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Abstract

Study Objectives: Previous research indicates a coupling of sleep-associated brain activity to peripheral glucose levels, such that
ripple activity, a sign of increased hippocampal memory processing, is followed within 10 min by a dip in peripheral glucose levels.
Whether there is respective negative feedback to the brain of peripheral glucose levels, or associated metabolic signaling, during sleep
is not clear.

Methods: We tested the effects of systemic glucose administration as well as the effects of fasting (for 6 h vs. ad libitum feeding) on
sleep and oscillatory signatures of memory processing during sleep, i.e. hippocampal ripples, cortical spindles and slow oscillations
(SOs), using electroencephalography (EEG) from skull and local field potential recordings (LFP) from CA1l in male rats. Continuous
monitoring of interstitial glucose concentrations in a subset of animals allowed the assessment of the temporal relationship between
glucose fluctuations and oscillatory events.

Results: Hippocampal ripples and sleep spindles were accompanied by a transient decrease in peripheral glucose concentration.
Neither glucose injection nor prior fasting influenced the macro-architecture of sleep during the subsequent 6 hours. Glucose injec-
tion (vs. water) increased spindle density. Prior fasting, compared with ad libitum feeding, increased numbers of ripples, spindles, SOs
and of co-occurring SO-spindle events. Fasting also influenced SO-spindle phase-amplitude coupling, such that spindles occurred
later during the SO upstate in fasted animals compared to those with ad libitum food access.

Conclusions: Our findings indicate a relatively tight-paced glucose-to-brain feedback loop during sleep that may affect memory
processing in thalamocortical and hippocampal networks.
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Statement of Significance

during sleep.

Memory processing during sleep involves ripples, spindles, and slow oscillations that originate from hippocampal and thalamo-
cortical networks during slow wave sleep. We recorded these oscillatory events together with peripheral glucose levels in freely
behaving rats to explore how memory processing is coupled to metabolism. We found that hippocampal ripples and spindles are
accompanied by a dip in glucose levels. Fasting, independently of glucose levels, increased ripples as well as slow oscillations and
spindles and their co-occurrence. The findings point to a fine-tuned coupling between memory processing and body metabolism

Memory formation is considered to be highly dependent on glu-
cose homeostasis inasmuch glucose is the main energy source for
neuronal computations and information processing in the brain
[1-4]. Sleep supports memory consolidation [5, 6]. This function
of sleep involves memory replay [7], a process that originates
from hippocampal networks during Non-rapid eye movement
(Non-REM) sleep. It is accompanied by hippocampal ripples [8],
thalamocortical spindles [9], and neocortical slow oscillations
(SOs) [10, 11].

Given the continuously changing energy demands of the
memory processing brain during sleep, it seems reasonable to
assume that peripheral glucose homeostasis is tightly coupled
to neurophysiologic signatures of sleep-associated memory
formation [12]. Indeed, two recent studies suggest that sleep-
dependent neuronal activity that enables memory processing
also exerts efferent control on peripheral glucose levels. Tingley
et al. [13] observed in naturally sleeping rats that clusters of
sharp wave-ripples recorded from the hippocampus reliably pre-
dicted a decrease in peripheral glucose concentrations within
about 10 min. The transient down-regulation of peripheral glu-
cose levels was not a mere reflection of generally increased neu-
ronal firing activating local glucose transport to the brain but an
active regulatory process which could be suppressed by inhibiting
the lateral septum as the major conduit between the hippocam-
pus and the hypothalamus. The second study showed in a large
sample of healthy humans that stronger coupling of spindles to
the SO upstate during nocturnal sleep predicts lower next-day
fasting blood glucose levels [14]. Analyses of heart rate variability
suggested a mediation of this relationship by shifting autonomic

activity towards increased parasympathetic activity, ultimately
enhancing insulin sensitivity.

While these studies provide strong evidence for the assump-
tion of an intricate control of the body’s glucose fluxes by the
sleeping brain, it is presently unclear to what extent changes
in peripheral glucose concentrations, in the sense of a negative
feedback signal, acutely modulate key neuronal oscillations that
orchestrate the brain’s efferent glucoregulatory output. There
is evidence that feeding behavior and blood glucose levels can
affect the macro-architecture of sleep. Increased blood glucose
levels have been found to decrease REM sleep [15] and high-
carbohydrate diets reduced Non-REM sleep [16]. Moreover, hunger
and blood glucose levels have been shown to regulate the excit-
ability of brain areas relevant for memory consolidation [17-19].
The application of insulin on cultured hippocampal neurons sup-
pressed intracellular Ca?* oscillations, which is in line with a role
as a negative feedback signal [20, 21]. The hippocampus is an area
particularly rich in glucose transporters and insulin receptors [22,
23]. Notably, we have previously shown in healthy humans that
brain administration of insulin via the intranasal pathway before
sleep increases nocturnal growth hormone concentrations and
EEG delta power during Non-REM sleep [24].

