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Abstract

Brain rhythms of sleep reflect neuronal activity underlying sleep-associated

memory consolidation. The modulation of brain rhythms, such as the sleep

slow oscillation (SO), is used both to investigate neurophysiological mecha-

nisms as well as to measure the impact of sleep on presumed functional corre-

lates. Previously, closed-loop acoustic stimulation in humans targeted to the

SO Up-state successfully enhanced the slow oscillation rhythm and phase-

dependent spindle activity, although effects on memory retention have varied.

Here, we aim to disclose relations between stimulation-induced hippocampo-

thalamo-cortical activity and retention performance on a hippocampus-

dependent object-place recognition task in mice by applying acoustic stimula-

tion at four estimated SO phases compared to sham condition. Across the 3-h

retention interval at the beginning of the light phase closed-loop stimulation

failed to improve retention significantly over sham. However, retention during

SO Up-state stimulation was significantly higher than for another SO phase.

At all SO phases, acoustic stimulation was accompanied by a sharp increase in

ripple activity followed by about a second-long suppression of hippocampal

sharp wave ripple and longer maintained suppression of thalamo-cortical spin-

dle activity. Importantly, dynamics of SO-coupled hippocampal ripple activity

distinguished SOUp-state stimulation. Non-rapid eye movement (NREM) sleep

was not impacted by stimulation, yet preREM sleep duration was effected.

Results reveal the complex effect of stimulation on the brain dynamics and

support the use of closed-loop acoustic stimulation in mice to investigate the

inter-regional mechanisms underlying memory consolidation.

Abbreviations: CG, Cingulate Gyrus; CLAS, Closed-loop acoustic stimulation; DHC, Dorsal hippocampus; EEG, Electroencephalogram; EMG,

Electromyography; FIR, Finite impulse response; LFP, Local field potential; NREM, Non-rapid eye movement; OPR, Object place recognition;

preREM, Pre rapid eye movement; PVC, Polyvinyl chloride; REM, Rapid eye movement; RMS, Root mean square; s.c., Subcutaneous; sCLAS, Single

closed-loop acoustic stimulation; SO, Slow Oscillation; SPWRs, Sharp wave ripples.
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1 | INTRODUCTION

According to the concept of active systems consolidation,

long-term memory formation involving hippocampus-

dependent episodic memory rests on the active transfer

of information from hippocampal neural representations

to the neocortex, after an initial neocortical tagging or

engram formation (Tonegawa et al., 2018). This transfer

involves reactivation processes through which represen-

tations are integrated into distributed neural networks

(Klinzing et al., 2019; Marshall et al., 2020; Oudiette

et al., 2013; Rasch & Born, 2013). Hippocampal activity

associated with sharp wave ripples (SPWRS) was first

suggested to underlie information transfer from hippo-

campus to neocortex (Buzs�aki, 1989). Since then hippo-

campal SPWRs, thalamo-cortical sleep spindles, cortical

slow oscillations of NREM sleep and their temporal inter-

play are strongly associated with memory consolidation

processes, as discussed in multiple reviews (Adamantidis

et al., 2019; Diekelmann & Born, 2010; Girardeau &

Lopes-Dos-Santos, 2021; Rasch & Born, 2013). Supportive

interrogation studies in rodents have shown that the sup-

pression of hippocampal ripples is detrimental for mem-

ory consolidation (Ego-Stengel & Wilson, 2010;

Girardeau et al., 2009), similar to reduced spindle-ripple

coupling as a result of targeted disruption of spindle

activity (Novitskaya et al., 2016; Swift et al., 2018). More-

over, enhanced coupling between SPWR and slow waves

induced by electric stimulation facilitated memory con-

solidation (Maingret et al., 2016).

In humans multiple studies have employed non-

invasive brain stimulation procedures to investigate rela-

tions between brain rhythms and memory function, and

to probe for future clinical applications (Ketz et al., 2018;

Ladenbauer et al., 2021; Marshall et al., 2006; Ngo,

Martinetz, et al., 2013; Salfi et al., 2020). Non-invasive

brain stimulation presents a procedure to interact mildly

with the brain’s neural activity. Thus, in particular,

acoustic and electric stimuli are used experimentally to

probe the brains responsiveness, and thus disclose fea-

tures of endogenous neural activity and their functional

correlates (Campos-Beltran & Marshall, 2017;

Girardeau & Lopes-Dos-Santos, 2021; Malkani &

Zee, 2020). In the closed-loop acoustic stimulation (CLAS)

procedure in humans a pair of short (50 ms) stimuli are

delivered during non-rapid eye movement (NREM) sleep,

with both stimuli arriving approximately during the SO

Up-state (Ngo, Martinetz, et al., 2013). In this first seminal

paper hippocampus-dependent memory consolidation was

enhanced by CLAS as compared to a sham session.

Although CLAS during NREM sleep appears on average

to modulate endogenous EEG SO and spindle activity in a

robust fashion (Koo-Poeggel et al., 2022; Moreira

et al., 2021; Ngo, Martinetz, et al., 2013; Ong et al., 2016),

effects on memory consolidation were found to be weak

and less conclusive as concluded from a recent meta-

analyses (Wunderlin et al., 2021). Moreover, hippocampal

responses to CLAS during hippocampus-dependent

memory-consolidation remain undisclosed. Only one mag-

netic resonance study reported increased task-dependent

hippocampal activity after a session of CLAS as compared

to a sham session (Ong et al., 2020).

The aim of the current study was therefore to investi-

gate the thalamo-cortical and hippocampal interactions

induced by CLAS during NREM sleep, together with the

effect on retention performance. Since responses of the

auditory system reveal stimulus and species specific-

differences, even amongst rodents (Cromwell et al., 2008;

Ngo et al., 2015; Ngo, Claussen, et al., 2013; Süer

et al., 2004; Witten et al., 2016), the present study investi-

gated electrophysiological and behavioural response only

to a single acoustic stimulus delivered in a closed loop

fashion. To distinguish this stimulation from the initial

CLAS protocol by Ngo and colleagues with two closely

successive stimuli (Ngo, Martinetz, et al., 2013), we use

the term single CLAS (sCLAS) here. Retention perfor-

mance was assessed on the hippocampus-dependent

object place recognition (OPR) task (Barker &

Warburton, 2011; Mumby et al., 2002). We found that

sCLAS delivered during NREM sleep indeed modified

retention performance in an SO-phase-dependent man-

ner. Furthermore, the study revealed a sharp increase in

hippocampal ripple activity and subsequently pro-

nounced suppression of both thalamo-cortical spindle

and hippocampal SPWR activity in the range of seconds

post-stimulation. Our results suggest that sCLAS can

actively modify NREM sleep-dependent consolidation

but further studies are needed to reveal optimal and pos-

sibly individualized stimulation protocols to increase

memory performance.

