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Summary eBioMedicine

Background Cerebral haemodynamics are crucial for brain homoeostasis and serve as a key proxy for brain activity. 2025116: 105777

Although this process involves coordinated interaction between vessels, neurons, and glial cells, its dysregulation in ~ PuPlished Online xox

neuroinflammation is not well understood. https/ / do_'-org/ 10.
1016/j.ebiom.2025.

. . . . . . 105777
Methods We used in vivo mesoscopic functional ultrasound imaging to monitor cerebral blood volume changes

during neuroinflammation in male rats injected with lipopolysaccharide (LPS) in the visual cortex, under resting-state
or visual stimulation, combined to advanced ex vivo techniques for glial cell reactivity analysis.

Findings Cortical neuroinflammation induced large oscillatory haemodynamic travelling waves in the frequency band
of vasomotion (~0.1 Hz) in both anaesthetized and awake rats. Vasomotor waves travelled through large distances
between adjacent penetrating vessels, spanning the entire cortex thickness, and even extending to subcortical areas.
Moreover, vasomotion amplitude correlated with microglial morphology changes and was significantly reduced by
astrocytic toxins, suggesting that both microglia and astrocytes are involved in the enhancement of vasomotion
during neuroinflammation. Notably, functional connectivity was increased under this oscillatory state and functional
hyperaemia was exacerbated.

Interpretation These findings further reveal the spatiotemporal properties of cerebral vasomotion and suggest this is a
major component of brain haemodynamics in pathological states. Moreover, reactive microglia and astrocytes are
participating to increase vasomotion during neuroinflammation. For the field of functional neuroimaging, our results
advocate for considering 0.1 Hz haemodynamic oscillations as an important complement to traditional measure-
ments, particularly in neuroinflammatory conditions. Indeed, brain haemodynamics may provide insights not only
into neuronal activity but also glial reactivity.

Funding Supported by ANR (“LabCom-NI2D”, “Labex Cortex”) and Auvergne-Rhone-Alpes Region (“BI2D”).

Copyright © 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Functional ultrasound imaging; Vasomotion; Neurovascular coupling; Functional connectivity; Glia;
Neuroinflammation

Introduction is dynamically adapted in response to changes in
Cerebral haemodynamics constitute a fundamental neuronal activity, a process known as neurovascular
component of the central nervous system (CNS) by coupling. This fundamental process underlies func-
providing the necessary oxygen and nutrients to support ~ tional neuroimaging techniques that measure haemo-
its substantial energy consumption. Cerebral blood flow ~ dynamic parameters to infer changes in brain activity,
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Research in context

Evidence before this study

The regulation of cerebral blood flow is essential for brain
function. Cerebral haemodynamics have been extensively
used to measure brain activity using functional neuroimaging
techniques, yet the biological processes that govern the
spontaneous changes of cerebral blood flow are not fully
elucidated, especially in pathological contexts. The global
consensus is that spontaneous haemodynamic changes are
driven by neuronal activity and its interaction with glial cells
to release vasoactive substances, along with other non-
neuronal physiological processes. Vasomotion, a rhythmic
oscillation in vessel diameter around 0.1 Hz, has recently
gained interest in the field as a plausible driver of
haemodynamic changes, but its relation to neuronal and glial
functions is unclear. Moreover, the spatiotemporal dynamics
of vasomotion at the macroscopic scale and therefore its
relevance for resting-state or task-based functional
neuroimaging are incompletely understood because previous
works used either optical imaging techniques, mostly
restricted to the pial vessels, or fMRI, lacking sensitivity to
reliably assess this complex process at the individual level.

Added value of this study
Using high-sensitivity functional ultrasound imaging, this
study advances the field by showing that cerebral vasomotion

such as functional magnetic resonance imaging (fMRI),
intrinsic optical imaging, laser speckle contrast imaging,
near-infrared spectroscopy, and more recently func-
tional ultrasound imaging (fUSi)."® It is therefore of
major importance to understand the processes govern-
ing cerebral haemodynamics to gain deeper insights
into brain functions, as well as to accurately interpret
functional neuroimaging findings, in both physiological
and pathological states.

Despite many efforts and advances, the cellular
mechanisms that govern haemodynamic fluctuations in
resting-state as well as functional hyperaemia (i.e., the
increase of cerebral blood flow in response to an
increased neuronal activity) remain elusive and contro-
versial. An emerging hypothesis is that vasomotion, i.e.,
the rhythmic fluctuations of vessel diameter (~0.1 Hz)
produced by the autonomous contraction of smooth
muscle cells, is naturally synchronised to neuronal ac-
tivity to meet the energetic demands under physiological
conditions.” This model, although debated,® provides a
possible cellular basis for functional connectivity. In
parallel, other studies have suggested that glial cells are
equally important for regulating haemodynamic fluctu-
ations. Astrocytes, in particular, are strategically posi-
tioned to mediate interactions between neurons and
blood vessels as their end-feet envelop most of the ce-
rebral vasculature. Astrocytic control of cerebral blood
flow during functional hyperaemia has been extensively

is locally enhanced by neuroinflammation, resulting in large
travelling waves in cortex or subcortical regions. Furthermore,
correlating imaging with histological analyses at the
individual level enabled to reveal the previously unknown
relationship between glial cells reactivity and cerebral
vasomotion. Finally, inflammatory vasomotion was studied
during resting-state or visual stimulation in anaesthetized or
awake animals, providing further elements for interpreting
this phenomenon in different conditions that are relevant for
functional neuroimaging. We highlight the importance of this
phenomenon in the data variance, its involvement in
functional connectivity and possibly functional hyperaemia.

Implications of all the available evidence

This work highlights vasomotion as a major component of
cerebral haemodynamics during neuroinflammatory
conditions, with direct implications for interpretation of
functional neuroimaging studies in patients. During
inflammation, glial-driven vasomotion may participate to
blood flow changes during resting-state or functional
hyperaemia, often attributed solely to neuronal activity.
Systematic evaluation of ~0.1 Hz frequency fluctuations and
travelling waves in pathological conditions could improve the
interpretability of imaging findings and serve as a potential
biomarker of glial reactivity in future research.

studied, and involves the Ca”*-dependent release of
vasoactive metabolites of arachidonic acid, as well as
potassium efflux from the endfeet.>'® They also appear
to be involved in the regulation of cerebral haemody-
namics during resting-state, as they were recently sug-
gested to exert a negative control on the amplitude of
vasomotion at 0.1 Hz in arterioles.” This brings vaso-
motion at the centre of a hypothetic cellular model for
explaining spontaneous haemodynamic fluctuations
and resting-state connectivity, with SMCs setting the
tempo around 0.1 Hz, astrocytes calibrating the gain,
and neurons serving as the conductor of this orches-
trated response. Other glial actors such as microglia, the
key regulators of inflammatory processes in the brain,
may also be involved as they can dynamically interact
with the neurovascular unit and have been shown to
modulate functional hyperaemia.'®

Fewer studies have focused on the cellular mecha-
nisms involved in the control of cerebral blood flow in
pathological conditions.”"” This is important because all
cellular players of the neurovascular unit, and in
particular microglia and astrocytes, undergo major
morphological, functional, and molecular changes dur-
ing inflammatory processes that can occur in many
neuropsychiatric conditions. Such changes could have
major impact on the regulation of the cerebral haemo-
dynamics, which must be taken into account for the
interpretation of neuroimaging studies and for

www.thelancet.com Vol 116 June, 2025


http://www.thelancet.com

Articles

understanding the alterations of brain homoeostasis
that can occur during neuroinflammatory processes.

Using functional ultrasound imaging (fUSi), we
aimed to extensively characterise the cerebral haemo-
dynamics changes that occur in a neuroinflammatory
state and the influence of reactive glial cells in these
alterations. This recent technique can map cerebral
blood volume (CBV) changes at a mesoscopic scale with
higher sensitivity than fMRI* even in deep areas, unlike
optical techniques, and can be used in freely moving
rodents.”* CBV changes were studied during LPS-
induced neuroinflammation through injection in the
primary visual cortex, during resting-state as well as vi-
sual stimulation. In parallel, the impact of the inflam-
matory challenge on the reactivity of glial cells was
assessed by advanced morphological analyses and
single-nuclei transcriptomics. We show that cortical
neuroinflammation can drastically enhance haemody-
namic oscillations at 0.1 Hz, the typical rhythm of vas-
omotion. Adding to the recent descriptions of
vasomotion as long-wavelength travelling waves along
cortical pial vessels,” the vasomotor waves travelled
across large areas between neighbouring penetrating
vessels and even reached subcortical vessels. We also
highlight that vasomotion amplitude may be locally
driven by the presence of reactive glial cells, as sug-
gested by a correlation between microglial morpholog-
ical changes and haemodynamic oscillations at 0.1 Hz,
and the significant inhibition of inflammatory vaso-
motion by astrocytic toxins. Finally, enhanced vaso-
motion was associated with an increase in cortical
connectivity, extending previous findings that vasomotor
fluctuations are a major component of functional con-
nectivity, and with an increased hyperaemic response
during visual stimulation, suggesting that the two phe-
nomena share common but non-competitive pathways
under specific states. These findings demonstrate that
vasomotion and travelling waves around 0.1 Hz are
fundamental players of cerebral haemodynamic fluctu-
ations, especially during neuroinflammation, and
emphasise the importance of reactive glial cells in the
control of spontaneous changes of cerebral blood vol-
ume in pathological states, usually interpreted only in
terms of neuronal activity in functional neuroimaging
studies.

Methods

Ethics

All animal experimentation and housing were carried
out in accordance with the guidelines of the European
Union (Directive 2010/63/EU) and approved by the
French Ministry of Research and CELYNE ethical
commiittee (authorisation reference: APAFIS-36043). All
efforts were made to ensure the animal welfare. The
work was carried out following ARRIVE guidelines.
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Animals

The animals were kept under controlled environmental
conditions (12/12 h light-dark cycle, food and water ad
libitum, controlled temperature) with at least one week
of acclimatation before any experiment. A total of 62
Wistar male rats (from Janvier Labs, Le Genest-St-Isle,
France) were used in this study, weighing between
225 and 250 g (approximately 6 weeks of age) at arrival
to the laboratory. Females were not used due to possible
interactions between oestrous cycle and inflammation,
which restricts the relevance of the study to male rats.
The animal well-being was monitored every day
following surgery using a score sheet. Humane end-
points were defined in terms of weight loss, physical
appearance (grooming, orbital tightening, posture), and
general behaviour. These criteria would have led to
euthanasia if any of the signs had become severely
impaired (no such cases were observed during
the study, but occasional weight loss or rare signs of
discomfort were addressed respectively with supply
of food softened into a mash and administration of
buprenorphine).

For the main experiment, 40 rats were used for a
protocol initially designed to explore the consequences
of inflammation and astrocytic lesions on brain hae-
modynamics (protocol was not preregistered). An initial
sample size of 6 was defined based on effect size and
variability observed in previous studies from our labo-
ratory. Animals were allocated to experimental groups in
a balanced manner across batch numbers, week of ex-
periments, and groups; no formal randomisation tool
was used. The rats first underwent a skull thinning
surgery the day before beginning the imaging protocol
(6 animals were excluded after the surgery due to the
presence of haematomas). The day of the first fUSi
session, the rats received intracerebral bilateral in-
jections of the following agents: NaCl 0.9% (VEH,
n = 6), lipopolysaccharide (LPS, n = 6), r-alpha amino
acid (AAA, n = 6), fluorocitrate (FC, n = 5), a combi-
nation of LPS and AAA (LPS + AAA, n = 5), or a com-
bination of LPS and FC (LPS + FC, n=5), 1 h before the
fUSi acquisition under anaesthesia (except one rat in the
LPS + AAA group that died before starting the imaging
session). One resting-state from AAA-1 h group was
excluded due to inconsistency of acquisition parameters
compared to the rest of the study. The rats were then
used for a second fUSi session under anaesthesia, 48 h
after the intracerebral injections. The brains of all rats
imaged twice were used for immunofluorescence
staining (n = 6 for VEH, LPS, and AAA; n =5 for FC,
LPS + AAA, and LPS + FC) for assessment of different
neuropathological features and verification of astrocyte
loss in the groups that received the gliotoxins (leading to
the exclusion of one rat from the LPS + AAA group
because no astrocytic lesion could be detected for
this animal). Some rats were not used for the
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immunofluorescence analyses due to staining or tissue
low quality in the areas of interest.

