) compared
to the expected proportion given the distribution of cell subpopulations (n = 5,000 permutations). *P < 0.05, ***P < 0.001. One-way ANOVA (C) and permutation
tests (F). See S/ Appendix, Table S1 for statistics. Data are shown as means + SEM.
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NREM, and REM cells around spindles. On average, both L1
Wake and NREM cell activity remained unchanged during spin-
dles, independently of spindle location (Fig. 3 £ and F). In con-
trast, L1 REM cell activity was significantly increased during
S1&PFC spindles specifically (Fig. 3G). These findings suggest
that putative global spindles particularly drive L1 REM neuron
activity in comparison to isolated spindles. Interestingly, the entire
population of L1 NDNF cells tends to behave on average as L1
REM cells, with higher activity during S1&PFC spindles, but also
during PFC spindles (S Appendix, Fig. S4K). Of note, we have
not identified any significant L1 NDNF or L2/3 cell assemblies
reactivation around spindles (S/ Appendix, Fig. S4 L and M).
Taken together, our results suggest that L1 NDNF neurons could
inhibit L2/3 neurons during S1&PFC spindles, while, during S1
spindles, decreased activity of L1 NDNF neurons could permit
L2/3 neurons to increase their activity. Moreover, our results
revealed that L1 NDNF neurons with higher activity during REM
sleep are the ones that strongly activate during S1&PFC spindles,
which could have interesting implications for memory consolida-
tion as discussed in Discussion section.

L1 NREM and REM Cells’ Activity Increases after CA1 SWR and Is
Modulated by the Coupling of SWR and Spindles. SWR-spindle
coupling is a hallmark of memory consolidation. Since neuronal
activity is differentially modulated by spindle synchrony, we
next hypothesized that the coupling of hippocampal SWRs with

https://doi.org/10.1073/pnas.2503139122

spindles could also be associated with specific neuronal network
activity. We quantified the percentage of spindles with at least
one SWR recorded in CAl [within 0.5 s before or during the
spindle (Fig. 44)]. PFC and S1&PFC spindles were significantly
more coupled to SWR than S1 spindles (S Appendix, Fig. S5A4),
consistent with the reported role of active PFC spindle—CA1
SWR coupling in memory consolidation (23, 24). We controlled
that SWRs co-occur in both hemispheres and found that 90% of
the CA1 SWRs detected in one hemisphere were observed in the
other one (SI Appendix, Fig. S5 B-D).

In order to investigate whether oscillation coupling affects neu-
ronal activity, we compared the activity of L2/3 neurons and L1
NDNF around SWR not coupled with spindles, coupled with
PEC spindles, coupled with S1 spindles, and coupled with
S1&PEC spindles. Our data indicate that the occurrence of spin-
dles coupled with SWR did not, on average, influence the activity
of L2/3 neurons after SWR onset (Fig. 4B). More 1L2/3 cells than
expected by chance were negatively modulated by SWR, regardless
of their coupling (Observed proportion: 64.7%; Random propor-
tion: 51.2%; P < 0.001). At the cell assembly level, we uncovered
a reduction of the activity of L2/3 cell assemblies prior to SWR
(SI Appendix, Fig. SSE), consistent with the literature (25). The
activity of L1 NDNF subpopulations relative to SWR showed
contrasting results. The activity of L1 Wake cells was unaffected
by SWR, whether they were or not coupled to spindles, while L1
NREM cells activity was mildly increased after uncoupled SWRs
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raw LFPs from PFC, S1, and their respective spectrogram from 0 to 30 Hz. Green and purple shaded areas represent detected spindle oscillations in PFC and S1,
respectively. Spindles occurring simultaneously in both areas are defined as S1&PFC spindles. (B) Average proportion of spindles detected depending on their
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or SWRs coupled with S1 spindles (Fig. 4D). In contrast, LI REM
cells’ activity was strongly impacted by the occurrence of SWR.
When SWRs were coupled with PFC or S1&PFC spindles, L1
REM cell activity was increased in comparison to the activity
recorded during an uncoupled SWR or a SWR coupled with S1
spindles (Fig. 4E). L1 NDNF cells, at the population level, behave
similarly to L1 REM cells while the activity remains constant at
the cell assembly level (S7 Appendix, Fig. S5 Fand G). These find-
ings highlight a strong activation of L1 REM neurons around
SWR synchronized with spindles occurring in the PFC, which
mirrors the mild inhibition seen in L2/3 neurons. In contrast, L1
NREM cells were activated during uncoupled SWR or SWR cou-
pled with S1 spindles, thus suggesting a potential complementary
role of L1 REM and L1 NREM in promoting SWR-induced
inhibition of the neocortex.