Against this background, here we hypothesize a negative feed-
back mechanism wherein changes in peripheral glucose levels,
or related metabolic alterations, provide feedback signals to the
brain to specifically regulate neuronal activity linked to memory
processing during sleep. Recording simultaneously cortical elec-
troencephalography (EEG), hippocampal local field potentials
(LFP) and interstitial glucose levels in freely behaving rats, we first
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extended previous findings by Tingley et al. [13] in showing that
not only hippocampal ripples but also spindles are accompanied
by a dip in peripheral glucose concentrations, as has been found
in a recent study in humans [25]. Relying on the direct manipula-
tion of peripheral glucose concentrations by intraperitoneal (i.p.)
injection (compared to water) in fasted (for 6 hours) or ad libitum
fed rats, we moreover investigated whether transient increases in
circulating glucose in the normal physiological range affect sleep
and oscillatory signatures of memory processing during sleep. We
found that glucose administration increased the number of spin-
dles, but did not affect density of hippocampal ripples. Fasting
distinctly increased ripple, spindle and SO density, as well as the
numbers of SOs nesting spindles in their upstate and also delayed
phase-amplitude coupling between SOs and spindles compared
to ad libitum feeding. Our data provides first evidence that meta-
bolic changes modulate ongoing memory processing during sleep.

Methods
Animals

Seven adult male Long Evans rats (Janvier, 310-320 g, 12 weeks
of age) were used for the analysis. Rats were housed in groups
of two per cage, except during the post-surgery recovery period,
when they were kept individually. They were housed in cages with
controlled temperature (22 + 2°C) and humidity (45%—65%) on a
12-h light/12-h dark cycle (lights on at 06:00 am), with free access
to water and food until the recording session. During the session,
they were either fasted or had ad libitum access to food, depend-
ing on the specific conditions. All experimental procedures were
approved by the local institutions in charge of animal welfare
(Regierungspraesidium Tibingen, State of Baden-Wuerttemberg,
Germany).

Design and general procedures

Fig. 1 provides an overview of design and procedures. Rats (n=7)
were either fasted or given ad libitum access to food from 00:00
am onward. At 07:00 am, i.e, at the beginning of the rest period,
the animals received an i.p. injection of either a 20% glucose solu-
tion (glucose dissolved in water at 1.5 g/kg body weight; B. Braun,
Germany) or an equivalent dose of sterile water (control condi-
tion; Ampuwa, Fresenius Kabi, Germany). Water was used instead
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of saline to avoid potential interference with metabolic process-
ing. EEG and LFP signals were recorded for the following six hours
(07:00 am to 01:00 pm). In a subset of rats (n = 4), interstitial glu-
cose concentration was monitored continuously by a glucose sen-
sor (FreeStyle Libre 3, Abbott, USA) and EEG signals were recorded
from 00:00 am to 06:00 am and 07:00 am to 01:00 pm. All ani-
mals were food-deprived during the morning (07:00 am to 01:00
pm) recording sessions. Each condition (Ad libitum-Glucose, Ad
libitum-Control, Fasted-Glucose, Fasted-Control) was repeated
two to three times, with the order counterbalanced across ani-
mals. Between recording sessions, animals were left in their home
cage for one day of recovery.

Surgical procedures and histology

Prior to surgery, rats were given an i.p. injection of anesthetic mix-
ture (0.005 mg/kg fentanyl, 2 mg/kg midazolam and 0.15 mg/kg
medetomidine) following quick isoflurane induction (3%—4% in
0.1 L/min O,). Rats were positioned in the stereotaxic frame, and
the skull was exposed. The entire surgery was carried out under
isoflurane maintenance (0.5%-1%). For EEG recordings, four stain-
less steel screw electrodes (PlasticOne, USA) were implanted:
two frontal electrodes (AP:+ 2.6 mm, ML: + 1.5 mm, relative to
bregma), one parietal electrode (AP:-2.0 mm, ML:-2.5mm,
relative to bregma) and one occipital electrode (AP: -10.0 mm,
ML: 0 mm, relative to bregma), serving as reference electrode.
Additionally, two wires were implanted bilaterally to record LFP
signals in the dorsal hippocampus (AP: - 4.3 mm, ML: + 2.8 mm,
DV: - 2.3 mm, relative to bregma).

For electromyographic (EMG) recordings, two wires were
implanted in the neck muscle. Electrodes were inserted into a
six-pin electrode pedestal (PlasticOne, USA) and anchored with
cold polymerizing dental resin. During surgery, the animals were
injected with 1 ml saline solution to prevent dehydration, and
carprofen (5 mg/kg) was injected subcutaneously for three con-
secutive days. Rats were single-housed in their home cages and
recordings were conducted after at least seven days of recovery.

Correct placement of LFP electrodes was verified by histology
after completion of the experiments (Figure S1). Here, the rats
were perfused intracardially with PBS followed by 4% paraform-
aldehyde (PFA). After decapitation, the brains were removed and
immersed in the 4% PFA for two to three days. Coronal sections of
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Figure 1. Experimental procedures. (A) Following 3 d of habituation, rats (n = 7) were placed in recording boxes for 6 h during the second half of

the dark period (starting at 00:00 am); they had either ad libitum food access (Ad lib) or were fasted (Fast). In a subset of rats (n = 4), continuous
interstitial glucose concentration was monitored using an attached glucose sensor. At 07:00 am, 1 h after lights on, the animals received an i.p.
injection of either glucose or sterile water, and EEG and LFP signals were recorded for the next 6 h (07:00 am to 01:00 pm). All animals were food-
deprived during this recording session. Between recording sessions, animals were left in their home cage for 1 d. Each condition (Ad libitum-Glucose,
Ad libitum-Control, Fasted-Glucose, Fasted-Control) was repeated 2-3 times, with the order counterbalanced across animals. (B) Illustration of EEG
(white dots), LFP (red dots) and EMG (black dots) electrode locations. The figures A and B were created with BioRender.com.
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70-80 um were made on a vibratome. The slices were stained with
toluidine blue and examined under a light microscope.