Additional studies were planned to enhance the
findings interpretability. For further evaluation of the
temporal effects of LPS, 12 additional rats underwent
thinned-skull surgery (24 h before imaging and/or
intracerebral injection) and were used for one anaes-
thetized fUSi session, either without injection (n = 3),
24 h (n = 3) or 7 days (n = 3) after LPS injection. For
awake fUSI, 4 other rats underwent skull thinning (24 h
before imaging and/or intracerebral injection) and were
imaged in freely moving protocol before LPS injection
(n=3),1h (n=1), and/or 48 h (n = 3) after bilateral LPS
injections. For single-nuclei transcriptomic analysis, 6
other rats were bilaterally injected with VEH or LPS and
euthanised before sampling the brains 48 h (n =2, VEH;
n =2, LPS) or 7 days (n = 2, LPS) after injection.

Surgical procedures

Skull thinning

A thinned-skull window was performed before fUSi to
enable sufficient penetration of acoustic waves, as pre-
viously described in the rat.>*° For this purpose, rats
were anaesthetized with isoflurane (induction 4%, then
2% in a 50/50 mix of air and O, during the surgery) and
received a subcutaneous injection of buprenorphine
(0.05 mg/kg; Buprecare, Axience). The top of the head
was shaved and cleaned with povidone-iodine (Vetedine,
Vetoquinol), then 30 min after buprenorphine pre-
treatment, the scalp was incised. The skin was carefully
pulled to visualise the lateral sides of the skull from
bregma to lambda anatomical landmarks. The skull
thinning was performed from -3.00 mm to —8.00 mm
(AP) and +5.00 to 5.00 mm (L) from bregma using a drill
at low speed with a micro drill steel burr (Harvard
Apparatus, 75-1887). To avoid overheating during dril-
ling sessions, cold saline solution was regularly added
on the skull. When the skull was thin enough to be
flexible, the scalp was sutured, povidone-iodine and
lidocaine 5% (EMLA 5%, Aspen) were locally applied,
and the rats were placed under heating light to recover
from anaesthesia.

Intracerebral injections

After 24 h of recovery, rats were anaesthetized with
isoflurane (4% for induction, then lowered to 2% in a
50/50 mix of air and O, during the surgery) and placed
in a stereotaxic frame with a heating blanket. The
wound was cleaned and lidocaine 2.5% was applied
before removing sutures and exposing the thinned-skull
window. Animals received bilateral injections of 4 pl of
solution (LPS, FC, AAA, VEH, LPS + AAA or LPS + FC)
at a rate of 0.4 pl/min into the primary visual cortex
(AP: -6; L: £4.0; D: 1.6-in mm from bregma). At the
end of each injection, the needle was left in place for
5 min before being slowly removed. LPS (1.25 pg/pl;
L2880), FC (0.25 nmol/pl; F9634), and AAA (12.5 pg/ul;

A7275) were purchased from Sigma—Aldrich. For the
preparation of FC solution, pr-fluorocitric acid barium
salt was dissolved in 1 mL of HCl 0.1 M. Two drops of
Na,SO, were then added to precipitate Ba’*. After
adding 2 mL of Na,HPO,, the solution was centrifuged
at 1000 g for 5 min, and 0.31 mL of supernatant was
diluted in 0.9% NaCl to the final concentration (while
adjusting the pH to 7.4).

Functional ultrasound imaging

Rats were imaged using a preclinical ultrasound imag-
ing system (Iconeus V1, Paris, France). Doppler
vascular images were obtained using the Ultrafast
Compound Doppler Imaging technique.” Each frame
corresponded to a Compound Plane Wave frame”
resulting from the coherent summation of back-
scattered echoes obtained after successive tilted plane
waves emissions. Each stack of 200 compounded frames
acquired at 500 Hz frame rate was processed with a
dedicated spatiotemporal filter using Singular Value
Decomposition® to extract the blood volume signal from
the tissue signal, to obtain the Power Doppler images.
These final images have a temporal resolution of 0.4 s, a
spatial resolution of 100 pm and are directly propor-
tional to the cerebral blood volume.

Anaesthetized imaging protocol

At the end of the intracerebral injection procedure, the
animals received a subcutaneous injection of medeto-
midine (0.05 mg/kg; Domitor, Vetoquinol), and were
moved in another stereotaxic frame under the ultra-
sound imaging probe before performing the acute fUSi
acquisition, with isoflurane being still delivered at 2%
through a mask to maintain anaesthesia. A subcutane-
ous catheter was placed and the medetomidine infusion
(0.1 mg/kg/h) was started, while progressively
decreasing isoflurane to 0.4%, to follow the consensus
protocol for studying functional connectivity in the rat.*
Respiratory rate and body temperature were continu-
ously monitored (TCMT, Minerve, France) and the an-
imal temperature was maintained using a heating
blanket. The thinned skull was exposed and covered
with ultrasound gel. After reaching the final concentra-
tion of isoflurane, a period of at least 10 min was added
before starting the imaging experiments to ensure
physiological stability of the animals. Then the acute
session of fUSi was performed, that included a resting-
state acquisition followed by a visual stimulation
acquisition. At the end of this imaging session, the scalp
was sutured, and betadine and lidocaine were applied on
the wound. Finally, rats received a subcutaneous injec-
tion of atipamezole (1 mg/kg; Antisedan, Vetoquinol)
and were placed under heating light to recover from
anaesthesia. 48 h later, the second, delayed fUSi session
was performed. Animals were anaesthetized first with
isoflurane under the same conditions and duration as
for the stereotaxic injections performed 2 days before,
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and then were placed in a stereotaxic frame under the
ultrasound imaging probe for the second session under
the same anaesthesia protocol (combination of iso-
flurane 0.4% and subcutaneous medetomidine, bolus
0.05 mg/kg followed by infusion at 0.1 mg/kg/h), that
also included a resting-state acquisition followed by a
visual stimulation. At the end of this second session, an
ultrasound localization microscopy (ULM) acquisition
was also performed.

Resting-state protocol

For resting-state fUSi, the probe was placed above the
injection site (AP: —6; L: £4.0; D: 1.6-in mm from
bregma) to follow the CBV changes in the primary vi-
sual cortex during a 20-min period, with a sampling rate
of 0.4 s.

Visual stimulation protocol

For fUSi acquisition with visual stimuli, the probe was
kept in the same coronal plane. The visual stimuli pro-
tocol was performed using a screen placed in front of
the animal, as previously described.” Briefly, the
acquisition began with an initial 30-s rest period in the
dark, followed by 4 blocks of stimuli, all separated by a
45-s rest period in the dark. Each visual stimuli block
consisted of a 30-s period with black and white flick-
ering at 3 Hz, as this frequency was shown to elicit the
best response in the visual cortex in a previous fUSi
study in the rat.** The stimulation was performed using
an in house Python script.

Ultrasound localization microscopy protocol

At the end of the last imaging session, an ULM acqui-
sition was performed for each animal. An intravenous
catheter was set into the caudal vein before starting the
acquisition. Two boluses of 300 pl of a microbubble
ultrasound contrast agent (Sonovue, Bracco Imaging,
France) were slowly injected at the start of acquisition
and at 2.5 min of acquisition, for a total acquisition time
of 5 min. This sequence enables to visualise the vascu-
lature and to measure the blood flow velocity with very
high spatial resolution (10 pm).*

Kinetics of LPS effect

To further evaluate the temporal effects of LPS, an
additional group of animals underwent a resting-state
acquisition after 0, 1 or 7 days following the intracere-
bral injection of LPS using the same imaging, anaes-
thesia, and surgery conditions as stated above. The
impact of skull thinning on our results was also
assessed with three rats without injection of LPS,
scanned in fUSi under the same conditions.

Freely moving awake imaging protocol

A resting-state fUSi protocol was also performed in
awake freely moving rats. These experiments included a
first phase of handling/habituation of 5 days, followed
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by a surgery to implant the head plate (designed by
Iconeus, Paris, France). After a minimal period of 24 h
of recovery, a 3-days habituation period was performed,
during which the rats were free to move between their
home cage and the cage used for imaging experiments.
24 h later, a first baseline fUSi session was performed.
Then, the bilateral stereotaxic injections of LPS or VEH
were performed as stated previously in primary visual
cortex (AP: —6; L: +4.0; D: 1.6-in mm from bregma),
followed by the second resting-state fUSi in awake
condition, 1 h after the intracerebral injections. Animals
were left in their initial cage for 2 days before their last
resting-state imaging session.

Single-nucleus transcriptomics

Single-nuclei isolation

Dissected frozen cortex was resuspended into 600 pl of
cold homogenisation buffer that consisted of 10 mM
Tris HCI pH 7.5, 146 mM NaCl, 1 mM CaCl,, 21 mM
MgCl,, 0.03% Tween 20, 0.01% BSA, 10% EZ buffer
(Sigma), and 0.2 U/pl Protector RNase Inhibitor
(Roche). Tissues were then transferred into 2 mL
Dounce tissue grinder (Kimble) and homogenised using
10 strokes of the loose pestle followed by 8 strokes of the
tight pestle to release nuclei, on ice. Homogenate was
then strained through a 70 pm cell strainer (Pluriselect)
and centrifuged at 500 g for 5 min to pellet nuclei. After
removing supernatant, nuclei were washed in 1 mL
resuspension buffer containing 10 mM Tris HCl pH
7.5, 10 mM NaCl, 3 mM MgCl,, 1% BSA, and 0.2 U/ul
Protector RNase Inhibitor and centrifuged at 500 g for
5 min. Nuclei were then fixed with the Evercode Nuclei
Fixation kit (#£CF2003) according to manufacturer in-
structions (Parse Biosciences) and FACS-sorted based
on DAPI intensity to remove debris (BD ARIA). Nuclei
were then frozen down.

Single-nucleus RNA sequencing

Nuclei were thawed and loaded in round 1, 2, and 3
plates for combinatorial barcoding according to manu-
facturer instructions (#CW02030, Parse Biosciences).
Six sub-libraries of 12,500 nuclei were prepared to target
75,000 nuclei and 12,000 nuclei per condition. Libraries
were sequenced using the Novaseq 6000 platform
(lumina) to target 50,000 reads per nucleus. Parse
demultiplexing pipeline v1.1.2 was used to align reads
on the rat reference genome (Rattus_norvegi-
cus.mRatBN7.2) and to produce the count matrix.

Immunofluorescence

Rats were deeply anaesthetized and transcardially
perfused with 4% paraformaldehyde in phosphate-
buffered saline (PBS). Brain tissues were post-fixed in
4% paraformaldehyde for 24 h, then immersed in 20%
sucrose for 48 h. Fixed brain sections were cut at 40 pm
using a cryostat (Leica Biosystems—CM3050S). After
washing in PBS, the sections were permeabilised in
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PBST-BSA (0.5% Triton X + 5% BSA in PBS) for
90 min. Primary antibodies, diluted in blocking solu-
tion, were applied overnight at 4 °C. After three washing
in PBS, appropriate secondary antibodies coupled to
fluorochromes were diluted in PBST-BSA and applied
for 1 h at RT. Slides were rinsed and coverslipped with
DAPI fluoromount mounting media. The antibodies list
and RRID tags is provided in the Supplementary
Table S1.

Data analysis

fUSi

All data preprocessing steps were performed as previ-
ously described.*** Briefly, a custom template was
created by a first automatic registration step and by
computing the mean of all fUSi acquisitions gathered
during resting-state and visual stimulation. This tem-
plate enabled to manually refine the registration of all
images to each other.

Resting-state

For the analysis of CBV changes and static functional
connectivity, the registered images were band-pass
filtered between 0.0008 Hz and 0.2000 Hz. Then, a 2D
slice corresponding to the imaging plane (-6 mm from
bregma) was extracted from the SIGMA atlas®* and
manually co-registered on the fUSi template in the ITK-
Snap software. The Power Doppler signal was automati-
cally extracted from each region of interest-namely, the
primary and secondary visual cortices (PrimVisCtx and
SecVisCtx), the retrosplenial dysgranular cortex (Retro-
DysCtx), the parts A and B of the retrosplenial granular
cortex (RetroGrCtx, and RetroGrCtxp) and the superficial
part of superior colliculus (SuperiorColl) for each indi-
vidual scan using a Matlab script. For the functional
connectivity analysis, the temporal correlations were
computed using the Pearson correlation coefficient for
each pair of regions. Fisher Z transformation was applied
to the correlation coefficients before calculating the dif-
ferences between the correlation matrices in each con-
dition relative to the vehicle.