2 | MATERIALS AND METHODS

2.1 | Animals

Subjects were male C5BL/6 N mice (Janvier, France),

8–10 weeks on arrival. Due to technical reasons only
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10 mice entered the study. Surgery was performed

between 10 and 12 weeks of age. Housing was in Type

II-Long IVC cages (Greenline, Tecniplast, GM500) on a

12 h light/dark cycle (lights on: 7:00 h or 8:00 h) with

ad libitum access to food and water; initially with

littermates and individually after electrode implanta-

tion. Animals were handled for 5 min per day for

5 days before the surgery. All animals were treated

identically, and all procedures were concordant with

the European and national guidelines (EU Directive

2010/63/EU) and were approved by the local state

authority (Ministerium für Energiewende, Land-

wirtschaft, Umwelt und ländliche Räume, Schleswig-

Holstein).

2.2 | Electrode implantation

Isoflurane (induction: 3.5%, maintenance 0.8–2% at 1–

1.3 L/min O2) was used to anaesthetize the animals.

They were placed into a stereotactic frame (David Kopf

Instruments). To ease the breathing 0.04 mg/kg atro-

pine (Atropinum Sulfuricum, Eifelfango) was adminis-

tered subcutaneously (s.c.). After shaving and

disinfection of the area, lidocaine (1% solution,

B. Braun Melsungen) was injected s.c. before any scalp

incision. Every 30 min of surgery 0.1 ml of warm

saline was injected s.c. to substitute fluid loss. An

array of five tungsten wires (40 μm, California Fine

Wire) was implanted into cingulate gyrus, CG (AP:

1.2, L: 0.3, DV: �0.75) and another array of five tung-

sten wires, cut slightly diagonally, was implanted into

the dorsal hippocampus, dHC (AP: -1.94, L: 1.5, DV;

deepest wire: �1.35) for recording LFP activity

(Figure 1a). Two stainless-steel screws (Bilaney,

Germany) were used as reference and ground elec-

trodes, implanted above the cerebellum (AP: �4.80, L:

0.00) and the somatosensory cortex (AP: �2, L: 2),

respectively. A polyimide-insulated stainless-steel wire

(0.125 mm diameter, Plastics One) inserted into the

neck muscles was used for recording EMG. Wire ends

of all electrodes were soldered to a plug-connector dur-

ing surgery and secured with dental acrylic (Super-

Bond, Sun Medical or Relyx Unicem 2 Automix, 3 M;

Grip Cement, 3 M; and Palapress, Heraeus Kulzer).

Finally, the head stage was encircled by copper wire

mesh. Before discontinuing the isoflurane supply car-

profen (5 mg/kg, Rimadyl, Pfizer) was given intraperi-

toneal for pain relief. To substitute for fluid loss at the

end of the surgery 0.5 ml of warm saline were given

s.c. Animals were kept under red light in their home

cage until they became mobile and were then trans-

ferred back to the animal holding room where they

spent at least 7 days for recovery.

2.3 | General procedure

After recovery from surgery in the animal holding room

mice were subjected to two habituations sessions for teth-

ering and time in the sleep box (see Apparatuses and

objects and Habituation to the recording procedure)

and thereafter three OPR-habituation sessions (see

Habituation to the object place recognition task)

which all took place in the experimental room. In the

experiment proper each of the five OPR sessions con-

sisted of a sample phase, a retention and test phase (see

Object place recognition task; Figure 1b). The sample

phase began within the first hour after lights on. It was

followed by a 3-hour retention interval during which

electrophysiology was recorded (see Electrophysiologi-

cal data acquisition), after which the OPR test phase

was performed. Mice were subsequently returned to their

home cage and taken to the animal holding room. The

study had a within-subject design with the five OPR ses-

sions presenting the repeated measures. Sessions were

separated each by 5–8 days to prevent interference from

previous short-term memories.

Mice participated in five OPR sessions corresponding

to the four delays between detection of the SO trough

and delivery of a trigger for stimulation, and a sham ses-

sion. In the four delay conditions targeting different SO

phases (2 ms, 120 ms, 180 ms or 300 ms, see single

closed-loop acoustic stimulation; Figure 1c,d), every

other acoustic stimulation was followed by a (silent)

pseudo-stimulation. The order of sessions was pseudo-

randomized, so that across animals the delays occurred

in different orders.

2.4 | Apparatuses and objects

The experimental apparatus for the object place recogni-

tion task was a dark grey open-field box (37 cm wide�

37 cm deep � 35 cm high, Ewald Kongsbak GmbH +

Co. KG) made of polyvinyl chloride (PVC). For all experi-

ments, the light intensity was set to 100 lx above the open

field. A webcam (Logitech HD webcam, model C310),

was mounted above the open-field. Extramaze cues were

represented by the camera stand. Objects were glass bot-

tles of various shapes, textures, and size (height 11–

20 cm, bottom diameter 5–6 cm), each type was filled

with sand of a different colour. They had sufficient

weight to ensure the mice could not displace them.

Before each sample and test phase, as well as after each

session objects and open fields were cleaned thoroughly

with 70% ethanol solution to remove any residual scents.

For electrophysiological recording, a smaller dark grey

box was used (20 cm � 20 cm � 31 cm, dark grey PVC;

Fachhochschule Lübeck PROJEKT, Germany).
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2.5 | Habituation to the recording
procedure

Mice spent the end of the last light phase and

consecutive dark phase in the recording box,

untethered. After lights were on, mice were

connected to the head stage and electrophysiological

activity was monitored for 3 h. Thereafter mice

were returned to the holding room. Habituation

recordings took place on two consecutive days and the

data from the second day was analyzed to

determine the cortical SO threshold and hippocampal

delta/theta ratio for the sCLAS in the experiments

proper.

2.6 | Habituation to the object place
recognition task

After one hour in the experimental room mice were put

into a clean transfer cage, then placed into the middle of

the open field and allowed to explore for 10 minutes.

Thereafter mice were returned to the holding room. This

procedure took place on three consecutive days.

2.7 | Object place recognition task

The mean age of the animals on the first day of the OPR

was 97.90 ± 6.15 days. Shortly before lights out animals

F I GURE 1 Visualization of electrode positions, experimental design, sCLAS application, and behavioural results. a.

Positions of cortical and dorsal hippocampal wire array electrodes on the mouse brain. b. Time frame of one OPR session: following lights

on, animals were placed in the open field for 10 min to perform the sample phase of the OPR test. Thereafter animals were tethered to the

amplifier and allowed to sleep for 3 hours in the recording box. After the sleep period, animals were untethered and transferred to the open

field for the OPR test phase (5 min). c. A schematic of the four delays relative to SO Down-state peak. d. Schematic of SO detection and

sCLAS application for the same LFP deflections in a stimulation session with 180 ms delay and a sham session. Black dotted lines indicate

SO detection. Corresponding time points for the 180 ms delay of sham are indicated by black and green dotted lines. In the stimulation

session, SO detection is followed alternately by an acoustic stimulation and a pseudo-stimulation. The sham session remained completely

without an acoustic stimulation. The minimal inter-stimulus interval is always 2.5 s. e. Mean (± SEM) preference for the replaced object

across all conditions. Deviation from the chance level (PI = 0.5) is represented by asterisks above the bars. White bars represent the four

delay conditions included in the ANOVA to investigate SO phase dependence. Corresponding post-hoc ANOVA results are indicated by the

asterisk (p ≤ 0.05) and the horizontal dotted lines (p ≤ 0.10). Ten animals participated in the study, however in two conditions due to data

loss numbers are reduced (120 ms, n = 7; 300 ms, n = 6). f. For spindle (left) and SPWR (right) an example of the raw LFP signal (bottom),

filtered LFP (middle) and RMS signals (top) as used for further analyses.
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were taken from their holding to the experimental room.