GABAgR-Mediated Inhibition Modifies L2/3 Neuronal Coupling.
L1 NDNF neurons can control L2/3 neurons’ excitability through
GABAGR activation (19, 26). Thus, we tested the impact of
blocking GABAgR-mediated inhibition on neuron activity across
the sleep—wake cycle. CGP55,845, a GABARR antagonist, was
injected intraperitoneally, and we recorded the neuronal activity
before and 1 h after the injection (Fig. 5 A and B). We first
controlled that CGP55,845 injection did not have any impact
on sleep quality. Our results did not reveal any change in the
percentage of time spent in each vigilance state nor in episode
duration upon CGP55,845 injection (S Appendix, Fig. S6 A and
B). We found that L2/3 neurons’ average activity was not changed
during vigilance states after the CGP55,845 injection (Fig. 5C).

L1 NDNF neurons could affect 1L2/3 neuronal coupling
through synchronized inhibition of pyramidal dendritic tufts
mediated by GABAR activation. Consistent with this hypothesis,

PNAS 2025 Vol.122 No.33 2503139122

data revealed that the activity of L2/3 neurons was less synchro-
nized after CGP55,845 injection (Fig. 5 B and D). Interestingly,
L1 NDNF cell activity, coupling, and vigilance state preference
remained constant under CGP55,845 (S Appendix, Fig. S6 C-E),
suggesting that GABARRs have a limited impact on the activity
regulation of L1 NDNF neurons.

We then wondered whether this decorrelation of L2/3 cells
could have an impact on spindle response. On average, CGP55,845
did not change the spindle rate (87 Appendix, Fig. S6F), nor the
activity of L2/3 and L1 NDNF cells upon PFC, S1, and SI&PFC
spindles onset (SI Appendix, Fig. S6 G-J). We next investigated
whether the GABARR blocker CGP55,845 could change
SWR-spindle synchrony and related neuronal activity. SWR rate
as well as spindles-SWR coupling remained constant under
CGP55,845 condition (SI Appendix, Fig. S6 K and L). Similarly,
CGP55,845 had no effect on L.2/3 cells and L1 NDNF neurons’
activity during hippocampal SWRs, independently of its coupling
(Fig. 5E and SI Appendix, Fig. S6 M-0). Overall, these results
suggest that GABA;Rs-mediated slow inhibition, possibly gener-
ated by neurogliaform cells, could have a role in synchronizing
the activity of L2/3 neurons, but do not appear to change the
activity pattern of L2/3 cells during oscillation synchronization.

Discussion

We performed simultaneous recordings in CA1, S1, and PFC in
combination with calcium imaging of a hitherto underappreciated
class of interneurons in freely moving mice to unveil their function
in sleep oscillations. Our results revealed that L1 NDNF neurons
form subpopulations strongly tuned to specific vigilance states.
Moreover, we showed their differential activation depending on
spindle location and their complementary inhibitory role during
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for statistics. Data are shown as means + SEM.

spindle-SWR coupling. Finally, we found that GABAZR-mediated
inhibition reduces the coordinated activation of pyramidal cells
without impacting sleep structure, or neurons’ response to sleep
oscillations.

L1 NDNF Neurons Are Strongly Vigilance-State Tuned. L1 NDNF
cells, like other cortical interneurons (27, 28), show variable
activity levels depending on the vigilance state. Our study and
others (19, 22) revealed that L1 NDNF neurons are on average
more active during wakefulness and REM sleep compared to
NREM sleep. However, analysis of individual cell activity revealed
particular subpopulations preferentially and reliably active during
Wake, NREM, or REM sleep. REM and wake are characterized by
high acetylcholine release in the neocortex while cholinergic tone
is low during NREM sleep (29). L1 NDNF neurons are sensitive
to acetylcholine (30), but L1 interneurons show variability in the
expression of nicotinic receptors (31, 32). It would be interesting
to test whether L1 NDNF neurons differ in their nicotinic receptor
expression and if this could drive their selectivity.