For the analysis of the amplitude of specific fre-
quency bands (also known as fALFF for fractional
amplitude of low-frequency fluctuations), no frequency
filtering was done before applying the slice of atlas on
the registered images for extraction of the fALFF in the
different ROIs. fALFF was obtained using a custom
Matlab script adapted from the REST toolbox.*” Briefly,
the power over a frequency band of interest
(0.08-0.15 Hz) was calculated for each pixel and divided
by the power of the entire frequency range.

For the principal component analysis, the images
were band-pass filtered between 0.0008 Hz and
0.2000 Hz, centred by subtracting the global mean, and
normalised prior to reshaping each acquisition into two
dimensions. Following the approach of Cabral et al., we
calculated and then averaged the covariance matrices of

all acquisitions for each group to capture common
variance patterns.*”* The eigenvectors were derived from
this mean covariance matrix and sorted in descending
order of their corresponding eigenvalues. The first
principal components’ spatial maps were visualised by
reshaping each eigenvector into the original image
format (only the components with eigenvalues higher
than 0.1 were retained, with up to 10 components for
simplification). The temporal patterns associated with
these components were obtained by projecting the time
series data onto the eigenvectors. The Fourier transform
was applied to these temporal patterns to calculate their
amplitude spectra, which were then averaged across
acquisitions. For visualisation, some acquisitions were
reconstructed using the first 10 principal components,
summing the product of each principal component and
its corresponding temporal pattern. The scree plot,
showing the proportion of total variance explained by
each principal component, was achieved by computing
the total variance across all components using the global
sum of eigenvalues and calculating the cumulative sum
of the individual variances explained by the components
as a proportion of the total variance, in descending order
of explained variance.

For the awake dataset, the same preprocessing and
analysis (functional connectivity matrices, fALFF, and
PCA) were performed on selected continuous periods of
120 s that were devoid of movement artifacts for each
scan (estimated using a threshold defined on the time-
courses of the Power Doppler signal, and further
confirmed by the absence of obvious artifacts in the
spatial maps of the principal components).

For the analysis of travelling waves, the images were
filtered between 0.08 Hz and 0.15 Hz to focus on the
frequency of oscillations. We used the AquA software®
to automatically extract static and travelling events.
This software detects signal peaks propagating across
space without predefined assumptions about event lo-
cations or timings. Originally developed for fluores-
cence imaging and astrocytic calcium waves, AquA is
explicitly designed for working with various biological
contexts and spatiotemporal scales. After normalisation
to correct for the baseline differences in signal intensity
and estimate the noise variance, the groups of active
pixels were found using an intensity threshold of 20, a
smoothing parameter of 0.5 and a minimum size cri-
terion of 15 pixels. Significant pixels (z-score above 5)
were retained, and events were detected by identifying
local maxima (seeds) in these pixels, extending them in
space and time to estimate their propagation. Events
were further refined using a z-score threshold of 5,
based on peak size and noise level. One acquisition
from VEH-1 h group was discarded due to failure of
AquA to complete its analysis. We classified events as
dynamic/travelling if their propagation distance
(defined by the software as the sum of the changes of
centroid locations from the beginning to the end of
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event) exceeded 5 pixels, and as static otherwise. We
averaged the different features of interest across all dy-
namic events for each scan for group comparisons
(percentage of dynamic events relative to the total
number of events, and specifically for travelling events,
amplitude of peaks and propagation corresponding to
the distance crossed from the beginning to the end of
the event). To explore travelling wave trajectories and
locations in the different groups, we clustered the
propagation maps generated by AquA (total of 17,377
events with an area >5 pixels). The individual maps were
first binarised, reshaped, and concatenated in a two-
dimensional array, followed by singular value decom-
position (SVD) to retain the first 3000 components. We
then performed k-means clustering to identify 4 main
clusters corresponding to different spatial locations,
regardless of the direction of the waves. These clusters
were further subclustered based on horizontal and ver-
tical propagation directions, obtained by averaging the
delay values of the original propagation maps in these
directions and concatenation of the directional vectors
into a two-dimensional array, followed by k-means
clustering. This process allowed us to identify 6 distinct
spatiotemporal patterns in our dataset, in addition to the
events that were static or followed an undefined propa-
gation pattern.

The dynamic seed-based connectivity results were
computed on 0.08-0.15 Hz band-pass filtered repre-
sentative individual scans, with a window size of 15
successive images and a step of 1 image, by measuring
the Pearson correlation coefficients between the average
time course in the right visual cortex as a seed and all
pixels of the image. The time course of the average
correlation coefficients in the contralateral hemisphere
was displayed as a heatmap with superimposed average
CBV changes occurring in both hemispheres.

Visual stimulation

For visual stimulation analysis, the average CBV
changes during all stimulations were extracted in the
regions of interest and the four time-courses corre-
sponding to each stimulation block were averaged for all
individuals. The mean CBV changes values during
stimulation as compared to the baseline were estimated
for each individual before group comparisons.

Ultrasound localization microscopy

The speed maps were reconstructed using a dedicated
Iconeus code, based on the tracking of individuals
microbubbles in the ULM data. An additional spatial
filter was applied to remove outliers, which decreased
the spatial resolution to 10 x 10 x 400 pm. The analysis
was restricted to the primary visual cortex area. The pial
vessels were manually drawn on each individual image
on the absolute speed map, and the penetrating vessels
were further differentiated as arterioles or venules
depending on the vertical direction of the flow indicated
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in the directional map. The absolute speed values were
averaged in these different vascular compartments for
each individual scan and compared between groups.

Immunohistochemistry

Slides were scanned with ZEISS Axioscan 7 Microscope
Slide Scanner at the East Lyon Quantitative imaging
center of University Lyon (CIQLE). For quantification of
Ibal, GFAP, and NDRG2 markers, the mean intensity
was measured via Image] in four to eight areas in the
primary visual cortex for each animal (after normalising
the intensity to that of the whole image for NDRG2). For
NeuN counting, the neuron number was automatically
determined using Spot detector tool of the Icy software.

Microglia morphological analysis

For the comparison of microglial morphology in the
injection site between all groups, a total of 250-400
microglia were cropped individually randomly in four to
eight areas in the primary visual cortex for each group
(excluding 2 animals that did not display sufficient
signal quality). Between 400 and 560 microglia were
additionally cropped in two other subcortical areas from
the LPS and VEH groups, given the presence or absence
of oscillations. The first subcortical zone consisted of
regions from the hippocampus and dorsal midbrain
showing oscillations. The second subcortical zone rep-
resented regions devoid of oscillations from the ventral
midbrain. The crops were then binarised and their
morphology automatically analysed with a recently
developed pipeline called MorphoCellSorter,” using
Matlab R2018. Briefly, 20 non-dimensional morpho-
logical indexes are measured. Then, a principal
component analysis (PCA) is performed to filter the
parameters and select only the most discriminant ones.
The selected parameters and their weight on the first
principal component are subsequently used to form a
derivative of an Andrews plot, which allow the two-
dimensional representation of high dimensional data.
In this representation, each curve represents one
microglia, and cells having similar morphological char-
acteristics follow similar trajectories. It is used to
establish a ranking of the cells according to their
morphological features by using the Andrews score,
corresponding to the value of the Andrews plots at the
time point where the curves are the most dispersed (i.e.,
when the variance is maximal).

Single-nucleus RNA-seq data analysis

The gene expression matrix from Parse pipeline was
used for downstream analysis using the software R
(version 4.4.0) and the R toolkit Seurat (version 5.1.0).
Nuclei were excluded from downstream analysis when
they had more than 1% mitochondrial genes, fewer than
100 unique genes, more than 15,000 unique molecular
identifiers (UMIs) and detected as doublets using AUC
cell type marker scores based on AUCell R package.
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A total of 64,471 nuclei were selected for the three
groups and 6 animals studied. Gene expression was
normalised using the standard Seurat workflow and the
2000 most variable genes were identified and used for
principal component analysis (PCA) at 50 dimensions.
The top most significant principal components (PCs)
were selected for generating the UMAP, based on the
ElbowPlot method in Seurat. Clustering of cells was
obtained following Seurat graph-based clustering
approach with the default Louvain algorithm for com-
munity detection. We then performed differential
expression analysis using the FindMarkers function of
Seurat and annotated clusters based on expression of
marker genes. We thus manually annotated the major
classes of cells: Neurons, Microglia, Astrocytes, Oligo-
dendrocytes (OLs), and Vascular cells.

Gene set enrichment

Overrepresentation analyses of biological processes
(BPs) were performed using the R package “Cluster
Profiler”.” DEGs were extracted using the following
criteria: Logfc.threshold = 0.25, min.pct = 0.1.

Statistics

All statistical analyses were performed using GraphPad
Prism 8.0.1, except the GLM analyses that were per-
formed using R. For all experiments, a level of p < 0.05
was accepted as evidence for a statistically significant
effect (*p < 0.05; **p < 0.01; ***p < 0.001). As a general
rule, unpaired t-tests, one-way or two-way ANOVAs were
chosen for all analyses if data followed a normal distri-
bution and showed homogeneity of variance, verified
using respectively Shapiro-Wilk and Levene tests
(p > 0.05 for all analyses, Bonferroni corrected). If the
required assumptions were not met, non-parametric tests
were applied in Graphpad Prism (or GLM in R for al-
ternatives to two-way ANOVAs with more than two
experimental groups). For the functional connectivity
analyses, the different groups were compared using two-
way ANOVAs followed by Sidak’s correction for multiple
comparisons. For the fALFF analyses, Mann-Whitney
tests with false discovery rate (FDR) correction of 5%
were used for comparing VEH and LPS, and a GLM
analysis (glm function in R, fALFF ~ Group*Region,
gamma family) with Dunnett’s correction was used for
other analyses involving more than two groups. For the
comparisons of the ROIs time-courses during stimula-
tion, two-way repeated-measures ANOVAs were used
followed by Sidak’s multiple comparisons tests (p < 0.05).
For ULM analysis, the difference of perfusion was
assessed using Mann-Whitney tests with FDR correction
of 5%. For the travelling waves analysis, the general
features of dynamic events were calculated in AquA
software, averaged for each individual, and compared
using one-way ANOVA followed by Dunnett’s test or
unpaired t-test depending on the number of groups. For
comparison of the occurrence of different wave patterns

among groups, the percentages of the different patterns
were compared between each group and the vehicle us-
ing two-way ANOVAs for each time-point, and between
each time-point for each group using mixed-effect anal-
ysis. The p-value of the interaction between the condition
factor (group or time-point) and the patterns factor was
used to identify the significant changes of propagation
patterns. For histological analyses, expression of GFAP,
NDRG2, NeuN, and Ibal were compared between groups
using Kruskal-Wallis tests with FDR correction of 5%.

Role of funders

The funders were not involved in study design, data
collection and analysis, interpretation, and writing of the
manuscript.