In the experimental room, the OPR sample phase started

on average 39.2 ± 2.0 min and electrophysiological

recording 55.4 ± 2.1 min after lights on. In brief, in the

OPR sample phase (10 min) mice were exposed to two

identical objects, which were placed in two corners of the

field. Special care was taken that animals were exposed

to the same texture on the objects (e.g., any 3D imprint

would either always face the animal or the wall).

Between sample and test phases lay a 3 h retention inter-

val during which time animals were tethered to the

recording amplifier for electrophysiological recording.

For the test phase (5 min) one of the objects had been dis-

placed to one of the other two free corners whereas the

other object remained at its position. Positioning of

the displaced object was pseudo-randomized. After the

OPR task animals were returned to the holding room.

2.8 | Electrophysiological data
acquisition

For electrophysiological recordings, the electrode connec-

tor was attached to a head-stage microamplifier (μPA16,

Multi Channel Systems MCS GmbH, Germany). Electro-

physiological signals were amplified (amplifier gain: 400)

and digitally sampled with 4 kHz through a portable

ME16 System (ME16-FAI-μPA, Multi Channel Systems

MCS GmbH, Germany) and stored on an assigned com-

puter (MC_Rack software, Multi Channel Systems MCS

GmbH, Germany). Animals had ad libitum access to food

and water in the recording box.

Real-time analogue signals from one CG and one

dHC LFP wire electrode were transferred through two

audio outputs of the ME16 System to the data acquisition

interface CED Power1401-3 (Cambridge Electronic

Design Limited, Cambridge, England) which was con-

nected to a second computer. The CED 1401-3, its appli-

cation program Spike 2 and a custom-made program

based on the built-in script language were used for con-

tinuous online calculation of hippocampal delta/theta

ratios and for cortical SO detection.

2.9 | Determination of SO-threshold and
delta/theta ratio for the single acoustic
closed-loop stimulation during
NREM sleep

For each individual animal, hippocampal data from the

second habituation recording were used for offline deter-

mination of the most suitable delta/theta ratio threshold,

which was then used in the experimental recording ses-

sions for online NREM sleep detection. Furthermore,

data from a CG signal were used to determine the initial

threshold for the online SO detection. The threshold of

hippocampal delta/theta ratio was calculated and finally

set by visual inspection from two histograms showing the

distribution of all delta/theta ratio values of all sleep

stages, one histogram for NREM sleep and another histo-

gram for Wake and REM sleep see Supplementary

Figure S1). Analyses to determine the SO detection

threshold were limited to NREM sleep epochs, and the

same algorithm was applied for offline threshold detec-

tions. This algorithm is described in detail further below.

2.10 | Single closed-loop acoustic
stimulation

As long as the delta/theta ratio was above the threshold

for NREM sleep, if the SO detection threshold, indicating

a Down-state, was surpassed by the CG LFP deflection,

an acoustic or pseudo-stimulation was delivered and a

trigger, of a corresponding code, generated. A trigger

devoid of stimulation (pseudo-stimulation) was generated

for every other detected SO; i.e. acoustic and

pseudo-stimulation alternated. Following SO detection

and corresponding stimulation, the algorithm was paused

automatically for 2.5 s. In addition, the SO-detection

algorithm could be manually paused by the experi-

menter, e.g. during long periods of movement. For acous-

tic stimulation an analog signal, consisting of 10 ms

acoustic white noise, was sent from the Power1401-3 to

two dome tweeters (TW 6 NG 8 Ω, Visaton, Germany)

inside of the recording box through a custom-made stereo

audio amplifier (2 � 5 W) at 58 dBA volume, producing

simultaneous acoustic stimulation.

Online detection of SOs was conducted by a custom-

made script running under Spike 2 software together

with a sequencer in the Power1401-3, like that described

in Ngo, Martinetz, et al. (2013). In brief, each time the

LFP signal crossed an adaptive threshold toward larger

(positive) values, an acoustic or pseudo-stimulation was

triggered. On default, the threshold was set to the initial

value calculated from the second habituation recording.

Every 0.5 s, the threshold was updated to the maximal

(i.e., largest positive) instantaneous amplitude of the CG

signal within the preceding 2 s interval, however, only if

this value exceeded the initial threshold. This algorithm

ensured a continuously reliable detection of gradually

increasing and decreasing SO amplitude during sleep or

within a sleep cycle by its positive half-wave peak

(Down-state peak).

The timing of all SO detections was marked digitally

(with different numbers for acoustic stimulation and

pseudo-stimulation) in the Spike 2 data file and these

markers were also transferred to the ME16 System to be
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saved with the MC_Rack Software along with the ani-

mal’s cortical and hippocampal data on a separate chan-

nel. The delay between the SO detection and the delivery

of the acoustic or pseudo-stimulation differed between

each stimulation condition: 2 ms, 120 ms, 180 ms, and

300 ms, corresponding on average to the SO Down-state,

Down-to-Up-state transition, Up-state and Up-to-Down-

state transition/late Up-state, respectively. In the sham

condition, as also for pseudo-stimulation of the delay

conditions, all triggers were devoid of acoustic

stimulation.

2.11 | Data analysis

2.11.1 | Object place recognition task

Spatial retention performance was measured as the pref-

erence index, calculated as the ratio of exploration time

of the displaced object to the total exploration time of

both objects during the test phase. Thus, a preference

index differing significantly from chance level (0.5) indi-

cates maintained object memory (Dere et al., 2007).

Exploratory behaviour was assessed by manual scoring of

behavioural videos by an experimenter blind to the exper-

imental condition and previous placement of the objects

using a tracking software (AnyMaze, Stoelting, version

4.72). The time spent by mice actively exploring each

object was rated manually. Mice were considered explor-

ing an object when they faced and touched the object

with its nose and/or forepaws. Grooming, freezing behav-

iour in close vicinity to objects, and closely passing the

object or touching it with the tail or body were not scored

as exploration.

2.11.2 | Sleep architecture

An experimental rater assigned sleep stages to all 5 s

epochs of the 3 h sleep recording according to the stan-

dard criteria using the CG and dHC LFP signals as well

as EMG recordings (SleepSign for Animals, Kissei Com-

tec). Briefly, the sleep stages were characterized as fol-

lows: wakefulness (Wake) by high EMG activity and

desynchronized CG LFP; NREM sleep by low EMG

and high-amplitude low-frequency CG LFP activity con-

sisting mostly of delta activity (0.75–4 Hz); pre-rapid eye

movement sleep (PreREM) by low EMG and high-

amplitude CG sigma (10–15 Hz) activity before REM

sleep or Wake; and REM sleep by low EMG activity and

high theta activity (6–10 Hz) in the HC LFP.