Electrophysiological recordings and procedures

Before recording sessions, rats were habituated to the record-
ing box (stainless steel, 30 x 30 cm, height: 40 cm) for three days
(from 07:00 am to 01:00 pm) with electrodes connection through
a swiveling connector to an amplifier (Model 15A54, Grass
Technologies, USA). On the next day, EEG, EMG, and LFP signals
were recorded. All signals were continuously recorded and digi-
tally processed using a CED Power 1401 converter and Spike?2 soft-
ware (Cambridge Electronic Design, UK). EEG signals were filtered
between 0.1 and 300 Hz. LFP signals were filtered between 0.1 and
1,000 Hz. EMG signals were filtered between 30 and 300 Hz. All
signals were sampled at 1 kHz.

Animal preparation and intraperitoneal injection
Rats were handled for seven consecutive days for 10 min. During
handling, rats were also habituated to the injection position by
wrapping their body gently with a towel and holding them with
their nose towards the ground. After three habituation days, prior
to connecting them to the recording system, rats were wrapped
and positioned to undergo simulated injection, that is, touching
the injection site with a wooden tip of a cotton swab. This proce-
dure minimized stress in the real injection sessions.

Continuous glucose monitoring

A glucose-monitoring sensor (FreeStyle Libre 3, Abbott, USA)
was used to measure peripheral glucose concentrations in four
rats. For implantation, rats were anaesthetized lightly using iso-
flurane. The fur in the interscapular region was shaved, reveal-
ing the underlying skin. After disinfection, the sensor applicator
was placed on the prepared area. The sensor was slowly pressed
downward against the skin. The applicator was removed after
inserting the sterile filament beneath the skin. Transparent
dressing film (Tegaderm, 3M, United States) and medical adhe-
sive bandage (Leukoplast hospital, BSN medical GmbH, Germany)
was applied to keep the sensor in place. The sensor yielded glu-
cose readings in mg/dL every five minutes. Glucose sensor read-
ings were confirmed twice on separate days in one additional rat,
which was injected glucose (1.5 g/kg body weight). After 10 min,
when glucose concentration is expected to reach the maximum,
blood was collected by pricking the tail vein with a lancet (Safty-
Lancet,18G, Sarstedt, Germany). The blood drop was absorbed by
the glucometer strip (Accu-Chek Performa, Germany) and the
glucometer displayed the glucose reading in mg/dl. The calibra-
tion was repeated on a second day.

Sleep stage classification

Sleep stages (including Non-REM and REM sleep) and wakeful-
ness were determined offline through visual inspection using 10-s
windows based on standard criteria. Wakefulness was defined by
mixed-frequency EEG accompanied by relatively high EMG activ-
ity; Non-REM sleep by predominant high-amplitude delta activity
(< 4.0 Hz), the presence of sleep spindles (11-16 Hz) and dimin-
ished EMG activity; REM sleep by predominant theta activity
(5.0-10.0 Hz), phasic muscle twitches, and minimal EMG activity.

Offline detection of SOs, spindles, and ripples

To detect SOs, EEG signals were first filtered between 0.5 and
4 Hz using a zero-phase shift (3rd order Butterworth filter).
All zero crossings of the filtered signal during Non-REM sleep
were then identified. The duration between two consecutive

positive-to-negative zero crossings had to be between 0.5 and 2 s.
For each remaining event, the peak-to-peak amplitude between
the most negative and the most positive peak of the respective
events had to be at least 66% of the amplitude of all previously
detected events to be considered an SO.

For spindle detection, the signals were filtered between 11
and 16 Hz with a zero-phase shift (3rd order Butterworth filter).
The amplitude was extracted based on the absolute value of the
Hilbert-transformed filtered signal. Spindles were identified as
events exceeding at least 1.6 SD of the mean amplitude of the fil-
tered signal during Non-REM sleep for at least 0.5 s. Additionally,
the amplitude had to surpass 2 SDs for at least 0.25 seconds and
reach 2.2 SDs at least once.

Spindles co-occurring with SOs were defined as spindles occur-
ring within a time window of + 2.5 s around the most negative
peak of an SO. To extract the phase-amplitude coupling between
SOs and spindles, the SO signals were first filtered between 1.8
and 2 Hz. The phase of the filtered signal was then extracted using
the built-in “angle” and “hilbert” functions of Matlab (Mathworks,
USA). The respective maximum spindle amplitudes were used as
reference points to extract the corresponding phase.

Ripples were detected only in LFP signals, using a zero-phase
shift bandpass filter between 80 Hz and 300 Hz. The absolute
value of the Hilbert transform of the filtered signal was used to
identify the amplitude of the respective frequency bands. Ripples
were detected whenever the amplitude of the signals exceeded 2
SDs of the mean amplitude during Non-REM sleep and wakeful-
ness for at least 30 ms but not longer than 500 ms. Additionally,
the signal had to cross a threshold of 4 SDs at least once. To com-
pensate for potential artifacts from muscle movements, the same
procedure was applied to EMG signals. Events in the LFP signals
were considered only if they did not co-occur with control events
detected in any of the EMG signals. Data from one animal that
was recorded for 24h continuously without any intervention is
provided in Figure S2.