Results

Inflammation induced local haemodynamic
oscillations at 0.1 Hz and increased functional
connectivity

The effects of bilateral intracortical injection of LPS in
the visual cortex were monitored in a coronal plane
centred around the injected area using fUS], first during
resting-state at different times post-injection (Fig. 1a).
The spontaneous CBV changes were extracted from
different ROIs (Fig. 1b). No obvious modification of
CBV changes was observed 1 h or 48 h after vehicle
injection (exemplified in Fig. 1c). However, the admin-
istration of LPS induced a high-amplitude low frequency
oscillatory pattern that appeared 48-h post-injection
(Fig. 1d; sky-blue curves, as compared to the dark-blue
curves at 1 h). From the frequency spectrum, these
waves are occurring between 0.08 and 0.15 Hz, on
average centred around 0.125 Hz (Fig. le and f), the
typical frequency band of vasomotion. To quantify this
phenomenon, the frequency amplitudes between 0.08
and 0.15 Hz were computed for each individual scan
and each group in the different ROIs. Whereas no sig-
nificant difference were found between groups at 1 h (all
q > 0.9999 and mean rank differences of Mann-—
Whitney tests ranging from —0.6667 to 1; Fig. 1g), the
amplitude of oscillations between 0.08 and 0.15 Hz was
significantly higher in LPS compared to vehicle at 48 h
post-injection (Fig. 1h) in the primary visual cortex
(Mean rank diff = +4.667, q = 0.03636), and even more
in the secondary visual cortex and the retrosplenial
dysgranular cortex (Mean rank diff = +6.0000,
q = 0.004545, for both). Indeed, when looking at the
amplitude maps, oscillations occurred not only near the
injection site but also spanned neighbouring cortical
areas, as shown in Fig. 1i. Functional connectivity var-
iations between LPS and vehicle were also assessed for
each time point (Fig. 1j). No difference was found dur-
ing the first imaging session, 1 h after injection (left
diagonal). However, 48 h later (right diagonal), func-
tional connectivity after LPS injection was significantly
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Fig. 1: fUSi reveals spontaneous haemodynamic oscillations in anaesthetized rats following the intracerebral injection of LPS. (a)
Experimental timeline following the intracortical injection procedure. Each imaging session (1 h and 48 h post-injection) included a first resting-
state acquisition followed by a second acquisition under visual stimulation. The second session was followed by an Ultrasound Localization
Microscopy acquisition and animals were euthanised immediately after for brain sampling. (b) Mean of all registered fUSi images with overlay of
the selected anatomical regions of interest from the SIGMA atlas. (c) Representative time curves of spontaneous CBV changes in the primary
visual cortex of rats, 1 h (dark blue) or 48 h (light blue) following saline injection. (d) Same as (c) following LPS injection. The mean amplitude
spectra (+SEM) after injection of LPS (red) or vehicle (blue) are shown for 1 h (e) and 48 h (f) post-injection. (g) Frequency amplitude in
0.08-0.15 Hz range at 1 h post-injection. Multiple Mann-Whitney tests followed by FDR correction of 5%, n = 6 for both groups. (h) Frequency
amplitude in 0.08-0.15 Hz range at 48 h post-injection. Multiple Mann-Whitney tests followed by FDR correction of 5%, n = 6 for both groups.
Each bar is the mean + SEM. (i) Mean spatial maps of frequency amplitude in 0.08-0.15 Hz range in the different groups, with a threshold of
fALFF > 0.075. (j) Functional connectivity changes after 1 and 48 h. Matrices of the correlation coefficient variations of LPS compared to vehicle
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different (F(1,150) = 27.51, p < 0.0001, Two-way
ANOVA, Sidak correction), with an increase between
the secondary visual and the retrosplenial dysgranular
cortices (Ar = +0.1654, p = 0.0374). Hence, the increase
of functional connectivity was observed between highly
oscillating cortical areas and neighbouring areas.

LPS-induced haemodynamic waves are travelling
through the cortex and subcortical regions

Next, we examined the dynamic changes occurring
during inflammatory haemodynamic oscillations at 48 h
after LPS injection. When measuring the dynamic
functional connectivity between the left and right pri-
mary visual cortices, we observed an alternation be-
tween periods of hyper- and hypo connectivity towards
extreme values (Fig. 2a) that were not observed at 1 h
post-injection (Fig. 2b). A closer look at the individual
maps of relative changes of CBV revealed that this was
associated with the presence of haemodynamic travel-
ling waves with variable spatial trajectories (See also
Supplementary Movie S1). For illustration of this phe-
nomenon, three representative time periods from
Fig. 2a are displayed in terms of relative CBV maps
(Fig. 2c), reflecting high correlation (time-period 1), no
correlation (time-period 2) or anticorrelation (time-
period 3) in one typical animal. Period 1 was associated
with a fast bilateral cortical wave with successive
decrease and increase of CBV that also involved
subcortical regions. Period 2 involved unilateral waves
with a high amplitude event that started from the left
cortex to propagate to the left dorsal and then ventral
hippocampus, while period 3 ended with a wave that
travelled from the left hippocampus to the right retro-
splenial and then right visual cortex, leading to the
anticorrelation. We then used a peak detection software
dedicated to the analysis of travelling events in stacks of
2D images to automatically identify CBV increases in
our data and understand the trajectories of travelling
waves (see Methods). The delay maps of all detected
events (i.e., local peaks of CBV) were classified in terms
of spatial location and horizontal or vertical direction-
ality by k-means clustering, enabling to reveal six
different patterns of propagation (Fig. 2d). The travelling
waves mainly involved adjacent penetrating vessels in
the cortex, either from the retrosplenial cortex to the
visual cortex (medio-temporal) or in the reverse direc-
tion (temporo-medial), in one hemisphere or bilaterally,
or sometimes from one hemisphere to another (trans-
hemispheric). In some cases, waves travelled from the
cortex to the hippocampus (cortico-hippocampal) or
reversely (hippocampo-cortical), or from the cortex to
other subcortical regions (cortico-subcortical). This

analysis also enabled to globally quantify the amount of
travelling waves and their properties. Interestingly, dy-
namic travelling events were already observed in the
vehicle group or at only 1 h. However, a significant in-
crease in the relative occurrence of such events as
compared to the total number of events was found in the
LPS group 48 h post-injection, as compared to the
vehicle (+25.5%, p = 0.0066; unpaired t-test; Fig. 2e).
The peak amplitude was increased but non-significantly
(mean difference = +2.2%, U(6,6) = 7, p = 0.0931;
Mann-Whitney test; Fig. 2f), while the propagation
distance (+2.6 mm, p = 0.0313; unpaired t-test; Fig. 2g)
of the travelling waves were also significantly increased
at 48 h post-injection of LPS.

As we individually classified each event, we studied
the frequency of occurrence of events depending on
their pattern of propagation (Fig. 2h). The medio-
temporal or temporo-medial waves, either in one
hemisphere or bilaterally, were found in LPS and VEH
groups at both time points. However, their occurrence
was always higher at 48 h as compared to 1 h for all
groups, leading to significant differences in terms of
global patterns representation. The distribution of the
patterns was also significantly different between LPS
and VEH at 48 h, with an increase in the relative pro-
portion of cortical events and the appearance of propa-
gations between cortical and subcortical areas in both
directions (VEH: 4.2%, 4.1%, 0.1%, and 91.6% of
medio-temporal, temporo-medial, transhemispheric,
and unclassified/static events, respectively; LPS: 5.3%,
4.5%, 1.4%, 1.2%, 0.7%, 1.5%, and 85.4% of medio-
temporal, temporo-medial, transhemispheric, cortico-
subcortical, cortico-hippocampal, hippocampo-cortical,
and unclassified/static events, respectively; Fg 7, = 4.2,
p = 0.0012, interaction between patterns factor and
group factor).

To summarise, the haemodynamic oscillations
around 0.1 Hz displayed propagational properties, re-
flected by an increase of occurrence of travelling waves
in the LPS group that were also of higher amplitude and
longer distance of propagation. They were mainly
located in the cortex, not only in pial vessels but largely
involving vertical penetrating vessels. They also occa-
sionally involved the hippocampus or other subcortical
regions, but only in the LPS group.

Reconfiguration of resting haemodynamic activity
towards oscillatory modes following inflammation
To further characterise the contribution of these oscil-
lations on the global haemodynamic fluctuations, a
principal component analysis (PCA) was performed on
the mean covariance matrix for each group (see

are shown (bottom-left for 1 h post-injection, top-right for 48 h post-injection). For statistical comparisons, a Fisher Z-transformation was
applied to the correlation coefficients before two-way ANOVA followed by Sidak’s multiple comparisons test (*p < 0.05; **p < 0.01). n = 6 for

both time points.
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Fig. 2: Spatial and temporal dynamics of CBV oscillations. (a) Dynamic functional connectivity analysis in a representative individual, 48 h
after LPS injection. The same individual is shown in (b), only 1 h after LPS injection. The CBV changes over time in the left and right visual cortex
are shown in grey and black curves, respectively. The dynamic connectivity between the left and right visual cortex is shown in the coloured
heatmap, using a sliding window of 6 s and a step of 0.4 s. The haemodynamic oscillations are associated with small epochs of hyperconnectivity or
anticorrelation between cortical hemispheres. Corresponding changes in CBV, pixel-by-pixel, are mapped during such periods in (c), showing that
such changes in dynamic functional connectivity reflect different patterns of haemodynamic travelling waves that can occur almost simultaneously
across the bilateral cortex (Period 1 of hyperconnectivity), unilaterally (Period 2 of low connectivity), or sequentially between the two sides (Period 3
of negative connectivity). (d) Different patterns of travelling waves identified across all acquisitions after clustering of peak events, showing that
waves could travel along different directions across the cortex and also propagate from subcortical areas to the cortex, and reversely. Examples of
delay maps and corresponding maps of CBV changes across time are shown for each pattern. (e) Percentage of dynamic travelling events identified
as compared to the total number of events including static and localised increases of CBV, showing that travelling waves were observed more often
in the LPS group 48 h after injection. Each bar is the mean across individuals + SEM. n = 5 for VEH-1 h, n = 6 for other groups. (f) Amplitude of the
CBV increases for the travelling events, showing that the travelling waves were of higher amplitude in the LPS group 48 h after injection. Each
individual point is the mean for all dynamic events detected over the acquisition. Each bar is the mean across individual points + SEM. n = 5 for
VEH-1 h and LPS-1 h, n = 6 for other groups. (g) Propagation distance for the travelling waves, showing that the waves travelled on longer
distances in the LPS-48 h group. Each individual point is the mean for all dynamic events detected over the acquisition. Each bar is the mean across
individual points + SEM. n = 5 for VEH-1 h and LPS-1 h, n = 6 for other groups. Unpaired t-tests in (e), (f), (g), except a Mann-Whitney test for 48 h
condition in (f) due to variance heterogeneity. (h) Pie charts showing the proportion of each travelling pattern as compared to the total number of
detected events. To better visualise the relative occurrence of each pattern, the proportions are also shown with inlays excluding the unclassified
events. Two-way ANOVAs for between-groups comparisons and mixed-effect analyses for between-time points comparisons. n = 5 for VEH-1 h,
n = 6 for other groups. *p < 0.05; **p < 0.01; ****p < 0.001 for all tests.

Methods). Compared to the VEH group (Fig. 3a and b)
and the immediate effects after 1 h (Fig. 3¢), the injection
of LPS alone produced at 48 h spatial maps of principal

components with highly fragmented cortical regions,
characterised by small, complex patches with correlated or
anticorrelated activity, indicating a fine-grained functional
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Fig. 3: Principal component analysis reveals oscillatory modes following LPS exposure. Spatial, temporal, and spectral signature of the
principal components in the vehicle group, 1 h (a) and 48 h (b) after injection, and in the LPS group, 1 h (c) or 48 h (d) after injection (group
analysis on n = 6 per group). Only the components with eigenvalues >0.1 are shown. The spatial and spectral signatures are obtained from the
group averaging; the temporal profile is shown for representative individuals. Resonant modes can be visualised in the LPS 48 h group with
peaks in the frequency spectrum between 0.08 Hz and 0.15 Hz, cutting the cortex into distinct subterritories. (e) Scree plot showing the
percentage of explained variance for each component. The ten first components in the LPS 48 h group can explain more than 99% of the

variance, contrary to the other groups.

subdivision of the cortex (Fig. 3d). The frequency spectra
of the temporal signature of the components for this
specific condition showed frequency peaks between 0.08
and 0.15 Hz (Fig. 3d), as observed previously with the raw
Power Doppler signal in these regions. Strikingly, at 48 h
post-injection, the first eight components alone were
sufficient to explain more than 99.5% of the variance for
the LPS group, as opposed to the VEH group or to the
early time-point in which more than 1000 components

were required (Fig. 3e), highlighting the importance of
this phenomenon. For easier comparison, the amount of
explained variance by the first ten components were
82.3% for VEH-1 h, 78.3% for VEH-48 h, 88.8% for LPS-
1 h, and 99.6% for LPS-48 h. In other words, the resting
state activity under inflammation could be fully described
by these large-amplitude haemodynamic oscillations
occurring at a handful of distinct spatial nodes with their
own frequency spectra.
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Haemodynamic waves in neuroinflammatory
conditions are related to the reactivity of glial cells
As LPS-induced inflammation is known to heavily
modify the morphology and function of microglia and
astrocytes (that become “reactive” in such conditions),
we decided to investigate the relationship between glial
cells and inflammatory vasomotion. For studying
microglial reactivity, we used a recent data-driven
approach that relies on principal component analysis
of multiple morphological features of segmented
microglial cells,” visualised by Iba-1 immunofluores-
cence on cerebral slices of the same animals that were
used for fUSI. For the astrocytic contribution, we chose
a different strategy since astrocytes’ morphology is very
complex and usual astrocytic protein markers are not
able to label the numerous finest processes that would
be needed for assessing the overall cell morphology.
Instead, we used additional experimental groups that
relied on different intracerebral injections of gliotoxins
that are known to induce specific lesions of astrocytes
through different mechanisms, namely alpha-amino-
adipate (AAA, which acts by blocking the glutamine
synthase*) and fluorocitrate (FC, which blocks the Krebs
cycle after selective uptake in astrocytes**). These
gliotoxins were injected alone or in addition to LPS
before fUSi to evaluate the influence of astrocytes on the
haemodynamic oscillations, before sacrificing the
animals.