Previous studies highlighted heterogeneity within the L1
NDNF neuron population. In particular, late-spiking and regular-
spiking phenotypes were identified forming two distinct cell sub-
populations (13, 14). The latter profile was related to the specific
expression of Neuropeptide Y in the somatosensory cortex (14),
while it did not correlate to any genetic targets in the auditory
cortex (13). Because of their persistent firing properties and their
late spiking phenotype, L1 NDNF neurons have been described
as a cell type optimized for slow signals (13, 33). Thus, it would
be interesting to test whether L1 NREM are of the late spiking
type. A recent study also identified subpopulations of L1 cells
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with distinct transcriptomic profiles that exhibited differential
responses to state modulation (34). Specifically, two subpopula-
tions (Lamp5-Npy cells and Lamp5-Plcj2-Dock5 cells) were
found to be more active during active wakefulness, while a third
subpopulation (Lamp5-Lsp1 cells) showed increased activity dut-
ing synchronized states (putative quiet wake and NREM sleep).
Further investigations using in vivo patch-clamp recordings, for
example, could be helpful to understand whether the identified
L1 Wake, NREM, and REM cells match the different spiking
phenotypes and/or genetic profiles. It would also be of interest to
investigate whether these three clusters of layer 1 NDNF neurons
are conserved across other cortical areas, which could provide
insights into their broader functional relevance within cortical
circuits.

Spindle Synchrony Differentially Impacts L1 NDNF Cells.
Although spindles are primarily local events, global spindles have
also been observed in both humans (35, 36) and mice (37). While
the particular role of global spindles in memory consolidation
remains to be understood, there is evidence to suggest that spindle
synchrony is regulated by cortico-cortical and corticothalamic
projections (38) as well as glutamatergic neurotransmission (39).
In line with these studies, our work revealed the involvement of
distinct cortical networks depending on the spatial organization
of spindles. In particular, putative global spindles were associated
with strong responses of L1 NDNF neurons. These findings
suggest a powerful inhibition of the apical dendrites of pyramidal
cells during synchronized spindles, potentially impacting plasticity
outcomes. On the other hand, somatosensory spindles detected
contralaterally were associated with a moderate inhibition of L1
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NDNF neurons and a robust activation of 1.2/3 neurons. While
L1 NDNF and L2/3 neurons display complementary activity,
blocking L1 NDNF slow inhibition did not alter the observed
response. However, we cannot exclude that L1 NDNF neurons
mediate feed-forward inhibition during global spindles through
GABA,Rs onto pyramidal cells.

Surprisingly, REM-active L1 NDNF neurons, while represent-
ing less than half of the population of L1 NDNF cells, drive the
activation observed during putative global spindles. These neurons
were also the most correlated ones during wakefulness compared
to NREM and REM neurons. This suggests specific reactivation
of the L1 interneurons recruited during REM sleep and global
spindles, which could speculatively be of particular importance
for memory consolidation.

L1 NDNF Neuron Activity Is Modulated by SWR-Spindle Coupling.
Recent findings suggest that the coupling between SWR and
spindles is crucial for memory consolidation. More specifically,
memory performance on a hippocampus-dependent task was
improved by artificially increasing this synchronization (10).
Others argue that spindles set a timeframe for SWR to occur
(6, 9). Interestingly, our study reveals that the activity of L2/3
pyramidal cells is not influenced by the presence of a coupling
between SWRs and spindles, which is not the case for L1 NDNF
neurons. Our findings uncover a complementary inhibitory role of
L1 NDNF cells active upon SWR. L1 NDNF cells active during
REM sleep reactivate during SWR coupled with PFC spindles,
while L1 NDNF neurons active during NREM only respond to
uncoupled SWR and SWR coupled with S1 spindles. These results
could indicate that L1 NDNF subpopulations are differentially
connected to distal cortical areas. It could also explain the absence
of activity change in pyramidal cells depending on the SWR-
spindle synchrony. Last, it suggests a particular mechanism linking

PNAS 2025 Vol.122 No.33 2503139122

the activity during REM and NREM sleep, with a potential role
for synaptic plasticity.