Statistical analyses

Cross-correlations were calculated using the “crosscorr” function
of the statistics toolbox in Matlab (Mathworks, USA) and relied on
data from four animals that repeatedly underwent the different
conditions (Ad libitum-Glucose, n = 8 sessions; Ad libitum-Control,
n==6 sessions; Fast-Glucose, n=7 sessions; Fast-Control, n=7
sessions). These cross-correlations were computed between time
series of glucose measurements and the occurrence rate (den-
sity) of the respective sleep-related events, with data binned into
S-minute intervals to match the sampling rate of the glucose
sensor. Following previously described procedures [13], the cross-
correlations were calculated on the first derivative of the high-pass
(0.000025 Hz) filtered glucose data. To control for the influence of
brain state transitions, partial cross-correlations were performed
using Matlab’s built-in function “regress.” The cross-correlations
were accordingly calculated for glucose data after regressing out
(by respective binary control vectors) (i) wakefulness, (2) Non-REM,
and (3) REM sleep, during each 5-minute interval. To compare the
resulting cross-correlation functions against zero, cluster-based
permutation tests were performed using the “clust_perm1” func-
tion from the Mass_Univariate_ERP_Toolbox [26]. This approach
was used to determine the significance of distinct peaks in the
cross-correlation functions and to simultaneously reduce the
risks of Type 1 error associated with multiple comparisons [27].
The interventional sessions were implemented in seven ani-
mals according to a two-by-two factorial design, resulting in four
experimental conditions: Ad libitum-Glucose (n = 19 sessions), Ad
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libitum-Control (n = 20 sessions), Fasted-Glucose (n = 20 sessions),
Fasted-Control (n = 20 sessions).

All group comparisons were run with a two-by-two lin-
ear mixed-effects model using the “fitlme” function in Matlab
(Mathworks, USA). A linear mixed-effects model was first fitted
with both Glucose/Control and Ad libitum/Fasted as fixed effects
and their interaction included in the model. A random intercept
for Animal was included to account for repeated measurements
within animals. Next, a reduced model, excluding the interac-
tion term, was fitted. The interaction between diet and glucose
condition was tested by comparing the full model (with interac-
tion) to the reduced model (without interaction) using the “com-
pare” function of Matlab (Mathworks, U.S.A.). If the p-value for
the interaction term was > .05, the interaction was considered
non-significant, and the reduced model was retained for subse-
quent analyses. Main effects of Glucose/Control and Ad libitum/
Fasted were tested by comparing the models with and with-
out respective main effects. These analyses were performed on
20-minute time bins. Basically, the same linear mixed-effects
model approach was applied to additional data from two hours
of concatenated Non-REM sleep (with averaged data across the
repeated measurements of one condition for each animal).

Statistical comparisons of SO-spindle phase-amplitude cou-
pling between the four conditions were calculated using the
Circular Statistics Toolbox for Matlab [28]. Comparisons relied
on linear mixed models as described above for the density com-
parison of the respective event of interest with the main differ-
ences that circular data was subtracted by the maximum of the
respective dataset to allow the usage of the linear mixed model
approach. To analyze the occurrence of spindles and SOs, events
were collapsed across all channels. A p-value <.05 was consid-
ered significant.

Results

Temporal correlation between sleep oscillations
and peripheral glucose concentrations

In a subset of animals we aimed at replicating recent findings by
Tingley et al. [13] which provided the basis for the present study
in showing that clusters of hippocampal ripples are followed by a
transient decrease in peripheral glucose levels. In these animals
(n=4), sleep was assessed in a total of 56 sessions (including 28
pre-injection sessions in which rats were either fasted or had ad
libitum access to food, and 28 post-injection sessions, i.e., after
either glucose or water injection). We performed cross-correlation
analyses between time series (5-min bins) of interstitial glucose
concentration assessments and density measures of hippocam-
pal ripples, spindles, and SOs. In order to remove contributions
of brain state transitions which themselves exhibited a strong
cross-correlation with interstitial glucose levels (Fig. 2A), we per-
formed partial cross-correlations which included three control
variables that binarily encoded periods of wakefulness, Non-REM
sleep, and REM sleep for each 5-minute bin (Fig. 2B).

The mean cross-correlation function between hippocampal
ripples and glucose levels showed a pronounced negative peak
at a + 5-minute lag (max r =-0.068 + 0.026) which revealed to be
significant in a cluster spanning —10 to + 10 minutes (p < .001, Fig.
2C, top). Similarly, we observed a significant negative correlation
between spindle density and glucose levels at lags between —10
and + 10 minutes peaking at —10 minutes (max r = -0.089 + 0.019,
p <.001), followed by a positive correlation between + 20 and + 30
minutes peaking at + 20 minutes (max r=0.087 £ 0.015, p <.001)
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(Fig. 2C, middle). For SOs, a pronounced positive correlation
occurred at+ 25 minutes (max r=0.0567 +0.016, p <.001) (Fig.
2C, bottom). Due to the relatively small sample size, only cross-
correlations between spindle density and glucose levels remained
significant when cross-correlation functions were averaged for
each animal (Fig. 2C).