Using relevant immunostainings, we first verified
the specificity of astrocytic lesions and absence of
obvious toxicity on other cell types in those groups, as
shown in Supplementary Fig. Sla. The staining in-
tensity of GFAP (an astrocytic protein upregulated in
reactive astrocytes) globally differed between groups
(H(6,192) = 62.53, p < 0.0001; Kruskal-Wallis test, FDR
correction; Supplementary Fig. S1b). It was more pro-
nounced in the LPS group compared to the vehicle in-
jection, although non significantly (Mean rank
diff = +20.14, q = 0.0789). Conversely, the groups that
received the gliotoxin FC alone or in addition to LPS
displayed significantly reduced GFAP staining (FC:
Mean rank diff = —45.49, q = 0.0008; LPS + FC: Mean
rank diff = -55.79, q = 0.0003), whereas the gliotoxin AAA
alone did not inhibit GFAP expression significantly (Mean
rank diff = -12.63, q = 0.1541), but did when combined
with LPS (Mean rank diff = -67.90, q < 0.0001). Although
GFAP is often used as an astrocytic marker, it is not
recommended alone to assess overall astrocytes density, as
itis overexpressed in reactive state, and only few astrocytes
express GFAP in cortical grey matter. For these reasons,
we also performed NDRG2 (a marker of cortical astro-
cytes®) labelling, which also showed variable staining be-
tween groups (H(6,192) = 28.22, p < 0.0001). All groups
receiving either only gliotoxins or a gliotoxin in co-
injection with LPS showed significant decrease of
NDRG2 intensity (AAA: Mean rank diff = -38.44,
q = 0.0012; FC: Mean rank diff = -54.89, q < 0.0001;
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LPS + AAA: Mean rank diff = -33.44, q = 0.0044;
LPS + FC: Mean rank diff = —48.55, q = 0.0003;
Supplementary Fig. S1b) in comparison to the vehicle
group. These observations confirmed an astrocytic lesion
at the injection site by AAA or FC. In contrast, no sig-
nificant modification of NDRG2 level was observed after
LPS administration alone, indicating that LPS did not
induce an astrocyte loss (Mean rank diff = -3.337,
q = 0.1704). Furthermore, despite an overall group effect
(H(6,192) = 25.69, p = 0.0001), no significant difference in
neuronal density (NeuN+ cells counting) was observed
between each group and vehice (LPS, Mean rank
diff = -28.97, q = 0.1010; AAA, Mean rank diff = +20.91,
q = 0.2365; FC, Mean rank diff = +7.298, q = 0.6322;
LPS + AAA, Mean rank diff = -11.52, q = 0.5549;
LPS + FC, Mean rank diff = +34.21, q = 0.1010;
Supplementary Fig. S1b), suggesting that the injections
did not induce neurotoxicity in our models. Finally, we
also compared the expression of the microglial marker
Iba-1 between vehicle and other groups (H(6,192) = 12.27,
p = 0.0312), that remained unchanged in most groups
(LPS, Mean rank diff = +0.4563, q = 0.6136; AAA, Mean
rank diff = -17.72, q = 0.184; LPS + FC, Mean rank
diff = —14.51, q = 0.2364) but was slightly decreased in the
FC and LPS + AAA groups (FC, Mean rank diff = —32.58,
q = 0.0203; LPS + AAA, Mean rank diff = -35.94,
q = 0.0203; Supplementary Fig. S1b), suggesting that
global density of microglia was unchanged by LPS
(consistently with an expression of Iba-1 in both activated
and quiescent microglial cells®) but were occasionally
slightly lowered by the astrocytic toxins.

Then we focused on the morphology of microglial
Iba-1+ cells. As expected, the extensive morphology
analysis showed a switch from a ramified to an ameboid
morphology 48 h following LPS injection (Fig. 4a,
segmented cells in red, as compared to the vehicle in
blue). Numerous parameters (see for the definition of
all parameters) were investigated (One-way ANOVAs
followed by Dunnett’s corrections, unless otherwise
specified); the perimeter area ratio (Mean rank
diff = -17.75, q = 0.0011; Kruskal-Wallis test), the
ramification index (Mean rank diff = -17.75, q = 0.0016;
Kruskal-Wallis test), the processes/cell areas ratio
(Mean diff = -0.2028, p = 0.0010), the skeleton/pro-
cesses ratio (Mean diff = —9.329, p = 0.0104), the
polarisation index (Mean diff = -0.1410, p = 0.0001), the
lacunarity (Mean diff = —-0.0007, p = 0.0247), the density
(Mean diff = —0.0038, p = 0.0162), the branching index
(Mean diff = —0.0909, p = 0.0203), the inertia (Mean
diff = —-1.8390, p = 0.0107), the processes/soma areas
ratio (Mean diff = —1.2920, p = 0.0162), the convexity
(Mean diff = —0.3806, p = 0.0324), the convex hull radii
ratio (Mean diff = -0.4156, p = 0.0076), the endpoints/
branch points ratio (Mean diff = -0.9093, p = 0.0078),
and the fractal dimension (Mean diff = -0.0875,
p = 0.0241) were significantly decreased 48 h after LPS
injection as compared to vehicle injection, while the

13


http://www.thelancet.com

Articles

14

(1

Frequency amplitude
(0.08-0.15Hz)

=

Frequency amplitude
(0.08-0.15Hz)

0,20
= VEH
0.15

= 0104
0054
o000
R Y
Andrews score

020

. LPS

0.15

0.10

0.05

0.00-
REEE R RATRRRK RN

Andrews score

Relative frequency

Relative frequency

REEEE TR TR RFRIRSN

Andrews score

[0 LPS+AAA

i
108642024 6 8101214161820

Andrews score

0.12
0.10-{ tho = -0.4448
p=0.0228
0.08-]
0.06- .° v T A
0.04-1— T T T
5 0 5 10
Andrews score i
0.12 T o
]
. s
0:10 tho =-0.7148 g 2
<0000 =3
°
0084 3 o0
s 3
e g
0061 52 05T e y
H
H
3
0.04 T T T g
-10 0 10 20 30 i

4

ST I

Processes/Cell Areas Ratio
°
hid

00159
2z o0nq
]
2
s
8 0.0054
0.000-
X
0204
O FC
0154
0.104
0.054
0.00-

REE PR RFRRRE
Andrews score

020
W LPS+FC

0.15

0.10-

0.05-

0.00-
REE T FTEERE REARRFN

Andrews score

VEH

LPS

AAA

FC
LPS+AAA
LPS+FC

Andrews score

Frequency amplitude (0.08-0.15Hz)

«©Q

Andrews score

00037 _*

0.002+

Lacunarity

0001

SEF v?'g*b
&
.

0254
0204

015+

Branching Index

z v
4
ramified
amoeboid
20 *ok *k = VEH
= LPS
10:
0

VEH
LPS
AAA
FC

LPS+AAA
LPS+FC

*x *k

-
=
[—]
=
=
-

PP E
& .v'*'._.v;.,-@

www.thelancet.com Vol 116 June, 2025

g

8w

8

g
k] -

s H

o SecvisC o5 &
3 ]

s -- LPS — LPS - 48h RotroDysCus- §
s -- VEH-1h = YER-8n o §

3 ARALTH BAA 48 . H |

@ @ CIIPS+AAA-Th — p< A - 480 8 8

2 LPS+FC-1n" — LPS+FC-ath Revoarci 3 H
s Supariorcan: N g PN o § X

E T - . AAA LPS+AAA FC LPS+FC
S Components

2 1h H 1h

" e I n

S £ £,

g 2. H S+ LPS+ LPS+  LPS+

£ i " g VEH-1h VEH-48h LPS-1h LPS-4sh AAA-Th AAA-48h FC-Th FC-48h aan. “In AAsdoh FOoan  FC-doh

& Eu gt == 3 Medio-temporal
3 ol . g0 ‘Temporo-medial
R P RIS PP T S (g o

S TS OV L Transhemispheric
Y Cortico-subcortical

» 48h oy %, 48h e Cortico-hippocampal
e g E mm Hippocampo-cortical
S £ 5 = Others

- x £ g

& | e 1 g, o Erres FHEE e ETTT3

2" a *x

Fig. 4: Relationship between reactive glial cells and CBV oscillations. (a) Representative illustrations of segmented microglia for each group
(vehicle, LPS, and/or gliotoxins injections). (b) Main parameters that best describe the microglia morphology in the dataset in the different
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circularity (Mean rank diff = +17.50, q = 0.0020;
Kruskal-Wallis test), the roundness factor (Mean
diff = +0.7908, p = 0.0004), the convex hull circularity
(Mean diff = +0.0746, p = 0.0004), and the solidity
(Mean rank diff = +16.65, q = 0.0025; Kruskal-Wallis
test) were increased (Fig. 4b and Supplementary
Fig. S1c). The features span ratio and linearity showed
no significant differences. The other additional groups
that received astrocytic toxins were also assessed for
microglial morphology (Fig. 4a and b). No significant
morphological differences with control condition were
observed 48 h after the injection of each astrocytic toxin
alone. When gliotoxins were co-injected with LPS,
morphological differences were still observed compared
to vehicle, although they were slightly less important
than in the LPS alone group. Indeed, the perimeter area
ratio (LPS + AAA, Mean rank diff = -12.25, q = 0.0165;
LPS + FC, Mean rank diff = -13.50, q = 0.0132; Kruskal-
Wallis test), the ramification index (LPS + AAA, Mean
rank diff = -12.25, q = 0.0165; LPS + FC, Mean rank
diff = 12.50, q = 0.0165; Kruskal-Wallis test), the pro-
cesses/cell areas ratio (LPS + AAA, Mean diff = —0.1387,
p = 0.0340; LPS + FC, Mean diff = —0.1723, p = 0.0073),
the skeleton/processes ratio (LPS + AAA, Mean
diff = —7.914, p = 0.0448; LPS + FC, Mean diff = -8.569,
p = 0.0275), the polarisation index (LPS + AAA, Mean

diff = -0.0935, p = 0.0119; LPS + FC, Mean
diff = —0.1067, p = 0.0041), the circularity (LPS + AAA,
Mean rank diff = +11.75, q = 0.0313; LPS + FC, Mean
rank diff = +13.50, q = 0.0198; Kruskal-Wallis test), the
roundness factor (LPS + AAA, Mean diff = +0.5152,
p = 0.0282; LPS + FC, Mean diff = +0.6370, p = 0.0059),
and the solidity (LPS + AAA, Mean rank diff = +12.25,
q = 0.0165; LPS + FC, Mean rank diff = +13.25,
q = 0.0150; Kruskal-Wallis test) were modified in both
the LPS + AAA and LPS + FC groups. Other features
were significantly different only for the LPS + FC group,
such as convex hull circularity (Mean diff = +0.0500,
p = 0.0216), branching index (Mean diff = —0.0843,
p = 0.0454), endpoints/branch points ratio (Mean
diff = —0.8977, p = 0.0129), and processes/soma areas
ratio (Mean diff = -1.197, p = 0.0379) (Fig. 4b and
Supplementary Fig. Slc). Finally, Andrew’s score
ranking, which integrates multiple parameters that
characterised best our dataset, was used to classify each
microglial cell from the different animals in terms of
reactivity (a negative score depicts a round-shape
morphology, typical of the reactive state, whereas a pos-
itive score depicts a well-ramified, basal morphology—
see Fig. 4c for the relative frequency of microglia in each
group as a function of their Andrew’s score). The fre-
quency of reactive microglia was much higher in the LPS