Furthermore, after scoring the 3 h sleep period,

NREM sleep was divided into two equal-length periods,

without splitting sleep cycles, termed ‘early’ and ‘late’

NREM sleep, to compare selected effects.

2.11.3 | Electrophysiology

Electrophysiological analyses were conducted on the LFP

recording from the NREM sleep epochs over the 3 h post-

learning period or within early and late NREM sleep

periods. LFP data included one chosen CG and HC chan-

nel from each animal. Data were analyzed using Spike2

(Cambridge Electronic Design) and custom scripts writ-

ten with the built-in script language.

2.11.4 | Offline event detection

SO, spindle and ripple events were identified similar to

Binder et al. (2019). In brief, to identify SOs in the CG

LFP signal, a low-pass finite impulse response (FIR) filter

of 30 Hz was applied and the resultant signal was down-

sampled to 100 Hz. Subsequently, a low-pass FIR filter of

3.5 Hz was used to produce the SO signal. In the slow

oscillation signal, all two succeeding negative-to-positive

zero crossings separated by 0.45–1.43 s (corresponding to

0.7–2.22 Hz) were marked and the negative and the posi-

tive peak potentials between these marked negative-

to-positive zero crossings were registered. SO events were

defined as those intervals that displayed (1) a positive

peak amplitude of 1.25 times the average positive peak

amplitude of this animals sham session or higher (2) a

positive-to-negative peak amplitude difference of at least

1.25 times the average positive-to-negative peak ampli-

tude difference of the respective sham session. To calcu-

late event-event correlations offline detected SOs were

divided into two groups: (1) those SOs for which an

online stimulation occurred in the interval of ± 1.5 sec-

onds around the SO downstate peak value (acoustic-ON)

and (2) SOs for which no online stimulation occurred in

the corresponding interval (acoustic-OFF).

Spindle identification also required first low-pass

(<30 Hz) filtering and down-sampling to 100 Hz of the

CG LFP. Subsequently, a FIR bandpass filter of 9–15 Hz

was applied and a root mean square (RMS) representa-

tion of the filtered signal was generated by using a 0.2 s

long sliding window. The resulting RMS signal was

smoothed additionally with a sliding window average of

0.2 s. Time frames were considered as spindle intervals if

the RMS signal exceeded a threshold of 1.25 SD of the

bandpass-filtered signal for 0.5–3 s and if the largest value

within the frame was >2 SD of the bandpass filtered sig-

nal. For each animal individual thresholds were calcu-

lated from the bandpass filtered signal of the sham

6 AKSAMAZ ET AL.

 1
4

6
0

9
5

6
8

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/ejn

.1
6

1
1

6
 b

y
 U

n
iv

ersity
 O

f C
alifo

rn
ia, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [3

0
/0

1
/2

0
2

4
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o

v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



session. Two succeeding spindles were counted as one

spindle when the interval between the end of the first

spindle and the beginning of the second spindle was

shorter than 0.5 s and the resulting (merged) spindle

was not >3 s. Detected events were not accepted as spin-

dles when the difference between the largest and smallest

potential of the low-pass filtered signal (<30 Hz) within

the frame was 5 times larger than 2 SD of the bandpass

filtered signal and the time between these two extrema

was equal or shorter than one-half of an oscillation cycle

of 15 Hz (0.033 s). For event-correlation analyses, the

peaks and troughs of every detected spindle were marked

as the maxima and minima of the bandpass filtered sig-

nal (between the beginning and end of the spindle), and

the deepest trough was designated as the “spindle peak”

that represented the respective spindle in time, i.e., the

time point taken for referencing event correlation histo-

grams (see description of event correlation histograms

later in this section).

Identification of ripples initially required the

application of a low-pass FIR filter of 300 Hz and down-

sampling to 1 kHz of the dorsal hippocampal LFP. Subse-

quently, a bandpass FIR filter of 150–200 Hz was applied

and the RMS signal was calculated with a sliding 0.02 s

time window. The RMS signal was then smoothed with a

sliding window average of 0.02 s. Time frames were con-

sidered as ripple intervals if the RMS signal exceeded a

threshold of 1.25 SD of the bandpass-filtered signal for

0.025–0.1 s and if the largest value within the frame was

>5 SD of the bandpass-filtered signal. For each animal,

individual thresholds were calculated from the bandpass-

filtered signal of the sham session. Detected events were

not accepted as ripples when the difference between the

largest and smallest potential of the low-pass filtered sig-

nal (<300 Hz) within the frame was 5 times larger than

5 SD of the bandpass filtered signal and the time between

these two extrema was equal or shorter than one-half of

an oscillation cycle of 200 Hz (2.5 ms). For event-

correlation analyses, the peaks and troughs of every rip-

ple were marked as the maxima and minima of the

bandpass-filtered signal, and the deepest trough was des-

ignated as the “ripple peak” that represented the respec-

tive ripple in time.

Durations of SO, spindle and SPWR oscillatory events

correspond to the time from beginning to end of the

detected oscillatory event, respectively. Density values

refer to the mean density of the corresponding event

across all NREM sleep epochs. SO, spindle and ripple

amplitudes are defined as the mean peak-to-peak values

of events detected from the corresponding filtered fre-

quency band signal. Spindle and ripple RMS represent

the average values across all detected oscillatory events.

The SO slope was derived from the positive Down-state

peak to the following zero crossing of the SO-filtered sig-

nal. Corresponding grand mean averages of the detected

SOs, spindles, and ripples across all animals were calcu-

lated for the different conditions. Also, averages of the

original signal, spindle RMS and ripple RMS were calcu-

lated for acoustic stimulation of all delays and corre-

sponding pseudo-stimulation.

2.11.5 | Stimulus-event correlation
histograms

Stimulus-event correlation histograms were calculated

for SO (Down-state peaks), spindle and ripple activity

(number of peaks and troughs) in intervals of �1.0 to

2.5 s around the online detected and stimulated SOs.

These histograms, with a bin size of 50 ms, were sepa-

rately calculated for all acoustic- and all pseudo-

stimulations during NREM sleep over the entire 3 h

recording session. The individual histograms were

z-scored by the corresponding mean and SD of the SO,

spindle and ripple activity, respectively, for each animal

during the �1.0 to 2.5 s interval to eliminate the consid-

erable variability across animals and conditions, and for

each animal subsequently baseline normalized (�1.0 to

�0.5 ms). These histograms represent the acute modula-

tory effect of sCLAS on event activity. Grand mean aver-

ages of the stimulus-event correlation histograms across

all animals were calculated for the different conditions

and per-condition differences between acoustic- and all

pseudo-stimulation were statistically tested.