Glucose injections and fasting do not modulate
sleep architecture

Effects of glucose vs. water injection and of fasting vs. ad libi-
tum food access were analyzed in a total of 79 sessions in seven
animals (Ad libitum-Glucose: 19; Ad libitum-Control: 20; Fasted-
Glucose: 20; Fasted-Control: 20). Glucose monitoring in the
respective subset of animals confirmed that i.p. glucose com-
pared to water control injections transiently increased intersti-
tial glucose levels, triggering a maximum around 10-15 min later
while 6-hour fasting significantly reduces interstitial glucose lev-
els (x*(1) =8.90, p=.0028 for the Ad libitum/Fasted main effect;
Fig. 3A and B). Time in Non-REM and REM sleep was analyzed
for 20-min-bins during the 6-hour post-injection interval. There
was no consistent effect of glucose injection on Non-REM or
REM sleep duration across the entire six-hour interval (for the
Glucose/Control main effect, and interaction effects with Ad libi-
tum/Fasted; all p > .69; Fig. 3C) nor during any of the 20-minute
intervals (all p>.11 for the Glucose/Control main effect; Figure
S3). Also, glucose injection did not affect onsets of the first Non-
REM and REM sleep periods (Non-REM: y*(1) = 0.51, p = .47; REM:
¥*(1) = 1.07, p = .30 for the Glucose/Control main effect; Fig. 3D).

Ad libitum access to food vs. fasting in the 6 hours prior to
recording likewise did not influence sleep macro-architecture.
Both conditions were closely comparable with regard to duration
of Non-REM and REM sleep (all p > .22 for Ad libitum/Fasted main
effect, p>.78 for respective interactions with Glucose/Control;
Fig. 3C) and onset latencies of Non-REM and REM sleep (Non-
REM: (1) = 0.002, p = .96; REM: %*(1) = 3.46, p = .06 for the Ad libi-
tum/Fasted main effect; Fig. 3D).

Effects of glucose injections on ripples, spindles,
and SOs

To assess the effects of changes in peripheral glucose concentra-
tions on sleep oscillations during Non-REM sleep, we analyzed
EEG and LFP recordings, focusing on the occurrence of hippocam-
pal ripples in the LFP and of sleep spindles and SOs in the EEG.
To account for variations in the total amount of Non-REM sleep
during the six-hour interval, we limited our analysis to events
that occurred within the first two hours of concatenated Non-
REM sleep.

Glucose compared to water injection did not affect the
number of ripples or SO events during the two-hour concat-
enated Non-REM sleep interval (Glucose/Control main effect,
x*(1)=1.91, p=.17 and y*(1) =0.007, p=.93, for ripples and
SOs respectively; Fig. 4A and C). However, glucose injection
increased the number of spindles in the two hours of con-
catenated Non-REM sleep (mean + SEM spindles, Glucose,
283.98 + 17.71, Control 256.44 + 18.48 Glucose/Control main
effect, y?(1) = 4.54, p = .031; Fig. 4B). Interestingly, the increase
in spindle density after glucose injection was already observed
between 40 to 65 minutes of Non-REM sleep and remained
significant even after Bonferroni correction (Glucose/Control
main effect 40-65 minutes: p < .03; Fig. 4B) and during this time
window, the Glucose/Control x Ad libitum/Fasted interaction
also reached significance (p < .05).
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Figure 2. Partial cross-correlations between sleep oscillations and peripheral glucose concentrations. (A) Left: Z-transformed cross-correlation
functions computed separately for each animal between glucose concentrations and a binary vector indicating periods of Non-REM sleep (coded

as 1) and wakefulness and REM (both coded as 0, given the absences of the oscillations of interest in these states). Right: Corresponding average
cross-correlation function across animals (mean + SEM; n = 4 animals). (B) Example 6-hour glucose trace with corresponding binary vectors coding
for wakefulness, Non-REM, and REM sleep, which were used as control variables in the partial cross-correlation analysis shown in (C). (C) Left:
Animal-wise z-transformed partial cross-correlation functions. Middle: Partial cross-correlation functions averaged across animals (mean + SEM,

n =4 animals), and (right) averaged across sessions (n = 79). Significance was assessed using a cluster-based permutation test and significant clusters
(p <.05) are indicated by black horizontal bars.
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Figure 3. Effects of glucose vs. water injection and pre-injection fasting vs. ad libitum feeding on sleep architecture. (A) Interstitial glucose levels
(mean + SEM) before and after injections of glucose (Glu) or water (Con) confirmed an increase in glucose concentrations following glucose injection
compared to water. Glucose was continuously monitored for six hours prior to injection (-6 to 0 hours), during which animals either had ad libitum
access to food (Ad lib, left) or were fasted (Fast, right). After the injection (0 to +6 hours), monitoring continued for another six hours (Ad libitum-
Glucose, n = 8 sessions; Ad libitum-Control, n = 6 sessions; Fast-Glucose, n = 7 sessions; Fast-Control, n = 7 sessions acquired in 4 animals). The dashed
line at time 0 marks the injection point for both glucose and water. (B) Change in interstitial glucose levels (AGlucose) between the time intervals - 6
to - 5 hours and - 2 to - 1 hours relative to injection (gray areas in (A)), across the four experimental conditions: Ad libitum-Glucose (Ad-Glu), Ad
libitum-Control (Ad-Con), Fasted-Glucose (Fa-Glu), and Fasted-Control (Fa-Con). Bars show group means + SEM; individual animal values are shown as
connected dots (n =4 animals). (C) Total sleep duration in the 6-hour post-injection interval (0 to + 6 hours) for Non-REM (left) and REM sleep (right),
across the four conditions. Bars represent group means = SEM; individual data points with trajectories are overlaid (n = 7 animals). (D) Sleep onset
latency (mean + SEM for [n = 7 animals]) for Non-REM (left) and REM sleep (right), measured in minutes after injection. No significant differences in

sleep onset or sleep duration were observed between conditions. * p <.05.