groups. One-way ANOVAs followed by Dunnett’s multiple comparisons test. Each bar is the mean + SEM. n = 5 for LPS and AAA, n = 4 for other
groups. One point per animal, average of 78.8 + 3.1, 55.6 + 28.7, 71 + 20.8, 86.5 + 9.4, 71.25 = 24.4, and 70.5 = 16.3 microglial cells by animal
for VEH, LPS, AAA, FC, LPS + AAA, and LPS + FC, respectively. (c) Distribution graph of Andrew’s scores of microglial cells (that estimates the
reactivity of microglia based on their morphology) in the different groups. (d) Bar plot of the global Andrew’s score for each group. One-way
ANOVA followed by Dunnett's multiple comparisons test. Each bar is the mean + SEM. (e) Scatter plot and linear regression showing the
relationship between CBV oscillations in 0.08-0.15 Hz range and global Andrew'’s score in individuals from all groups (n = 26). (f) lllustration of
the spatial correlation between microglial morphology and haemodynamic waves. Individual maps of fALFF are shown for a representative
individual from LPS group (left) and VEH group (right), with corresponding areas where microglia were cropped. From top to bottom: primary
visual cortex, subcortical area with oscillations, and subcortical area without oscillations. (g) Bar plot of the global Andrew’s score for the three
sets of regions. Multiple Mann-Whitney tests with FDR correction of 5%. Each bar is the mean + SEM. VEH: n = 3 to 4 depending on regions,
one point per hemisphere, average of 37.0 + 7.3 microglial cells by animal and region hemisphere; LPS: n = 5, one point per hemisphere, average
of 32.2 + 11.3 microglial cells by animal and region hemisphere. (h) Scatter plot and linear regression showing the relationship between CBV
oscillations in 0.08-0.15 Hz range and global Andrew’s score among the three sets of regions of interest (primary visual cortex/subcortical with
oscillations/subcortical without oscillations, total of 66 points) for individuals of the VEH and LPS groups (10 animals). (i) Frequency amplitude
of CBV changes in 0.08-0.15 Hz range at 1 h post-injection for all experimental groups. GLM followed by Dunnett's correction. n = 6 for VEH
and LPS, n = 4 for LPS + AAA, n =5 for other groups. (j) Frequency amplitude in 0.08-0.15 Hz range at 48 h post-injection for all experimental
groups. GLM followed by Dunnett’s correction. Each bar is the mean + SEM. n = 6 for VEH, LPS, and AAA, n = 4 for LPS + AAA, n = 5 for other
groups. (k) Scree plot showing the percentage of explained variance for each component after PCA for all groups. The ten first components in
the LPS 48 h group can explain more than 99% of the variance, contrary to all the other groups that received gliotoxins alone or coinjected with
LPS. (I) Functional connectivity changes after 1 and 48 h. Matrices of the correlation coefficient variations of each group (that received gliotoxin
alone or in combination with LPS) compared to vehicle are shown (bottom-left for 1 h post-injection, top-right for 48 h post-injection). For
statistical comparisons, a Fisher Z-transformation was applied to the correlation coefficients before two-way ANOVA followed by Dunnett’s
multiple comparisons test (all non-significant). n = 6 for VEH and LPS, n = 4 for LPS + AAA, n = 5 for other groups at 1 h, n = 6 for VEH, LPS,
and AAA, n = 4 for LPS + AAA, n =5 for other groups at 48 h. (m) Percentage, amplitude, and propagation of travelling waves for all groups at
1 h and 48 h post-injection. Each bar is the mean across individuals + SEM. One-way ANOVAs followed by Dunnett’s tests. n = 6 for LPS (or
n = 5 for amplitude and propagation due to no travelling event in one animal), n = 4 for LPS + AAA, n = 5 for other groups at 1 h; n = 6 for VEH,
LPS, and AAA, n = 4 for LPS + AAA, n = 5 for other groups at 48 h. (n) Bar charts showing for all groups the proportion of each travelling
pattern as compared to the total number of detected events. To better visualise the relative occurrence of each pattern, the proportions are also
shown excluding the undlassified events. Two-way ANOVAs for between-groups comparisons and mixed-effect analyses for between-time
points comparisons. n = 6 for LPS, n = 4 for LPS + AAA, n = 5 for other groups at 1 h; n = 6 for VEH, LPS, and AAA, n = 4 for
LPS + AAA, n = 5 for other groups at 48 h. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001 for all tests.
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alone as compared to vehicle and to any other group. A
slight increase of microglial reactivity was found in the
FC group, while a moderate increase was found for the
LPS + gliotoxins groups, as shown by the mean of
Andrew’s scores between the groups (Fig. 4d;
Fs20) = 5.377, p = 0.0027; One-way ANOVA, Dunnett
correction).

As fUSi was performed for all animals of these
different groups, the microglial morphological changes
could be correlated with the amplitude of haemody-
namic oscillations for all animals that received the
different injections. Interestingly, the Andrew’s score of
overall cell morphology was negatively correlated with
the increase of the frequency amplitude of 0.08-0.15 Hz
range in the same animals (Fig. 4e; rho: —0.445;
p = 0.023; Spearman correlation test). In other words, as
negative values of Andrew’s score are reflective of
round-shaped morphology, the rats that displayed the
most reactive microglial cells showed higher amplitudes
of vasomotion. Significant correlations were also
observed for many individual morphological parameters
in addition to the global Andrew’s score (results not
shown). This finding raised the important possibility of
a spatial correlation between haemodynamic oscillations
and Andrew’s score, as we previously identified that
haemodynamic waves also extend outside the injected
area. Accordingly, we further investigated the
morphology of microglial cells in the LPS and VEH
groups at 48 h post-injection, in three different sets of
regions depending on the spatial patterns of inflam-
matory waves (from top to bottom, Fig. 4f): the injected
area (primary visual cortex), subcortical regions with
oscillations (from the hippocampus and dorsal
midbrain), and subcortical regions without oscillations
(from the ventral midbrain). We found a significantly
lower Andrew’s score in LPS compared to VEH
(Fig. 4g), not only in the primary visual cortex (Mean
rank diff = -6.964, q = 0.001224; Mann—-Whitney tests,
FDR correction) but also in the distant regions display-
ing  haemodynamic  oscillations (Mean rank
diff = —6.190, q = 0.001224), indicating the presence of
reactive microglia in these regions and suggesting that
inflammation in our model can spread outside the in-
jection site. In contrast, in the regions that were devoid
of oscillations in the LPS group, we found no differ-
ences of microglial morphology between groups (Mean
rank diff = -1.857, q = 0.155828). Then, we evaluated
the global relationship between Andrew’s score and the
frequency amplitude in the 0.08-0.15 Hz range from
the same regions by pooling all measurements from the
three different sets of regions, including both VEH and
LPS groups. There was a highly significant, negative
correlation between fALFF and Andrew’s score (Fig. 4h;
rho = -0.715, p < 0.0001; Spearman correlation test),
suggesting that the amplitude of haemodynamic oscil-
lations correlates not only to the overall changes in glial
reactivity in each individual, but also to the spatial extent

of the glial reactivity, and that the local presence of
reactive glia is needed for this vasomotion amplification
to occur.

Focussing back on the effect of gliotoxins for further
investigation of the causal relationship between reactive
glia and haemodynamic oscillations, their injection
alone did not significantly impact the amplitude of
vasomotion compared to the control animals in any re-
gion at both time points (Fig. 4i and j), but the LPS-
induced increase of amplitude at 48 h (Primary visual
cortex: Estimate = +3.81, p = 0.0165; Secondary visual
cortex: Estimate = +2.98, p = 0.00164; Retrosplenial
dysgranular cortex: Estimate = +5.32, p = 0.00456; GLM
with Dunnett’s correction) was fully prevented by AAA
and reduced by FC co-injection (Primary visual cortex:
LPS + AAA, Estimate = +0.459, p = 0.986; LPS + FC,
Estimate = +2.22, p = 0.333; Secondary visual cortex:
LPS + AAA, Estimate = +0.756, p = 0.806; LPS + FC,
Estimate = +1.93, p = 0.0814; Retrosplenial dysgranular
cortex: LPS + AAA, Estimate = +0.933, p = 0.947;
LPS + FC, Estimate = +3.06, p = 0.231). This suggests
that the inflammatory vasomotion in the LPS group
alone depends on the local presence of astrocytes.
Accordingly, when comparing the contributions of
haemodynamic oscillations to the overall signal changes
in LPS with the other groups that received the astrocytic
toxins using PCA, here again only the variance from the
LPS-48 h group was fully described by less than 10
components, whereas FC or AAA alone or combined
with LPS required about 1000 components to explain
the same amount of variance, similarly to the VEH
group (Fig. 4k). For comparison, the amount of
explained variance by the 10 first components was
80.6% for AAA-1 h, 79.8% for AAA-48 h, 74.6% for FC-
1h, 84.8% for FC-48 h, 82.8% for LPS + AAA-1 h, 84.4%
for LPS + AAA-48 h, 73.9% for LPS + FC-1 h, and 88.6%
for LPS + FC 48 h (whereas this amount was 99.6% for
LPS-48 h). Moreover, no more increase of resting-state
functional connectivity was found at 48 h post-
injection of LPS when it was co-injected with AAA or
FC, while none of these molecules alone produced any
effect on functional connectivity at 1 h or 48 h post-
injection (Fig. 4l). In parallel, the spatial maps of the
components from the different gliotoxins groups (see
Supplementary Fig. S2) displayed broader, more globally
coherent activity patterns than LPS alone, with entire
cortical areas showing correlation or anticorrelation with
subcortical ~ structures, and occasionally, inter-
hemispheric anticorrelation (i.e., component 3 for the
FC group at 1 h and 48 h—Supplementary Fig. S2c and
d). Interestingly, the injection of gliotoxins alone or with
LPS tended to produce acute subcortical effects, particu-
larly in the hippocampus, that are visible on the spatial
maps of the components at 1 h post-injection (i.e., com-
ponents 3 for AAA, 2 for FC, 1 for LPS + AAA, and 2 for
LPS + FC—Supplementary Fig. S2a, ¢, e, and g, respec-
tively). In terms of frequency properties of the
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components, only certain components of the LPS + FC
group still showed frequency peaks around 0.1 Hz at
48 h. We also noticed that the gliotoxins tended to pro-
duce irregular very low frequency fluctuations at the
acute phase, 1 h post-injection, as showed in the temporal
signature of some components in Supplementary Fig. S2
(i-e., components 3-5 of AAA, 2-3 of FC, and 1 and 2 of
LPS + FC). Taken together, these PCA results show that
LPS oscillations at 48 h were respectively attenuated or
fully blocked by FC and AAA, whereas these toxins alone
produced distinct haemodynamic effects by themselves
that were most obvious at 1 h.

When analysing the properties of haemodynamic
changes as travelling waves, it also appeared that LPS
combined with AAA or FC was not associated to any sig-
nificant change in the proportion (LPS + AAA, +4.0%,
p = 09833, LPS + FC, +14.1%, p = 0.2480; One-way
ANOVA followed by Dunnett’s correction), peak ampli-
tude (LPS + AAA, +0.2%, p = 0.9987, LPS + FC, +1.4%,
p = 0.3411) or propagation (LPS + AAA, +0.1 mm,
p>0.9999, LPS + FC, +0.9 mm, p = 0.7374) of such waves
(Fig. 4m), with no effect of the gliotoxins alone. The
combination of AAA or FC with LPS was also found to
restore the normal profile of travelling waves spatial pat-
terns (Fig. 4n), i.e., mostly medio-temporal or temporo-
medial waves. We still observed an overall difference of
waves repartiion with less unclassified events for all
groups at 48 h compared to 1 h, and FC alone was
significantly different from VEH at 48 h due to the
appearance of some waves involving the subcortical
structures or transhemispheric propagation (5.6%, 3.7%,
0.3%, 0.06%, 0.06%, 0.06%, and 90.2% of medio-
temporal, temporo-medial, transhemispheric, cortico-
subcortical, cortico-hippocampal, hippocampo-cortical,
and unclassified/static events, respectively; Fg 63 = 2.624,
p = 0.0247).