2.11.6 | Event-event correlation histograms

Event-event correlation histograms were calculated for

spindle and ripple activity (number of peaks and troughs)

with reference to the time of the SO positive Down-state

peak as identified in the CG LFP signal, separately for

SOs for which a stimulation occurred (in the interval of

± 1.5 s around the SO downstate) and SOs for which no

stimulation occurred. Additionally, event-event correla-

tion histograms were calculated for spindle activity

(number of peaks and troughs) with reference to the time

of the ripple peak and for ripple activity (number of

peaks and troughs) with reference to the time of the spin-

dle peak. For all event-event correlation histograms, 3 s

windows were used with an offset of 1.5 s and a bin size

of 50 ms. Again, these histograms were calculated for all

NREM sleep epochs over the entire 3 h recording session

and additionally for early and late NREM sleep. The indi-

vidual histograms were z-scored by the corresponding

mean and SD of the spindle and ripple activity,
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respectively, for each animal during the ±1.5 s interval to

eliminate the considerable variability across animals and

conditions, and for each animal subsequently, baseline

normalized (�1.0 to �0.7 ms). The histograms represent

a measure for the probability of activity of one event at a

given time to proceed or follow another event, i.e., for the

coupling of SOs, cortical spindles and hippocampal

ripples.

2.12 | Statistical analysis

The study was conducted as a within-subject design, with

five sessions. For statistical analyses of the preference

index, the mean score of each session was first compared

to the odds ratio of 0.5 by a one-sample t-test. Beha-

vioural data were then subjected to a mixed-effects model

for repeated measures analyses of variance (ANOVA)

and posthoc paired t-tests.

Duration of sleep stages; and number of stimulation

triggers given at a certain sleep stage for the 3 h interval,

and event parameters of SOs, spindles, and SPWRs were

subjected to mixed effects models for repeated measures

with the factors Condition (Sham, 2 ms, 120 ms, 180 ms,

300 ms delay). Correction for multiple comparisons was

conducted using the Holm-Sidak method (software pack-

age Prism 8, GraphPad Software, Inc.). Statistical com-

parisons of event-related activity, stimulus-event

histograms of acoustic and pseudo-stimulation, and

event-event correlation histograms were conducted by

running (paired) t-tests and the Benjamini–Hochberg

procedure was applied to control the false discovery rate

(FDR; Benjamini & Hochberg, 1995). All data are

expressed as mean ± SEM. A p-value < 0.05 was consid-

ered significant.

3 | RESULTS

FIGURE 1 (A-C) gives an overview of the recording loca-

tions (A), the OPR task with an exemplary distribution of

sleep stages (B), a schematic of the four delays for acous-

tic stimulation and approximate SO phase: 2 ms

(SO Down-state), 120 ms (Down-to-Up-state transition),

180 ms (Up-state) and 300 ms (Up-to-Down-state transi-

tion/late Up-state) (C), and schematics of stimulation

and sham sessions (D).

3.1 | Effect of sCLAS on behaviour

Figure 1e shows the deviation of the preference index

from chance level (corresponding to 50% preference for

the displaced object) for the four delay conditions and

sham. Of the four sCLAS delays an above chance perfor-

mance was only obtained for the 120 and 180 ms delay

condition (one sample t-test; theoretical mean: 0.5, sham:

t(9) = 2.525, p = 0.033; 2 ms, t(9) = 1.784, p = 0.1081;

120 ms: t(6) = 5.039, p = 0.024; 180 ms: t(9) = 4.613,

p = 0.001; 300 ms, t(5) = 1.375, p = 0.2275). For the

180 ms (Up-state) and 120 ms (Down-to-Up-state-transi-

tion) delays mice performed above chance level, but this

was also true for sham. Thus, the effect of sCLAS across

all conditions only revealed a trend (mixed-effects model;

F [4, 38] = 2.105, p = 0.099). However, a mixed effects

ANOVA model exclusively for the four conditions proved

a modulation of behaviour dependent upon the phase of

SO stimulation (F[3,29] = 3.366, p = 0.032). On this

basis, we conducted post-hoc tests for the preference

index between the four delay conditions. Here, results

support increased retention performance for sCLAS at

the 180 ms Up-state, but also a tendency toward

increased performance for the preceding Down-to-Up-

state transition at 120 ms as compared to either the

Down-state or Up-to-Down-state transition/late Up-state

(180 ms vs. 300 ms: t (5) = 3.362, p = 0.020; 180 vs. 2 ms:

t (9) = 2.164, p = 0.059; 120 vs. 300 ms: t (5) = 2.113,

p = 0.088). An exploratory test between the preference

indexes at 180 ms delay and sham was not significant

(t(9) = 1.251, p = 0.243, Figure 1e).

In summary, sCLAS modified memory retention

dependent upon SO phase but was not successful in

increasing performance significantly above sham.

3.2 | sCLAS application did not disrupt
NREM sleep

To control whether sCLAS may have modified sleep com-

position, we investigated the proportion of sleep stages

within the 3 h post-learning interval across differential

stimulation conditions (Table 1). Only the duration of

PreREM sleep revealed an effect of Condition (F [4, 29]

= 2.911, p = 0.038). Pre-REM sleep is a transitional stage

between NREM and REM sleep characterized by

high-amplitude cortical spindles and low-frequency hip-

pocampal theta activity (Glin et al., 1991). PreREM sleep

duration in the condition with 180 ms delay was longer

than that at 300 ms (mean difference 2.46 ± 0.80 min,

p = 0.044, post-hoc Holm-Sidak multiple comparison

test). No other sleep stage differed in duration between

conditions).

Across all conditions, a mean number per session of

531.06 ± 21.91 acoustic or pseudo-stimulations, respec-

tively, were delivered. There was no difference in the

number of stimuli delivered between conditions within

8 AKSAMAZ ET AL.
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any of the sleep stages (F(4,28) < 1.242, p > 0.316 (in the

sham session triggers of one animal could not be

retrieved, thus reducing the statistical degrees of freedom

as compared to Table 1). The percentage of stimuli given

in the different sleep stages was as 80.09 ± 2.3% (NREM

sleep), 0.53 ± 0.15% (PreREM sleep), 2.01 ± 0.13% (REM

sleep) and 15.71 ± 1.41% (wake). The unexpected large

number of stimulations during wakefulness for all condi-

tions is most likely due to a poor online distinction

between NREM sleep and quiet wakefulness in some ani-

mals in which EMG recording quality did not permit

optimal assessment of muscle tone.

In summary, sCLAS only influenced time spent in

preREM sleep that was manifested in a longer preREM

sleep duration for stimulation at the 180 ms delay as

compared to the 300 ms delay.

Table 1. Distribution of sleep stages during the 3 h

recording interval in percent. Total sleep time was on

average 186.06 ± 1.03 min. * p < 0.05, for the difference

between the 180 ms and 300 ms sessions for PreREM

sleep duration, post-hoc Holm-Sidak multiple compari-

son test. F and p values of mixed effects models are given.

Number of animals in each group: 2 ms, 180 ms, n = 10;

120 ms, n = 7; 300 ms; n = 6; sham, n = 9. In the sham

session triggers of one animal could not be retrieved.

Mean ± SEM.

3.3 | sCLAS did not affect parameters of
classical NREM sleep events

Following the affirmation that NREM sleep duration was

preserved across the different sCLAS conditions, sleep-

event parameters relevant to memory retention were ana-

lyzed. Neither density, amplitude nor duration of SOs,

spindles nor SPWRs revealed any significant Condition

effect (each p ≥ 0. 1, mixed-effects analyses; Supplemen-

tary Table S1; for detailed analyses see Supplementary

Tables S2-S4 and Figure S2). Only spindle duration

came close to a trend (F [4,27] = 2.136, p = 0.104). Since

the duration of PreREM sleep, during which spindle-like

activity occurs, differed between 300 and 180 ms, we spe-

cifically compared corresponding spindle durations.