Similar to what has been described in the past, we observed
that cortical activity around hippocampal SWRs is mostly inhib-
itory (25, 40). It has been reported that pyramidal neurons tend
to reduce their activity prior to SWRs occurring during wake, a
phenomenon also visible in our sleep recordings. Similarly to what
has been observed during wakefulness (25), sleep SWRs induce a
modest inhibition of pyramidal cells. However, we did not observe
a reduced activity of L1 interneurons around SWR occurrence.
This difference further emphasizes the distinct effects of sleep and
awake SWRs on cortical activity.

Slow Inhibition Increases Pyramidal Cells’ Synchrony but Does Not
Contribute to Oscillation Coupling. It is now well established that
a major, but not exclusive, source of GABA;R-mediated inhibition
in the cortex is mediated by L1 NDNF neurons (14, 16-18, 20).
In addition, Hay et al. have demonstrated that L1 NDNF neurons
are crucial for Down state generation (15). Consistently, our results
show that blocking GABAzR-mediated inhibition decreases the
coordination of pyramidal neuron activity. However, blocking slow
GABAgR-mediated inhibition had no impact on pyramidal cell
response to spindles nor SWR, while L1 NDNF neuron activity was
particularly driven by these oscillations. One explanation for this
could be that L1 NDNF-mediated inhibition upon spindles and
SWR is mostly driven by the activation of GABA,R, whose faster
kinetics are more related to the duration of these oscillations (15).

Limitations

Systemic application of a GABARR antagonist would affect other
inhibitory synapses in addition to those originating from L1
NDNF cells. Indeed, NDNF interneurons are also present in
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other brain structures, including the hippocampus and the cere-
bellar cortex (41). Likewise, neurogliaform cells are found in other
cortical layers such as L2/3, and could participate in the GABA;-
mediated inhibition (42). Furthermore, somatostatin-expressing
interneurons also activate GABAZR in the neocortex (43), sug-
gesting that they could participate in the regulation of neuronal
synchronization (44). Future studies should consider targeting the
inhibition of L1 NDNF neurons directly, through an optogenetic
or chemogenetic approach, in order to clarify the role(s) of L1
NDNF neurons on neuronal coupling.

In summary, our study suggests that L1 NDNF neurons are key
regulators of cortical activity during sleep. While recent research has
highlighted their role in attention and learning, we propose that
they also play a fundamental role in memory consolidation pro-
cesses. Future behavioral studies will be essential to further clarify
their specific contributions to memory consolidation.

Materials and Methods

Animals. All experiments were conducted in accordance with United Kingdom
Home Office regulations, as outlined in the Animals (Scientific Procedures) Act
1986 Amendment Regulations 2012, and following ethical approval by the
University of Cambridge Animal Welfare and Ethical Review Body. All animal
procedures were performed under Personal and Project licenses held by the
authors. Mice were group-housed in conventional open cages with ad libitum
access to food and water, maintained on a 12-h/12-h light-dark cycle, with tem-
peratures maintained at 22 to 24 °C and relative humidity kept between 50%
and 55%. NDNF-Cre mice (Stock number: #028536) were purchased from The
Jackson Laboratory and were bred in the animal facility with wild-type C57BL/6J
mice purchased from Harlan (Bicester, UK) to keep the transgenic line heterozy-
gous. Although sex differences in the fundamental mechanisms of sleep are
not expected, only male mice were used to minimize variance and reduce the
number of animals required for statistical analysis. All surgical procedures were
carried out in accordance with Home Office standards for aseptic surgery. Mice
received analgesic treatment with Meloxicam (2 mg/kg in saline) 30 min prior
to anesthesia induction using 5% isoflurane. Once positioned in the stereotaxic
frame, the isoflurane concentration was reduced to 1.8 to 2.2%, and the surgical
area was prepared aseptically.