To summarise, the injection of toxins that induce
lesions of astrocytes, in combination with LPS, was
followed by an almost complete normalisation of the
inflammatory vasomotion, as shown by the different
parameters that we assessed (amplitude of oscillations,
functional connectivity, travelling waves proportion and
trajectories, and variance explained by principal com-
ponents). Moreover, when taking into account all ani-
mals from the different groups, a correlation was found
between the microglial morphology changes and the
amplitude of vasomotion. The spatial extent of oscilla-
tions also appeared to be correlated with the areas dis-
playing microglial changes in the LPS model.
Altogether, this suggest that microglia and astrocytes
both participate (and most probably, interact together) in
this haemodynamic phenomenon.

Kinetics of haemodynamic waves induction after
LPS exposure

To understand the kinetics of the oscillatory effect
resulting from LPS injection, the amplitude of
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0.08-0.15 Hz frequencies was evaluated at 1- and 7-days
post injection in addition to the 1 h (0 day) and 48 h (2-
days) groups (Fig. 5a). The animals without injection
(wl; only with a skull thinning) did not differ from an-
imals measured 1 h after LPS injection (Estimates
ranging from +0.14 to +1.93 and p values from 0.999 to
0.423 depending on regions; Generalised Linear Model,
Dunnett correction). As expected, 48 h after injection,
the amplitude of the frequency range of interest was
increased in the primary visual cortex (Estimate = +4.84,
p = 0.00429), the secondary visual cortex (Esti-
mate = +3.40, p = 0.00705), and the retrosplenial dys-
granular cortex (Estimate = +5.43, p = 0.000847),
compared to 1 h post-injection. The increase was already
present in the primary and secondary visual cortices,
24 h after the intracerebral injection of LPS (primary
visual cortex: 24 h, Estimate = +5.95, p = 0.00214; sec-
ondary visual cortex: 24 h, Estimate = +5.01,
p = 0.000640), and was no longer different from base-
line state 7 days after injection (primary visual cortex:
7 d, Estimate = +1.10, p = 0.893; secondary visual cortex:
7 d, Estimate = +0.704, p = 0.919; retrosplenial dysgra-
nular cortex: 7 d, Estimate = +1.01, p = 0.905). In this
temporal analysis, a significantly higher fALFF was also
found in other regions, such as the retrosplenial gran-
ular cortex A at 48 h (Estimate = +1.70, p = 0.0289) and
the superficial part of the superior colliculus at 24 h
(Estimate = +1.53, p = 0.00605) and 48 h (Esti-
mate = +1.19, p = 0.00833). Therefore, the appearance of
haemodynamic oscillations was present in the earlier
phase of neuroinflammation and was no more observed
after one week.

To gain an in-depth overview of the temporality of
the intracerebral LPS model at the cellular level, we
performed large-scale single-nuclei profiling from the
microdissected visual cortex sampled at 2 days or 7 days
following LPS injection, or at 2 days following vehicle
injection. Following quality controls, we obtained the
transcriptome of 64,471 nuclei by snRNA-seq using
PARSE Biosciences split-seq protocol allowing multi-
plexing. Two brain samples from different individuals
were used for each condition and these duplicates were
analysed  independently = for each  condition
(Supplementary Fig. S3). Clustering revealed 5 distinct
clusters which corresponded to the brain major cell
classes (Supplementary Fig. S3a). Cell cluster identifi-
cation was based on the detection of landmark cell type
markers, such as Rbfox3 for neurons, Agp4 for astro-
cytes, Sox10 for oligodendroglial lineage cells (OLs),
Ptprc for immune cells, and Cdh5 for vascular cells. The
three conditions grouped well together at the general
population level (Supplementary Fig. S3b) with overall
similar proportions of cells but respectively lower and
higher relative frequencies of neurons and immune
cells at 7 d (Supplementary Fig. S3c). However, de novo
clustering of only astrocytes resulted in two different
clusters of reactive and homoeostatic astrocytes,
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Fig. 5: Kinetics of LPS effects on the haemodynamic oscillations and astrocytes reactivity. (a) Frequency amplitude in 0.08-0.15 Hz range in
animals without any injection (wl), or at 1 h, 24 h, 48 h (2 d) or seven days (7 d) after injection. GLM followed by Dunnett’s correction. Each bar
is the mean + SEM. n =9 at 1 h, n = 6 at 48 h, n = 3 at other time points. The oscillations were already present at 24 h post-injection but
disappeared after 7 days. (b) UMAP plot showing the distribution of astrocytes in the three conditions: 48 h post-injection of VEH in green or
LPS in red, and 7 days post-injection of LPS in yellow. Note that at 7 days post-injection of LPS, the molecular phenotype of astrocytes is much
closer to the VEH group than at 48 h post-injection. RNA-seq performed on n = 2 rats per group. (c) Density plot showing the selective increase
of GFAP and Nestin expression in the cluster that corresponds to LPS at 48 h post-injection, but not in the cluster that corresponds to VEH and
LPS-7 d groups. (d) Correlation matrix showing the global correlation of gene expression between the different conditions, with higher cor-
relation between LPS-7 d and VEH than LPS-48 h and VEH. LPS-48 h was also markedly different from LPS-7 d in terms of global gene

expression. *p < 0.05; **p < 0.01; ***p < 0.001.

exclusively enriched in LPS astrocytes at 48 h versus
control VEH astrocytes and LPS astrocytes at 7 d,
respectively (Fig. 5b and c). Reactive astrocytes over-
expressed Gfap and Nes (Fig. 5¢) and genes enriched
in wound healing, gliogenesis, glial cell differentiation
and response to axon injury biological processes deter-
mined using gene ontology (GO) terms enrichment
analysis (Supplementary Fig. S3d), as compared to
vehicle. These enrichments were specific to the reactive
astrocytes at 48 h and were no more found at 7 d,
consistently with the UMAP showing that the LPS-7 d
astrocytes cluster was located much closer to the control
cluster, suggesting a peak of reactivity around two days
and a return to a state closer to basal astrocytes (Fig. 5b).
The direct comparison of astrocytes at 48 h post-LPS
versus 7 days showed the significant enrichment of the
same biological processes (wound healing, gliogenesis,
glial cell differentiation and response to axon injury
biological processes) as with vehicle injection. The
expression of the 2 markers that best described this
transient activation at 48 h (Gfap and Nes) went back to

normal at 7 days (Fig. 5¢). Correlation heatmap between
samples confirmed that the whole transcriptional
signature of astrocytes from the VEH group correlates
more with LPS-7 d astrocytes than LPS-48 h astrocytes
(Fig. 5d). We observed a similar kinetic pattern in Aifl-
expressing (Ibal+) microglia, although reactive micro-
glia persisted at LPS-7d (Supplementary Fig. S3e).
However, further investigation is needed due to the low
number of identified microglial nuclei (as compared to
the global number of immune cells, with extensive
recruitment of peripheral macrophages at LPS-48 h).

Sustained neurovascular coupling in presence of
oscillations

To gain further insights into the functional properties of
haemodynamic changes under inflammation, we also
evaluated the functional hyperaemia changes during
visual stimuli (Fig. 6a), which were performed imme-
diately after the resting-state session at both time points
(Fig. 1a). As expected in this coronal plane, typical in-
creases of CBV were found in the primary visual cortex
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Fig. 6: Inflammatory spontaneous oscillations of CBV are associated with increased functional hyperaemia during visual stimulations in
anaesthetized rats. (a) Schematic representation of the experimental setup during fUSi with visual stimulation. (b) Representative time curve
of CBV changes in the primary visual cortex of rats following visual stimuli. (c) Mean map of relative CBV changes pixel-by-pixel in the VEH
group 48 h post injection. The CBV changes during stimulation after 1 h post-injection of LPS in shown as mean map of relative changes in (d),
mean time curve in the primary visual cortex in (e) and global changes in the different regions of interest (mean + SEM; Two-way ANOVA
followed by Sidak’s multiple comparisons correction) in (f). n = 4 for LPS + AAA, n = 5 for FC and LPS + FC, n = 6 for other groups. The same
results are shown in (g), (h), and (i) for 48 h post-injection of LPS, with Mann-Whitney tests with FDR 5% correction in (i) due to non-
normality. n = 4 for LPS + AAA, n = 5 for FC and LPS + FC, n = 6 for other groups. (j) Individual mean time curves (averaged across the 4
blocks) for all animals in the LPS group, 48 h after injection. (k) Scatter plot and linear regression showing the relationship between amplitude
of oscillations during resting-state and the mean CBV changes during visual stimulation in the LPS group at 1 h and 48 h post-injection (leading
to n = 12 points).
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and the superior colliculus during the light flickering
(Fig. 6b and c). At both 1 h (Fig. 6d-f) and 48 h post-
injection (Fig. 6g-i), the response to visual stimuli
showed globally no difference between VEH and LPS in
the different visual areas (1 h: Mean diff ranging
from —0.29 to +2.146% and p values from 0.9999 to
0.1711 depending on regions, 2-way ANOVA with
Sidak’s correction; 48 h: Mean rank differences from -3
to +1 and q values > 0.9999, Mann—-Whitney tests with
FDR correction). Diving into temporal properties, the
time-course of the response at 1 h after injection was
virtually unchanged compared to vehicle (Fig. Ge), but
the oscillations that we observed during resting-state
persisted during the visual stimulation at 48 h post-
injection (Fig. 6h). Interestingly, despite these oscilla-
tions, the mean amplitude of the response and the
rising and decaying slopes of the curve appeared similar
to the vehicle injection, suggesting a sustained neuro-
vascular coupling in this particular state. In fact, in the
LPS group specifically, the amplitude of the visual
response tended to be higher in animals that displayed
the strongest basal oscillations, (as shown in Fig. 6j and
in Supplementary Fig. S4a), and there was a significant
positive correlation between the fluctuations at
0.08-0.15 Hz during resting-state and the mean ampli-
tude of the functional hyperaemia (rho = 0.6084,
p = 0.0399; Spearman correlation test-Fig. 6k). This
suggests that inflammatory vasomotion shares some
common but non-competitive molecular mechanisms
with functional hyperaemia.

We also studied the functional hyperaemia in the
groups that received AAA and FC (Supplementary
Fig. S4b—e). The gliotoxins alone had some effects at
1 h: AAA led to a modest increase of the visual response
in the primary visual cortex at 1 h (some time points
were significantly higher compared to vehicle from 21 to
30.2 s after the beginning of the stimulation period;
Supplementary Fig. S4b), and a global higher response
in the superior colliculus (VEH, 4.47% = 1.85; AAA,
9.88% + 6.02, p = 0.0012; Supplementary Fig. S4d). For
the FC group, the response shape in primary visual
cortex was dramatically changed 1 h after the injection,
from the usual “plateau”-shape to a dome shape with a
much higher amplitude of the response (from 21.2 to
33.2 s after the beginning of the stimulation period;
Supplementary Fig. S4b). This modification of the
response shape was also present after the co-injection of
LPS + FC. No obvious effects of gliotoxins, either alone
or combined with LPS, was observed when compared to
VEH at 48 h (Supplementary Fig. S4c and e). A slight
decrease of visual responses was observed in the pri-
mary visual cortex after co-injection of LPS + AAA (from
23.8 to 25 s after the beginning of the stimulation
period; Supplementary Fig. S4c). To summarise, both
gliotoxins acutely impacted the response to visual stim-
uli in rats, but with different features, notably a strong
perturbation of the temporal response of visual cortex

following FC injection. In agreement with the previous
observations in resting-state conditions, the co-injection
of the gliotoxins with LPS prevented the appearance of
the vascular oscillations during the visual stimulation
48 h post-injection (as seen in Supplementary Fig. S4c
and e).