These analyses revealed longer mean spindle duration at

the 180 ms than 300 ms delay condition by 48 ± 18 ms

(t(5) = 2.585, p = 0.049, uncorrected for multiple

comparisons).

Neither SO slope, nor spindle nor ripple RMS

revealed a significant effect of Condition (each p ≥ 0.

1, mixed-effects analyses). Values presented in Table 2

are thus mean values collapsed across all conditions. In

summary, at most spindle duration was affected by delay

condition of sCLAS.

Table 2. Event parameters of density, amplitude,

duration, and slope or RMS, respectively were analyzed

for SO, spindle and SPWR events within NREM sleep of

the 3 h post-learning interval. Mean ± SEM are given for

all groups independent of the condition. SO and ripple

parameters, n = 43; spindle parameters, n = 41. Spindle

density values of one animal were spuriously high, thus

data on this animal were omitted.

3.4 | Event-related activity

Here we analyzed the temporal relationship of evoked

cortical local field potentials, thalamo-cortical spindle

and hippocampal ripple root mean square values (RMS).

Calculations of the latter are schematized in Figure 1f.

For the four sCLAS conditions, Figure 2 depicts the

event-related responses to the acoustic stimuli and

pseudo-stimulation. During the delay conditions, acoustic

and pseudo-stimulation occurred alternately, with the

trigger for pseudo-stimulation based on the identical cri-

teria as for the acoustic stimulation of sCLAS.

Event-related LFPs at the cingulate cortex confirm that

stimulation adequately targeted the four different SO

phases (Figure 2a,b, top rows). Interestingly, relative to

the preceding baseline a significant enhancement of rela-

tively long-lasting positive values, (i.e., values of the same

TAB L E 1 sCLAS did not disrupt NREM sleep.

NREM (%) PreREM (%) REM (%) Wake (%)

Sham 50.94 ± 2.23 6.24 ± 0.71 2.22 ± 0.67 40.6 ± 2.94

2 ms 51.47 ± 3.89 6.09 ± 0.69 1.9 ± 0.48 40.53 ± 4.32

120 ms 55.3 ± 3.3 7.51 ± 1.04 2.11 ± 0.54 34.87 ± 2.95

180 ms 53.8 ± 1.4 7.51 ± 0.64* 2.49 ± 0.44 36.22 ± 1.76

300 ms 50.91 ± 2.9 5.81 ± 0.93* 1.85 ± 0.34 37.8 ± 1.77

F p F p F p F p

Condition

(4,29)

0.432 0.784 2.911 0.038 1.054 0.396 0.710 0.591

AKSAMAZ ET AL. 9
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polarity as the SO Down-state) only appeared for pseudo-

stimulation at 180 ms, i.e., following acoustic Up-state

stimulation (Figure 2b top row). Spindle RMS of pseudo-

stimulation reveals for all conditions the typical increase

commencing at the transition from the hyperpolarizing

Down- to the depolarizing SO Up-state. Endogenous hip-

pocampal ripple RMS commenced significantly with the

emerging SO Up-state (Figure 2b).

For all conditions, the most consistent result of acous-

tic sCLAS in the cortical LFP signals was a 1 to 2 sec

sustained increase of the positive potentials (Figure 2a,

top), that had for pseudo-stimulation only obtained sig-

nificance after the 180 ms delay (Figure 2b, top). Spindle

and ripple RMS after acoustic stimulation differ greatly

from pseudo-stimulation by revealing a significantly sus-

tained suppression after a sharp increment in ripple

RMS, and a broad enhancement in spindle RMS (Figure

2a). To determine whether hippocampal SPWRs were

not merely a reflection of cortical activity in the ripple

frequency range, the cortical LFP signal was analyzed

TAB L E 2 Average sleep-event parameters across sCLAS conditions.

Event Density (min�1) Amplitude (mV) Duration (ms) RMS (μV) Slope (mV/s)

SO 12.32 ± 0.69 0.62 ± 0.03 703 ± 4.14 - 0.83 ± 0.04

Spindle 2.36 ± 0.15 0.40 ± 0.011 843 ± 13.5 93 ± 2.55 -

SWPR 15.60 ± 1.13 0.18 ± 0.010 70 ± 0.75 39 ± 2.19 -

F I GURE 2 sCLAS delivery time-

locked to the differential SO-phases

modulates cortical local field

potential (LFP), cortical spindle and

hippocampal ripple activity. a.

Acoustic stimulation. b. Pseudo-

stimulation. a, b. From top to bottom,

baseline normalized mean (± SEM)

cortical LFP, spindle RMS, and CA1

SPWRs RMS. Horizontal lines

correspond to significant differences

from the baseline level (�1 to �0.5 s;

paired t-tests) for false discovery rates set

to 0.05 (top line) and 0.01 (bottom line).

T = 0 s corresponds to the time of

stimulation. 2 ms, 180 ms, n = 10;

120 ms, n = 7; 300 ms, n = 6.

10 AKSAMAZ ET AL.
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in the ripple frequency range (Figure 3). Cortical RMS in

the ripple frequency range was also significantly modula-

tion by the acoustic sCLAS, but overall of lower magni-

tude than hippocampal ripple RMS.

3.5 | Sustained suppression of spindle
and ripple event activity following sCLAS

The prior section indicates for spindle and ripple RMS

different temporal dynamics of acoustic and pseudo-

stimulation, as compared to their respective baseline

(Figure 2). Next, we compared SO, spindle and SPWR

event activity directly between acoustic and pseudo-

stimulation, i.e., within the same delay condition

(Figure 4, Supplementary Figure S3). Expectedly, SO

event activity was enhanced for both acoustic and

pseudo-stimulation around t = 0 s, i.e., around the

detected SO Down-state peak (SO trough). Most pro-

nounced, again, was the significant suppression of both

spindle and ripple event correlations, for acoustic

compared to pseudo-stimulus event correlations

(Figure 4b,c; Supplementary Figure S3). SPWR

stimulus-event correlations increased sharply with acous-

tic as compared to pseudo-stimulation on average, signifi-

cance was however limited, most likely due to a high

temporal jitter of the short-lasting stimulus events

between animals.

Together, acoustic vs. pseudo-stimulation led to a pro-

nounced attenuation of both spindle and SPWR

event activity. The steep mean enhancement in ripple

event activity with acoustic stimulation did not reach sig-

nificance for all SO phases.

3.6 | Is retention performance reflected
by enhanced coupling to SO activity?

A prominent role of SOs in promoting memory consoli-

dation is to group other sleep events. Therefore, we inves-

tigated if sCLAS application at the different SO phases

affected the coupling of thalamo-cortical spindle and hip-

pocampal ripple activities to SOs. Here offline detected

SOs of NREM sleep were analyzed throughout the entire

3 h sleep interval. Since stimulus-induced responses did

not occur during all epochs surrounding an offline

detected SO, we distinguished between acoustic-ON and

OFF epochs (cp. Methods). Only ON epochs containing

offline detected SO together with an acoustic stimulation

are presented in Figure 5 for the 2 and 180 ms delay con-

ditions (Supplementary Figure S4 for delay conditions

120 and 300 ms).