Viral Injections and Implant Surgeries. The skull was exposed, aligned
between bregma and lambda, and holes were drilled above the LFP recording
sites [in mm: PFC: anterior-posterior (AP) = 2-2.8, mediolateral (ML) = 0.4; S1:
AP = —0.2, ML = 3; CA1: AP = —2.5, ML = 2.5-2.8]. Contralateral to the LFP
recording sites, a 3 mm diameter craniotomy was made over the dorsal neocor-
tex, including primary motor, primary somatosensory, parietal, and retrosplenial
areas (centered at AP = —1.7, ML = —1.7). Four successive viral injections were
performed at depths of 100 um or 300 um below the pia to target LT NDNF
neurons (AAV5-Syn-Flex-GCaMP6f-WPRE-SV40) or L2/3 neurons (AAV1-Syn-
GCaMP6f-WPRE-SV40), respectively. Eight NDNF-cre mice were used for the main
study, including five L1 NDNF mice and three L2/3 mice. The plasmids pAAV.Syn.
Flex.GCaMP6 fWPRE.SV40 and pAAV.Syn.GCaMP6f WPRE.SVAQ were a gift from
Douglas Kim &the GENIE Project (HHMI, Janelia Research Campus, Addgene plas-
mid #100833; https://www.addgene.org/100833; RRID and Addgene plasmid
#100837; https://www.addgene.org/100837; RRID).Atotal of 100 nLof virus was
delivered at each injection site using a glass pipette, to reduce damage of the dura,
attached to a stereotaxic injector. A protective dura gel (Cambridge NeuroTech,
UK) was applied over the cranial window. A 3 mm diameter glass coverslip was
positioned over the cranial window and secured with glue to the skull. Differential
LFP recordings were made using stereotrodes. The stereotrodes consisted of stag-
gered wire electrodes, made of two twisted 125 um Teflon-coated silver electrodes
(AGT0510, World Precision Instruments, Hitchin, UK) with tips spaced 400 to 600
um apart. The upper tip of the electrode was implanted in layer 1 and the lower
tipinthe infragranular layers. For CA1, stereotrodes with tips spaced 200 um apart
were implanted so that the lower tip was inserted 1.2 mm below the pia. ST and
CA1 electrodes were implanted at a 20° angle. The LFP electrodes were fixed to
the skull using UV-cured glue (Loctite 303389; Rapid Electronics, UK). Ground
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and reference silver wires were attached to a stainless steel microscrew placed
over the cerebellum. A 125 um Teflon-coated silver electrode was implanted in
the neck muscles to record EMG activity. All wires were connected to a 32-pin
Omnetics connector (Genalog, Cranbrook, UK). The connector, electrodes, and an
aluminum head bar were secured to the skull using dental cement (Super-Bond
C &B; Prestige Dental, Bradford, UK) and dental acrylic cement (Simplex Rapid,
Kemdent). Two additional wild-type mice were implanted bilaterally with LFP
electrodes only (no viral injections), to test whether oscillations propagate simul-
taneously in both hemispheres (S/ Appendix, Figs. S4 E-J and S5 B-D). Following
surgery, mice were allowed to recover fora few hours in a heated recovery chamber
before being returned to their home cage. Mice received Meloxicam (2 mg/kg)
and were weighed daily for 5 d to ensure proper recovery.

Miniscope Baseplate Implantation. Mice were handled daily for three to five
consecutive days starting at least 5 d after the surgery. Using the implanted head
bar, mice were progressively habituated to being head-restrained while running
on a wheel. Three to four weeks after viral injection, while head-restrained mice
were running on the wheel, a recording site with good GCampéf expression was
chosen after scanning the full extent of the cranial window with a Miniscope V4
(45) (https://open-ephys.org/miniscope-v4). Last, the Miniscope baseplate was
cemented in isoflurane-anesthetized mice as described previously (46).

Recordings in Naturally Sleeping Mice. Mice (N =5L1NDNF mice; N=312/3
mice) were gradually habituated to carry the Miniscope, and to their sleeping cage
over 5to 7 d. On recording days, to minimize stress, mice were placed in the sleep-
ing cage 2 to 3 h before data collection. An RHD 32-channel recording headstage
was connected to the Omnetics connector for electrophysiological recordings,
which were filtered between 0.1 Hzand 500 Hz and sampled at 2 kHz using the
Open Ephys acquisition board and GUI (47). Calcium imaging was performed
with the Miniscope DAQ v3.3 and Miniscope-DAQ-QT software. For each mouse,
LED brightness, focus, and gain were adjusted to optimize neuronal visualization,
and these parameters were kept constant over successive recordings. The sample
rate ranged from 20 to 30 frames per second, and light intensity ranged from
15 to 50%. For L2/3 neurons, 60-min-long videos were acquired. For L1 NDNF
neurons, 15-min-long video acquisitions were taken every 30 min to minimize
photobleaching caused by the higher lightintensity needed to image these neu-
rons.To synchronize the videos with the electrophysiological data, a TTL signal was
transmitted to the Open Ephys acquisition board via an I/0 board for each frame
acquired by the Miniscope. Data analysis was conducted offline.