Effects of fasting on ripples, spindles, and SOs

Pre-injection fasting compared to ad libitum food access was fol-
lowed by an increase in ripple density during the first two hours
of concatenated Non-REM sleep (mean + SEM ripples, Ad libitum,
4768.02 £ 550.35, Fasted, 5624.25+495.05; y*(1)=5.39, p=.02
for the Ad libitum/Fasted main effect; Fig. 4A). This effect was
already visible after 45 min subsequent to the injection time point
(x*(1) =3.93, p =.047), and independent of whether the animals
received glucose or water (Glucose/Control x Ad libitum/Fasted:
¥*(1) =0.05, p = .82). It was essentially identical when periods of

wakefulness were included in the 120-min interval (x*(1) =9.10,
p =.002 for the Ad libitum/Fasted main effect).

Like ripple density, also spindle density was increased after
fasting (compared to ad libitum food access) during the first two
hours of concatenated Non-REM sleep (mean + SEM spindles, Ad
libitum, 257.77 + 17.23, Fasted, 282.65 + 20.28; (1) = 3.86, p = .049
for the Ad libitum/Fasted main effect; Fig. 4B). Again the effect
did not depend on whether the animals received glucose or
water (Glucose/Control x Ad libitum/Fasted: ¥*(1) = 1.24, p = .27).
Interestingly, the increase in spindle density after glucose injec-
tion was already observed between 40 to 65 minutes of Non-REM
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Figure 4. Effects of glucose and fasting on the density of ripples, spindles, SOs and on SO-spindle co-occurrence. (A) Left: Cumulative number of
hippocampal ripples during the first 2 hours of concatenated Non-REM sleep across the four experimental conditions: Ad libitum-Glucose (Ad-Glu,
n =19 sessions), Ad libitum-Control (Ad-Con, n = 20 sessions), Fasted-Glucose (Fa-Glu, n = 20 sessions), and Fasted-Control (Fa-Con, n = 20 sessions).
Colored bars below indicate significant effects from a two-by-two linear mixed-effects model: purple for the main effect Glucose/Control, yellow for
the main effect Ad libitum/Fasted. Right: Corresponding mean + SEM ripple counts after 2 hours of concatenated Non-REM sleep for each condition,
with individual animals plotted as connected dots (n =7 animals). (B) Same as in (A) but for spindles and gray bars below additionally indicate
significant Glucose/Control x Ad libitum/Fasted interactions. (C and D) Same as in (A), but for SOs and co-occurring SO-spindle events. Shaded areas

and error bars represent mean + SEM. *p < .05

sleep and remained significant even after Bonferroni correction
(Glucose/Control main effect 40-65 minutes: p <.03; Fig. 4B).
During this time window, the Glucose/Control x Ad libitum/
Fasted interaction also reached significance, but this effect did
not survive Bonferroni correction.

Fasting also yielded increased cumulative SO numbers, inde-
pendently of the Glucose/Control injection condition (mean + SEM
SOs first 2h; Ad libitum, 1,107.99 + 33.14; Fast, 1,208.51 + 25.55,
¥*(1) = 6.24, p = .013 for the Ad libitum/Fast main effect; Glucose/
Control x Ad libitum/Fast: %*(1) =0.0001, p>.99; Fig. 4C). This



increase after fasting was already evident in the first 5 min of
Non-REM sleep and persisted throughout the entire recording
session (Ad libitum/Fasted main effect after the first 5 minutes:
¥?(1) =6.31, p=.012).

Effects on SO-spindle events

Considering that spindles tend to nest into the upstate of SOs [29],
we investigated how peripheral glucose injections and fasting
affect SO-spindle co-occurrence and coupling. Whereas glucose
injection did not affect the number of co-occurring SO-spindle
events (Glucose/Control main effect: y*(1) =0.83, p=.36), this
number was significantly increased after fasting compared
to ad libitum food access after 120 minutes of Non-REM sleep
(mean + SEM SO-spindle events, Ad libitum, 525.74 + 26.87, Fasted,
581.97 +30.54, ¥*(1) = 4.42, p = .035 for the Ad libitum/Fasted main
effect; Fig. 4D). The effect was already present during the interval
20 to 30 minutes (p < .049), but did not last throughout the entire
two-hour interval of concatenated Non-REM sleep. It was inde-
pendent of whether the animals received glucose or control injec-
tions (Glucose/Control x Ad libitum/Fasted: ¥?(1) = 2.02, p > .10).

To more precisely characterize the coupling between SOs and
spindles, we examined the phase-amplitude coupling between
these two oscillations. Amplitude in the 11-16 Hz spindle fre-
quency band was significantly modulated by the SO phase, con-
sistently peaking in the up-phase of SOs in all four experimental
conditions (Hodges-Ajne test, all p < .001). To analyze the coupling
of the spindle amplitude maximum during the phase of the SO
cycle we used linear mixed-effects model analyses (see Methods).
The analyses revealed a significant main effect for the Ad libi-
tum/Fasted factor reflecting that in the fasting condition the
maximum spindle amplitude occurred significantly later during
SO-phase and, thus, more closely to the SO-uphase peak in the
Fasted (-13.30° + 6.29°) compared with the Ad libitum condition
(-35.70° £ 8.50°, %%(1) = 6.22, p = .012) where the spindle maximum
occurred earlier in the rising flank of the SO (Fig. 5). The main
effect of Glucose/Control (y*(1) =4.33, p=.51) as well as the Ad
libitum/Fasted x Glucose/Control interaction effect (x*(1)=0.21,
p =.65) remained without significance in these analyses.