All event-event correlation histograms of sham reflect

the characteristic temporal relationships between the

neural oscillations: SO-spindle event-event correlations

are minimal around the SO Down-state (SO trough) and

increase with the Down-to-Up-state transition (sham in

Figure 5a,b, left). Similarly, SO-ripple event-event corre-

lations are minimal shortly prior to the SO Down-state,

increasing at the Down-to-Up- state transition and peak

around the Up-state (sham in Figure 5a,b, right). During

the 3 h retention interval of both Down- and Up-state

sCLAS conditions spindles are less modulated by the SO

than in sham. Prior to the SO trough event-event correla-

tions are significantly increased for acoustic-ON as com-

pared to sham, and post SO trough correlations are

significantly decreased. The latter most likely reflects the

suppressed spindle activity after the acoustic stimulus

(cp. also Supplementary Figure S4). Within a short

time window at or after the offline detected SO the

behaviour of coupled ripple events deviated from sham,

yet in different ways. In the 2 ms delay, Down-state

stimulation condition acoustic-ON SO-ripple event-event

correlations were significantly fewer at the Down- to Up-

state transition compared to sham. For Up-state

stimulation (180 ms) acoustic-ON SO-ripple event-event

correlations were not significantly fewer until endoge-

nous SO-ripple coupling began to decrease, analogous to

a facilitated coupling decrement.

Finally, the comparison of acoustic-ON SO-ripple

event correlations between the 2 and 180 ms delay

conditions (Figure 5c, right) revealed significantly more

F I GURE 3 sCLAS delivery time-locked to the differential SO-phases modulates cortical activity in the ripple frequency

band. For acoustic stimulation, baseline normalized (mean ± SEM) cortical RMS for the four delay conditions. Horizontal lines correspond

to significant differences from the baseline level (�1 to �0.5 s, paired t-tests) for false discovery rate set to 0.05 (top line) and 0.01 (bottom

line). T = 0 s corresponds to the time of stimulation. 2 ms, 180 ms, n = 10; 120 ms, n = 7; 300 ms, n = 6.
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F I GURE 4 SO, thalamo-cortical spindle

and hippocampal ripple event-activity

relative to sCLAS. a-c. mean stimulus-event

correlations for SO, spindle and CA1 SPWR

events (z-transformed and baseline normalized,

�1 to �0.5 s) for acoustic and pseudo-

stimulation averaged across the 3 h interval for

the 2 ms and 180 ms delay conditions,

respectively. T = 0 s corresponds to the detected

SO Down-state peak. Horizontal lines

correspond to significant differences between

acoustic and pseudo-stimulation (paired t-tests)

for false discovery rates set to 0.05 (top line) and

0.01 (bottom line). Results are presented for the

two delay conditions with a behavioural

preference index significantly above (180 ms)

and not significantly different from the chance

level (2 ms), and for which data from all ten

animals are available. Comparable figures for

the other two delay conditions are given in the

supplementary Figure S3.

F I GURE 5 Event-event coupling

histograms between SO, spindle and

SPWR event activity, respectively. a.

SO-spindle event-event (left) and SO-

SPWR event-event correlations (right)

time-locked to the positive Down-state

peak of the SO (t = 0, SO trough) for the

2 ms (acoustic-ON) and sham

conditions. b. Same as A, but for the

180 ms delay condition. c. SO-spindle

event-event (left) and SO-SPWR event-

event correlations (right) of acoustic-ON,

time-locked to the SO trough. Horizontal

lines correspond to significant

differences between conditions (paired

t-tests) for FDRs set to 0.05 (top line)

and 0.01 (bottom line). Mean ± SEM for

event-event coupling, mean for sham SO

(grey line). Note, to facilitate

comparisons with overlaid event-event

correlations, the SO trough is depicted

downward. Comparable figures for the

other two delays are given in the

Supplementary Figure S4.
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correlations around the SO Down- to Up-State transition/

Up-State (i.e., 100–200 ms after SO trough) for Up-state

as compared to Down-state stimulation (see Supplemen-

tary Figure S5 for comparisons between offline detected

SOs in sham, acoustic-ON and acoustic-OFF, as well as

for temporal distributions of acoustic-ON SO detections).

The first part of NREM sleep during which ripples

revealed increased density, amplitude RMS and duration

(Supplementary Table S4) revealed closely similar SO-

ripple event-event correlations (Supplementary Figure

S6). On the other hand, neither ripple events coupled

around spindles nor spindle events coupled around rip-

ples revealed any significant modulation from sCLAS

(Supplementary Figure S7).

4 | DISCUSSION

We aimed to investigate the hippocampal-

thalamo-cortical interactions and the corresponding

effect on a spatial memory task induced by acoustic stim-

ulation delivered at different SO phases. We found that

sCLAS affected behaviour dependent upon SO phase. Of

the four sCLAS conditions, SO Up-state sCLAS, as

expected (Moreira et al., 2021; Wunderlin et al., 2021),

as well as Down-to-Up-state sCLAS revealed a preference

index on the OPR task above chance, indicating success-

ful memory for object location. Moreover, the preference

index of Up-state sCLAS differed significantly from

sCLAS at the late Up-state/Up-to-Down-state transition.

Despite an apparent dependence of retention perfor-

mance on the SO phase of acoustic stimulation, a signifi-

cant effect relative to sham performance was not found.

The lack of significance over sham was most likely due to

our relatively short retention interval (as compared to

rats, see e.g., Binder et al., 2012). We had selected a 3-h

retention interval and had expected that in the sham con-

dition animals would not perform above chance level

since previously mice failed to reach above chance perfor-

mance on the same task with retention intervals of 4-, 6-,

and 24-hours (Murai et al., 2007). Previously, 2-h and

shorter intervals had reported successful recent memory

performance (Dere et al., 2005; Murai et al., 2007).

At the electrophysiological level, we first discuss the

similarities and then differences between conditions

which may be related to differential effects on retention.

For all SO phases, sCLAS led to a sharp transient incre-

ment in ripples followed by a post-stimulus sustained

suppression of thalamo-cortical spindle as well as hippo-

campal SPWR RMS and event-activity. Although the

influence of a spindle refractory period has previously

explained results of human EEG studies with acoustic

stimulation (Antony et al., 2018; Ngo, Martinetz,

et al., 2013; Weigenand et al., 2016) suppression of spin-

dle activity in those studies was not as pronounced rela-

tive to the foregoing broad enhancement as observed

here. A possible exception is the reduction of spike rates

after epileptic seizures (Klinzing et al., 2021), which may

be attributed to ion concentration dynamics (Krishnan &

Bazhenov, 2011). Spindle termination is typically fol-

lowed or leads to a refractory period attributed mostly

to intrinsic currents activated during ongoing spindle

activity in thalamic neurons. Indeed, one mechanism

disclosed by in vitro studies involves an afterdepola-

rization generated by Ih current activation (Bal &

McCormick, 1996; Fernandez & Lüthi, 2020). Yet,

in vivo, corticothalamic activity is relevant for spindle

synchronization (Contreras et al., 1997; Fernandez &

Lüthi, 2020), and cortical desynchronization is also pro-

posed as a possible mechanism for spindle termination

(Bonjean et al., 2011). Sound and electric stimuli can

induce cortical and thalamic activity (Dang-Vu

et al., 2011; Sela et al., 2016), and produce spindle-like

responses (Eckert et al., 2021; Vyazovskiy et al., 2009).