CGP55,845 Injection. The GABAg-receptor antagonist, CGP55,845 hydrochloride
(Bio-Techne, Abingdon, UK) was injected intraperitoneally at 5 mg/kg (diluted to
reach an injection volume of 150 to 200 uL) 45 min before the beginning of the
recordings. As a control, mice were recorded prior to the injection on the same
day. In total, 5 mice received the CGP55,845 injection (N = 3 L1 NDNF mice;
N =212/3 mice).

Histology. Following the experiment, mice were deeply anesthetized with
pentobarbital sodium (90 mg/kg) and, once the absence of reflexes was con-
firmed, mice were transcardially perfused with 4% paraformaldehyde in phos-
phate-buffered saline (PBS). Brains were fixed overnight in 4% paraformaldehyde
and then transferred to 30% sucrose in PBS solution for 24 to 48 h. Brains were
then embedded, frozen, and cut into 40 um coronal sections with a cryostat.
Sections were stained with G-fluoromount with DAPI prior to mounting and vis-
ualization under a confocal microscope (SP8, Leica) using 488-nm Argon laser
and analyzed using ImageJ.

Vigilance State Detection. All analyses were performed using custom-made
Python scripts (https://github.com/AurelieBre/LTNDNFsubpop_PNAS2025) (48).
Electrophysiological signals were first down-sampled to 1,000 Hz. Signals from LFP
electrodes in the superficial layer was subtracted from the signal recorded in the
deeperlayer in each recording site to remove any distant volume conduction signal
from the LFP. Vigilance states were then manually scored on 5-s epochs, thanks
to PFC, S1,and CA1 LPFs and EMG signals. Active wake was characterized by high
theta (5 to 9 Hz) powerin CATand high EMG amplitude. Quiet wake was identified
by moderate EMG amplitude, absence of theta power in CA1, and the presence
of slow oscillations (<4 Hz)-but no sigma power (10 to 16 Hz)-in S1and/or PFC.
NREM sleep was defined by the presence of both slow oscillations and sigma power
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in ST and/or PFC, along with low EMG amplitude. Intermediate sleep was scored
when EMG amplitude was low, S1 and/or PFC showed high sigma power, and CA1
exhibited high theta power. REM sleep was characterized by high theta power in
CA1, low EMG amplitude, and absence of sigma power in S1 and/or PFC.

Oscillations Detection. The LFP signal from PFC, S1,and CA1 was first automati-
cally filtered to remove periods of wakefulness and REM sleep that could alter the
detection of oscillations due to potential muscular activity artifacts in the signal.
Once done, SWRs were detected in the CAT LFP, and spindles were extracted from
the PFCand S1 signal using the Python toolbox Pynapple (49). In short, Wavelet
decomposition was performed in a 120 to 200 Hz frequency range for CAT SWRs
and a 10 to 16 Hz frequency range for PFC and S1 spindles. The mean power for
this frequency band was smoothed with a Gaussian kernel of size 0.01 s for SWR
and 0.1 s for spindles, and a threshold ranging from 0.05 to 0.6 was applied
depending on the mouse and the recording session. SWR and spindles lasting
less than 10 msand 500 ms, respectively, were removed. S1and PFC spindles with
a minimum overlap of 50% were identified as S1&PFC spindles. A spindle was
considered coupled with a SWR when at least one SWR started within a maximum
of 500 ms before the onset of the spindle or during the spindle.