Control analyses assured that maximal amplitudes of spin-
dles, SOs and ripples as well as overall power distributions during
Non-REM sleep were comparable between conditions (all p > .7),
excluding general EEG and LFP amplitude alterations as the driv-
ers of the observed differences in spindle and SO density as well
as SO-spindle co-occurrence.

Discussion

Using electrophysiological recordings combined with interstitial
glucose monitoring in rats, our study provides evidence that neu-
rooscillatory hallmarks of the brain’s memory processing dur-
ing sleep are coupled to the metabolic regulation of peripheral
body glucose levels. We first replicated the finding by Tingley et
al. [13] that hippocampal ripple activity is negatively correlated
with glucose levels. Extending these findings, we observed that
sleep spindles are likewise accompanied by a transient decrease
in glucose concentrations. In contrast, cross-correlation func-
tions of SOs were mainly characterized by a pronounced positive
peak at + 25 min. With regard to spindles and SOs, this pattern
is consistent with recent findings in humans [25]. Testing possi-
ble afferent feedback effects through injection of glucose in the
main set of our experiments, against our original hypothesis
we did not find any evidence that ripples are downregulated by
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transient increases in peripheral glucose. However, we observed
an afferent effect of glucose injection increasing spindle density.
Fasting, on the other hand, enhanced the density of ripples, spin-
dles and SOs as well as the co-occurrence of SOs and spindles.
Additionally, fasting delayed the SO-spindle coupling by shifting
spindle occurrence towards the peak of the SO upstate, a pattern
previously shown to be negatively correlated with fasting blood
glucose levels in humans the morning after sleep [14]. Our results
are overall in line with the view that feedback signals originating
from peripheral glucose concentrations contribute to the stability
of Non-REM sleep physiology, including oscillatory signatures of
memory processing in thalamocortical networks [30].

Our cross-correlation functions between interstitial glucose
levels and hippocampal ripples and EEG spindles, respectively,
with a negative peak correlation between -10 and + 5 min, indi-
cate rather fast-acting pathways that mediate the central nerv-
ous suppression or peripheral glucose concentrations by ripples
and spindles. Indeed, we cannot exclude an even faster glucose
response, as glucose concentration was sampled online at a low
rate, which limits temporal resolution. The time lag of 5 min we
observed here for the glucose dip after hippocampal ripples is
indeed shorter than that previously reported (of approximately
10 min) [13], with the difference between studies possibly related
to differences in the sensitivity of the glucose sensors. The
—-10 min lag for the peak negative correlation between spindles
and glucose concentration suggests that changes in glucose levels
may even occur prior and potentially influence spindle activity.
Consonant with Tingley et al. [13], the inspection of our data did
not provide any hints that the cross-correlation functions sub-
stantially differed depending on whether the animals were fasted
or ad libitum fed, further supporting the view of a fast efferent
central nervous down-regulation of glucose in conjunction with
the occurrence of ripples and spindles.

Rather than on efferent actions, our main focus was on afferent
actions of transient changes of peripheral glucose concentrations
on central nervous signatures of sleep and associated memory
processing. In this context, our finding that glucose injection did
not affect sleep macro-architecture seems at a first glance coun-
terintuitive. Importantly, the dose of glucose applied here led to
changes within the physiological range and was substantially
lower than doses (2.5 g/kg) known to produce severe hypergly-
cemia in euglycemic rats [15]. Only such very high doses, when
administered to young rats, shortened REM sleep [15]. In con-
trast, i.p. glucose administration within the physiological range
appears to attenuate REM sleep only in old rats with poor glu-
cose tolerance [31-33], but not in young rats with normal glucose
homeostasis [31, 34]. Adding to this evidence, participants with
impaired glucose homeostasis (e.g., diabetes and prediabetes) not
only experience inadequate total sleep [35, 36, 37] and shorter
REM sleep [35], but also lower spindle density compared with
healthy subjects [38]. Here, testing healthy young adult rats, we
found that glucose injection increased spindle density, suggesting
that healthy brains tune their circuits to adapt to such exogenous
glucose challenges within the physiological range. Whether such
processes are altered in aged brains or due to diabetes needs to be
investigated in appropriate animal models.