The sustained post-stimulus spindle suppression is most

easily interpreted as the result of intrinsic refractoriness

subsequent to (short, 10 ms) acoustic stimulation,

i.e., involving activation of specific ionic currents in a

large neuronal population.

Hippocampal SPWR events are the result of

excitatory-inhibitory network interactions with cessation

dependent upon inhibitory currents (Howe et al., 2020;

Malerba et al., 2016, 2019; Malerba & Bazhenov, 2019).

Mechanisms are typically investigated on a shorter time

scale (Buzs�aki, 2015; McKenzie, 2018; Schlingloff

et al., 2014) than could explain sustained ripple inhibi-

tion in our study. Yet recently, the fluorescent activity of

post-SPWR inhibitory interneurons lasting up to about

2 seconds (Vancura et al., 2023) revealed results compara-

ble to our study.

Importantly, event-related activity and stimulus-event

correlation histogram both show an initial acute

enhancement of mean hippocampal SPWR-activity, at all

delays. Acoustic stimuli evoke not only brainstem but

also hippocampal responses within 50 ms

post-stimulation (Brankack & Buzs�aki, 1986). Thus, we

presume that strong depolarizing input of the acoustic

stimulus, impacting the hippocampus in a state prone to

generate ripples, can facilitate pyramidal cell-interneuron

interactions producing increased ripple activity (Hu

et al., 2023; Stark et al., 2014). The finding that cortical

activity in the ripple range (Figure 3) is of lower magni-

tude than hippocampal ripples indicates that the tran-

sient increase in hippocampal ripples occurring shortly

after onset of the acoustic stimulation is a direct physio-

logical response to stimulation. Interestingly, the
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transient increase in cortical ripples was followed by a

sustained suppression in some conditions. Although

again on a much shorter time scale, biological ripple

events in cortex and hippocampus are associated

(Khodagholy et al., 2017).

The main electrophysiological finding which distin-

guished Up-state sCLAS, for which retention perfor-

mance was on average highest, was (for acoustic-ON) the

coupling of ripples around SOs (Figure 5). Here, as com-

pared to sham the temporal dynamics of SO-ripple cou-

pling were more strongly modulated. This appears to

mirror the typical occurrence of hippocampal and corti-

cal ripples at the Down-to-Up-state transition/Up-state

(Dickey et al., 2022; Khodagholy et al., 2017; Mölle

et al., 2009; Figure 2b). The steeper drop compared to

sham in SO-ripple coupling could be speculated as

reflecting increased inhibitory tuning (McKenzie, 2018).

Although SO-ripple coupling of Up-state sCLAS did

reveal a significant difference over another sCLAS

condition in which performance was not increased over

chance level, the limited electrophysiological distinction

over sham coincides with a non-significant difference

in behaviour. This finding underscores the relevance

of intact hippocampal activity during NREM sleep for

memory retention on this spatial task and falls in

line with recent experimental and modelling research

revealing increasingly complex neurophysiological inter-

dependencies between thalamo-cortical and hippocampal

activity during NREM sleep (Azimi et al., 2021;

Girardeau & Lopes-Dos-Santos, 2021; Sanda et al., 2021;

Skelin et al., 2021; Wei et al., 2020). Moreover, our results

support studies revealing that an unspecific facilitation of

oscillatory coupling between brain structures associated

putatively with reactivation, can facilitate memory con-

solidation (Campos-Beltran & Marshall, 2017; Maingret

et al., 2016; Malkani & Zee, 2020). Successful unspecific

reactivation may however require a relatively short inter-

val between learning and interrogation putatively driving

reactivation processes (Miyamoto et al., 2016), and is of

low efficiency with the current procedure (e.g., Henin

et al., 2019). It is also conceivable and would be of inter-

est to investigate, whether specifically targeted memory

activation reveals a higher efficiency with a longer time

period between learning and manipulation periods. Fur-

thermore, the effect of unspecifc stimuli in non-invasive

brain stimulation procedures on memory consolidation

in humans appears to rely strongly on the brain state, as

either a trait or state property (Dehnavi et al., 2021;

Krugliakova et al., 2022).

An unexpected finding was the difference in PreREM

sleep duration which was significantly longer at SO-

Up-state stimulation than for the behaviourally subopti-

mal sCLAS at the SO Up-to-Down-state transition. Time

spent in all other sleep stages was the same at all sCLAS

delays. It has been recently reported that spindle counts

particularly during NREM/REM sleep transitions which

would be scored as PreREM sleep in this study, is a good

predictor of behavioural performance in mice during

post-learning sleep (Yuan et al., 2021). Although we did

not specifically count the density of spindle-like activity

during this transition period, our results yield consis-

tently, that PreREM sleep duration was longer at Up-

state sCLAS than at the later stimulation at 300 ms delay.

Although results did not uphold multiple comparisons

testing NREM sleep spindle duration was also longer at

the sCLAS Upstate than the Up-to-Down-state transition.

In summary, we showed that Down-state sCLAS can

impair, and Up-state sCLAS may potentially enhance

performance on a hippocampus-dependent OPR task in

mice as reported for humans and rats (Moreira

et al., 2021; Wunderlin et al., 2021). However, in contrast

to those EEG studies, the presently measured electro-

physiological activity responded less differently to CLAS,

revealing only small differential responses for SO-ripple

coupling. This paucity of electrophysiological and strong

behavioural differences may reflect one limitation of our

study, namely the small sample size, especially for two

conditions. Moreover, SO detection in the above studies

may have benefitted from a larger cortical representation

instead of being obtained from a single LFP recording

(Wunderlin et al., 2022). Finally, our experimental design

may have benefitted from a longer minimal inter-

stimulus interval. The fact that only pseudo-stimulation

of SO Up-state at 180 ms (Figure 2b) was followed signifi-

cantly by a more hyperpolarized potential level possibly

indicates that the interval between acoustic and pseudo-

stimulation (baseline level of pseudo-stimulation) was at

a relatively more depolarized level than in the other con-

ditions. To help understand how non-invasive stimula-

tion procedures such as CLAS influence neural network

activity and contribute to memory consolidation in sleep

further rodent studies are warranted, with closely compa-

rable stimulus designs to that in humans as well as stud-

ies specifically targeting task-relevant network activity, as

e.g., hippocampo-cortical interactions in spatial or epi-

sodic tasks in rodents. Insight into neural brain responses

and changes in inter-regional temporal dynamics to stim-

ulation may, furthermore, facilitate understanding of the

inter-individual differences in CLAS efficacy in humans.
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