Calcium Imaging Analysis. Videos were processed using MiniAn analysis pipe-
line (50) (https://github.com/denisecailab/minian). In short, raw videos under-
went preprocessing, where background vignetting and background fluorescence
were corrected, while sensor noise was removed with a median filter. Motion cor-
rection was applied using a template-matching algorithm based on cross-correla-
tion between each frame and a reference frame. Local maxima in-frame subsets
were identified as candidate neurons, and seeds were refined based on signal
amplitude and signal-to-noise ratio. These seeds generated initial estimates of
the neurons' spatial footprints and temporal traces. Finally, a constrained nonneg-
ative matrix factorization framework was used to refine the spatial footprints and
denoise the temporal traces. Candidate neurons and their transients extracted
from MiniAn were manually inspected, and nonneuronal shapes were discarded
from the analysis. Since mice could be recorded over several days, a cross-regis-
tration was performed to identify neurons recorded on multiple videos. Calcium
fluorescence intensity was reported in arbitrary units. Activity during vigilance
states was evaluated by computing the AUC for each vigilance state episode.
AUC was then normalized by the duration of the vigilance state. The average AUC
during AW, QW, NREM, and REM sleep from all recordings (Fig. 1 H, M, and N)
or specific ones (Fig. 1Q) was used to create UMAPs. Only cells recorded in the
four vigilance states under baseline conditions (no injected CGP55,845) were
included (591/726 L2/3 cells and 217/340 L1 NDNF cells). Parameters used for
the UMAP (number of approximate nearest neighbors of 90 and minimum dis-
tance between points in low-dimensional space of 0.9) were chosen to preserve
the uniformity of the data distribution on the manifold, maintain a locally constant
metric, and ensure the manifold's local connectivity. A Hierarchical Density-Based
Spatial Clustering of Applications with Noise (HDBSCAN) (minimum cluster size
of 15 and minimum sample in a neighborhood of 1) was then performed on the
UMAP for the classification of LT NDNF cells.
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Correlation coefficients (r) between calcium transients were normalized using

the z-fisher transform (z) for statistical analysis. Cell assembly was detected as
previously described (51-53). First, principal component analysis was computed
on calcium transients. Assemblies were identified based on principal compo-
nents whose eigenvalues exceeded the Marcenko-Pastur distribution threshold
(Fig. 2D). Subsequently, the fast-independent component analysis (ICA) algo-
rithm was used to extract weight vectors, representing the contribution of each
neuron’s activity to each assembly (Fig. 2E). Neurons were classified as members
of an assembly if their weight exceeded the assembly’s mean weight by more than
1.5 SD. Cell assemblies with only one cell member were excluded. The activity of
each detected cell assembly was computed by averaging the calcium transients
of each member. Reactivation events were then identified when the average
activity exceeded the mean by 2 SD.

For oscillation analysis, only neurons recorded during at least 10 oscillatory

events were considered. Activity upon oscillation onset was computed by subtracting
the AUC from —1to —0.5 s before oscillation onset from the AUC from 0 to 1 s after
oscillation onset. At the group level, Cl from baselined AUC were used to determine
whether a group of neurons was responsive to oscillations (Cl excluding 0). At the
individual level, neurons were classified as positively or negatively modulated by
oscillations when their mean AUC activity from 0 to 1 s after oscillation onset was
superior or inferior to the mean baseline activity (calculated from =110 —=0.5s
before onset) by more than 2 SD, respectively. The proportion of modulated cells
was compared to arandom proportion of unmodulated, positively modulated, and
negatively modulated cells computed around randomly chosen time points.

Statistical Analysis. Statistical analysis was performed using R, and the mean
+ SEM was reported. Two-sample Kolmogorov-Smirmov tests were performed to
compare the distribution of two groups. Comparison of sample proportion was
performed using the one-proportion Z-test with Yates continuity correction. For
multiple group comparisons, one-way ANOVA or two-way ANOVA was performed
when one or two factors were included, respectively. Generalized linear mixed-ef-
fects model in R using the Ime4 package and Satterthwaite approximation (54)
was performed when repeated measurements were included and/or when rep-
licates in one or multiple conditions were missing. Mice, recording sessions,
cells, and oscillations were used as random effects when appropriate. Detailed
statistics from multiple group comparisons were summarized in S/ Appendix,
Tables S1and S2. Statistical significance from single group comparison and post
hoc tests was denoted on the graph by asterisks as follows: *P < 0.05, **P < 0.01,
***P < 0.001, or detailed in the text.

Data, Materials, and Software Availability. Code and scripts data have
been deposited in Github (https://github.com/AurelieBre/LTNDNFsubpop_
PNAS2025) (48).
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