Importantly, we observed after fasting a distinct increase in
the numbers of ripples, spindles, SOs, and of spindles nesting
into the SO upstate, which all represent hallmarks of memory
processing in thalamocortical networks during Non-REM sleep.
Moreover, fasting shifted spindles to the peak of the SO upstate.
Notably, these effects were seen independently of an additional
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Figure 5. Effects of glucose and fasting on the phase-amplitude
coupling between SOs and spindles. (A) Maximum spindle amplitude
relative to the SO phase across concatenated 2-hour Non-REM

sleep, displayed in 20-minute bins, for each of the four experimental
conditions: Ad libitum-Glucose (Ad-Glu, n = 19 sessions), Ad libitum-
Control (Ad-Con, n = 20 sessions), Fasted-Glucose (Fa-Glu, n = 20
sessions), and Fasted-Control (Fa-Con, n = 20 sessions). Bars below
indicate significant effects from a two-by-two linear mixed-effects
model for the main effect Ad libitum/Fasted (B) Top: Schematic
illustration of the SO phase where spindle amplitude peaked. The SO
upstate peak corresponds to 0 radians. Middle: Mean + SEM of the SO
phase at which maximum spindle amplitude occurred, shown for each
condition (n =7 animals). A significant main effect of the Ad libitum/
Fasted condition is indicated. Bottom: Individual animal data showing
repeated measures across conditions. * p <.05

glucose injection. This is a novel observation which altogether
indicates that the metabolic state can massively bias the brain’s
machinery of memory processing during sleep, potentially
offering one explanation for the beneficial effects of fasting on
memory consolidation in humans [39]. It is also noteworthy that
fasting affected the phase-amplitude coupling between spindles

and SOs. This is all the more remarkable in light of recent find-
ings in a large human cohort that identified the coupling between
SOs and spindles as the most significant sleep predictor of next-
day fasting glucose concentrations [14], and in principle concur
with experimental results indicating the relevance of Non-REM
sleep for glucose tolerance and insulin sensitivity [40]. In com-
bination these findings suggest that synchronized processing in
thalamocortical and hippocampal circuits—specifically cortical
SO-spindle coupling and hippocampal ripples during Non-REM
sleep—are key targets of metabolic feedback signals, influencing
the neurocircuits involved in memory processing during sleep.

An open question remains whether the fasting-induced
changes in phase-amplitude coupling, along with the observed
increases in ripples, spindles, and SOs, translate into meas-
urable alterations in cognitive functioning and memory con-
solidation during sleep. Previous work comparing SO-spindle
phase-amplitude coupling in young and old adults suggests
that a later occurrence of spindles relative to the SO-upstate—
as observed here after fasting—is indeed associated with bet-
ter memory performance [41]. On the other hand, increases in
spindle densities—as observed here in glucose injected ani-
mals—are often associated with better memory performance
[5, 6]. How the differential effects of glucose feedback and fast-
ing combine to alter memory consolidation during sleep awaits
experimental testing.

Another question to be addressed in further studies is the medi-
ation of the observed metabolic feedback effects, and specifically
those of glucose. One might speculate that they are a direct result
of peripheral glucose crossing the blood-brain barrier via glucose
transporters into the brain extracellular fluid (ECF) [42]. However,
a single i.p. injection of a rather low dose of glucose, as in our
study, is probably insufficient to induce prominent fluctuations in
ECF glucose concentrations [43, 44]. ECF glucose concentrations
are typically very stable, varying less than 2 mM between fasted
and fed states [45, 46]. Rather than being transported into the
CNS, blood glucose levels can also affect brain activity through
glucose-sensing neurons. After ip. injection, glucose is first
absorbed by the peritoneum and transported via the portal vein,
where glucose sensors can detect both hyper- and hypoglycemia
through disparate neural pathways [47-51]. Finally, the effects of
peripheral glucose on the brain may be mediated through several
pathways, including the enhancement of insulin or other meta-
bolic signals that are detected at the blood-brain barrier or within
the brain itself [52, 53]. Additionally, vagal gut-to-brain signaling
may play a role [54], potentially involving central vagal pathways
that include the locus coeruleus—a key structure implicated in
the generation of sleep spindles [55-57].

Despite the insights this study provides to interactions
between peripheral glucose and oscillatory activity during sleep,
three main limitations must be considered. First, the cross-
correlation analysis is exploratory, as it is based on data from only
four animals. Although we recorded 56 sessions, the between-
animal variability and relatively short recording periods (6 hours)
limit the conclusiveness of the observed effects. This is particu-
larly relevant given the highly fragmented nature of rodent sleep,
which complicates the dissociation between sleep stage and
sleep-wake transitions and the specific oscillatory events of inter-
est. The slow sampling rate of glucose signals (5-minute inter-
vals) is a significant limitation too, as the underlying dynamics
may operate on faster timescales. Moreover, blood glucose levels
may offer a more precise measure of peripheral glucose dynam-
ics related to brain activity. Finally, our approach does not allow
us to disentangle the mediating mechanisms, which likely involve

G20z Joquiedaq G0 Uo 1sanb Aq 69Z8G 1 8/LSLIESZ/| |/8Y/aI01E/dos|S/W0o"dNO"d1WapED.//:Sd)lY WO papeojuMOd



insulin and other metabolic signals, as well as gut-to-brain signa-
ling. These are promising avenues for future research.

Taken together, our findings support the view that, in addi-
tion to a gross coupling of sleep/wake states and associated food
intake [58], brain activity and metabolism are coupled on a finer
temporal scale, with signatures of hippocampal and thalamocor-
tical memory processing occurring in close temporal proximity
with decreases in peripheral glucose levels. However, these results
do not exclude possibly more sustained as well as bidirectional
interactions between sleep-related brain activity and glucose
homeostasis. We here provide first time evidence that such tran-
sient changes in peripheral glucose may provide feedback to the
brain within < 15 min, to mainly affect spindles, i.e., a signature
of thalamocortical memory processing. How these indicators of
fast brain-body regulation of glucose translate into conditions of
impaired metabolic control like obesity and diabetes is an impor-
tant question to be investigated in future studies.

Supplementary material

Supplementary material is available at SLEEP online.
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