Haemodynamic waves are not associated to a
change in blood flow velocity in cortical vessels

As the haemodynamic oscillations may be related to a
global change in vessel tone, we also evaluated quanti-
tative haemodynamic parameters to estimate the level of
cerebral perfusion in the vessels using Ultrasound
Localization Microscopy (ULM) sequences performed in
the same animals (Supplementary Fig. S5), 48 h after
intracerebral injections, immediately after the second
fUSi session (Fig. 1a). In addition to the density of
bubbles (Supplementary Fig. S5a), their absolute veloc-
ity (Supplementary Fig. S5b) and their direction
(Supplementary Fig. S5¢) can be estimated, enabling to
identify different vascular compartments (pial vessels,
arterioles, and venules) in the cortex (Supplementary
Fig. S5d). The microbubbles density and velocity were
globally unchanged in the different compartments
following LPS injection, although the density tended to
be higher in arterioles (Velocity: Mean rank diff
from -0.9167 in penetrating arterioles to +1.833 in
penetrating veinules, all q values > 0.9999; Density:
Mean rank diff from +3.117 in pial vessels to +6.05 in
arterioles, q from 0.297 in pial vessels to 0.0752 in ar-
terioles—Supplementary Fig. S5e and f), which suggest a
slight decrease of the vascular tone. Altogether, this
enables to conclude that the appearance of vascular
oscillatory waves was not due to a major change of the
cerebral blood flow absolute velocity or microbubbles
density.

Confirmation of the LPS-related haemodynamic
oscillations in awake rats

As anaesthesia could potentially interact with LPS ef-
fects on haemodynamic activity, additional rats were
imaged in awake freely moving condition using skull
implants for probe fitting after progressive habituation
(Fig. 7a). For each acquisition, a continuous temporal
window of 120 s was selected based on the absence of
any movement artefact (Fig. 7b). Like in anaesthetized
animals, awake rats showed an increased functional
connectivity 48 h after LPS injection between different
visual areas (Fig. 7c—primary and secondary visual
cortices: Az-score = 1.126, p = 0.0083; primary visual
and  retrosplenial  dysgranular  cortices:  Az-
score = 0.8781, p = 0.0448; secondary visual and retro-
splenial dysgranular cortices: Az-score = 0.9915,
p = 0.0215). As previously, the PCA showed a reconfi-
guration after 48 h post-LPS with a very low number of
components that could explain the signal variance, as
opposed to the baseline measurements or after 1 h
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Fig. 7: Resting-state fUSi in freely-moving animals revealing haemodynamic oscillations in awake rats after LPS exposure. (a) Illustration
showing the probe, probe holder and implant enabling fUSi in freely-moving rats. (b) Representative time-course of the Power Doppler signal in
one animal over the 1200 s period, enabling to visualise alternance between active periods leading to movement artifacts and quiet state periods,
with analysis performed on the consecutive minutes devoid of movement artifact (as shown in the inlay). (c) Functional connectivity matrices 1 h
or 48 h after LPS injection in awake rats. Two-way ANOVA followed by Dunnett’s test. n = 3 at baseline, n = 1 at 1 h, n = 2 at 48 h. Similarly to
anaesthetized rats, a significant increase of cortical connectivity was observed at 48 h. (d) Scree plot showing the percentage of explained variance
for each component obtained after principal component analysis of the different groups (Baseline = without injection, or 1 h/48 h following LPS
injection). Similarly to anaesthetized rats, LPS was followed by a global reconfiguration toward oscillatory modes, with less than 10 components
that were able to explain almost all the variance in the 48 h group only. (e) Frequency amplitude in 0.08-0.15 Hz in awake animals, showing a
significant increase of amplitude 48 h after LPS injection. Two-way ANOVA followed by Dunnett’s multiple comparisons test. Each bar is the
mean + SEM. n = 3 at baseline, n =1 at 1 h, n =2 at 48 h. (f) lllustrative example of successive maps of relative CBV changes compared to the whole
acquisition, (interval 0.8 s), 48 h post-injection. Two examples of patterns are shown: the medio-temporal wave was the most frequent (Wave 1,
top), and other trajectories were occasionally observed involving subcortical areas (Wave 2, bottom). Same acquisition as in Supplementary Movie
S2 with different colourmap and superimposed Paxinos atlas for improved visualisation. *p < 0.05; **p < 0.01 for all tests.

(Fig. 7d). Furthermore, the frequency amplitude related
to the oscillations were also significantly increased after
48 h compared to the baseline or 1 h post injection in
the same regions (Fig. 7e), namely in the primary visual
cortex (Baseline: 0.064; 1 h: 0.062; 48 h: 0.080,
p =0.0015), secondary visual cortex (Baseline: 0.061; 1 h:
0.061; 48 h: 0.078, p = 0.0006), and retrosplenial dys-
granular cortex (Baseline: 0.064; 1 h, 0.061; 48 h, 0.076,
p = 0.0088). An example of long-distance travelling
waves in an awake rat can be visualised in Fig. 7f and
Supplementary Movie S2. As observed in anaesthetized
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animals, the waves occurred mainly among cortical
areas (Wave 1 of Fig. 7f is an example of mediotemporal
bilateral wave, while Wave 2 followed a cortico-
subcortical and bilateral pattern).

Discussion

While cerebral haemodynamics have been extensively
used as a correlate of neuronal activity in animals and
humans, they fundamentally arise from complex in-
teractions between many different cellular components.
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Indeed, neuronal, glial,”” and vascular cells all critically
interact to regulate the CBF fluctuations, both at rest
and during functional hyperaemia. In this regard, un-
derstanding how inflammation locally shapes cerebral
haemodynamics is essential as this phenomenon is
observed in many brain pathologies and drastically
modifies the functional properties of the different
components of the neurogliovascular unit (such as the
induction of microglial and astrocytic reactivity). In
addition to providing important elements for functional
neuroimaging interpretation in patients, this may also
lead to the identification of biomarkers or therapeutic
perspectives.

Our main finding relates to the reorganisation of
cerebral haemodynamic activity towards an oscillatory
state characterised by quasi-sinusoidal, high-amplitude
oscillations at ~0.1 Hz, that locally propagate through
the vascular tree as travelling waves under inflamma-
tion, as early as 24 h post-injection of LPS. This oscil-
latory mode is transient and is no longer detectable after
seven days. Other studies have reported such sinusoidal
haemodynamic oscillations at similar frequencies
occurring sporadically in animals or humans under
anaesthesia*** or in the awake state,” but this has not
yet been reported under the controlled induction of
inflammation. The observed frequency is typical of two
distinct phenomena, namely vasomotion and “Mayer
waves”. The latter is due to regular fluctuations in blood
pressure that can occur at around 0.1 Hz, which could
obviously affect CBV changes.” However, as noted by
other authors, such waves should be observed in all
vessels simultaneously, whereas we and others have
found these oscillations to be localised in discrete re-
gions of the vasculature, propagating through the
cortex—and in our case, occasionally between the cortex
and subcortical regions-at a speed between 0.1 and
0.8 mmy/s (previous reports*** and our own findings).
Therefore, the most plausible phenomenon is vaso-
motion,*” ie., an autonomous and regular change in
vessel diameter at about 0.1 Hz, of myogenic origin
(through intracellular calcium fluctuations in smooth
muscle cells*’), distinct from the pulsatility due to the
heartbeat. This is compatible with travelling waves, as
vasomotion can propagate along the vessel walls thanks
to gap-junctions and shear stress mechanisms.”* An
intriguing finding here is that vasomotor waves may
also occur in subcortical areas and can travel long dis-
tances, for instance from the ventral hippocampus to the
cortex in the contralateral hemisphere, which can be
easily detected using fUSi as compared to previous
studies describing haemodynamic oscillations using
optical techniques. Recently, Broggini et al. also re-
ported long-wavelength travelling waves in the cortical
arterioles of awake mice due to vasomotion. Our find-
ings align with their observation that such waves can
span the entire cortical mantle.” Additionally, we reveal
that the waves along the horizontal plane can propagate

not only along the pial vessels, but also through adjacent
penetrating cortical vessels. This results in haemody-
namic changes that can span the entire thickness of
cortex while travelling through distinct areas, not just
the superficial layers. Importantly, we show here that
fUSI is sensitive enough to track individual travelling
waves, which calls for further mesoscopic studies of
vasomotion in physiological or pathological conditions
with this imaging modality.

Although vasomotion can occur in peripheral as well
as cerebral vessels, it has previously been shown that
cerebral vasomotion at 0.1 Hz is further entrained by
changes in neuronal activity in the gamma-band, and
this vaso-neuronal coupling would be the main driver of
resting-state connectivity.” However, this has remained
controversial as other works reported a lower correlation
between vasomotion and electrophysiology measure-
ments.>** Here, we do confirm under pathological con-
ditions that vasomotion can enhance homotopic
functional connectivity, but whether these inflammatory
haemodynamic oscillations are related or not to
neuronal activity changes remains to be investigated. In
this regard, we acknowledge that the absence of simul-
taneous electrophysiology measurements is an impor-
tant limitation of our study that should be addressed in
future investigations of the phenomenon. As functional
hyperaemia was not reduced in the presence of oscilla-
tions, we hypothesise that local neuronal activity was not
strongly disrupted to the point of generating such si-
nusoidal haemodynamic waves by itself, as one might
expect that a high basal neuronal activity in the absence
of stimulation should result in a smaller difference of
activity during the stimulation. Nevertheless, it is puz-
zling that the amplitude of functional hyperaemia ten-
ded to be higher in the presence of strong vasomotion,
and it suggests that the two phenomena can co-exist
while engaging some common cellular and molecular
mechanisms. The most plausible hypothesis to us is that
vasomotion frequency is indeed controlled by internal
vascular mechanisms and external neuronal activity, and
vasomotion amplitude is further influenced by other
players which are also involved in neurovascular
coupling under functional hyperaemia. Our data sug-
gest that the missing piece of this puzzle is glial cells,
particularly when they become reactive. In the same
way, another study showed that non-reactive astrocytes
are able to limit the amplitude of vasomotion by
releasing prostaglandins during the constriction phase,
which stimulate TRPV4 channels, increase Ca** in the
terminal foot and activate COX-1."7 As LPS has been
shown to decrease the expression of COX-1 in reactive
astrocytes,” this could increase the amplitude of vaso-
motion in our study by limiting negative feedback
exerted by prostaglandins. In addition, there may be
other mechanisms that reactive astrocytes could use to
directly enhance vasomotion rather than reduce it.
Moreover, while our findings highlight the role of glial

www.thelancet.com Vol 116 June, 2025


http://www.thelancet.com

Articles

reactivity, they again do not exclude a potential contri-
bution from neurons. Astrocyte reactivity could second-
arily impact neuronal homoeostasis and excitability
through disruptions in lactate metabolism and glutamate
buffering.” In such a scenario, gliotoxin treatment would
be expected to worsen oscillations rather than prevent
them, due to stronger metabolic disruption and DAMP
release from astrocyte injury.'” Instead, chemically
removing reactive astrocytes efficiently suppressed the
amplification of haemodynamic oscillations, reinforcing
the idea that reactive astrocytes—rather than general
inflammation—are direct mediators of this phenome-
non. Lastly, our findings also suggest that microglia
might be either just necessary to locally initiate the
astrocytic reactivity after being activated by LPS through
TLR4 signalling, or directly involved in the amplification
of haemodynamic oscillations, although this remains
speculative and the possible molecular mechanisms are
currently unclear.

Other interesting points should be discussed in
terms of cellular changes in our model. Transcriptomics
revealed a higher astrocytic reactivity at 48 h than at 7
days, with the identification of two astrocytic subclusters
corresponding to a more basal state, characterised by
moderate expression of Gfap and very low expression of
Nes, including astrocytes from the VEH group and the
LPS group at 7 days post-injection, and a strongly
reactive state found only in the 48 h post-LPS group,
with high expression of Gfap and Nes. This unbiased
approach is recommended to take into account the
complexity and heterogeneity of glial cells reactivity
among different pathologies, as opposed to measuring a
single marker.”* Interestingly, nestin and GFAP are
both intermediate filament proteins that are consistent
with the known hypertrophy and morphological alter-
ations occurring in reactive astrocytes, but Nestin in-
crease has previously been reported in stroke and not
following a peripheral injection of LPS in mice,” which
indicates that the effects of LPS can vary significantly
depending on the administration method. Nestin has
also been described as absent from normal astrocytes
and transiently expressed in reactive state, with a return
to baseline levels at 7 days post-stroke,® which is similar
to our own findings with LPS intracerebral injection in
the rat cortex. Future works with optimised preparation
protocols for enrichment of gliovascular unit should
enable to better dissect the link between haemodynamic
oscillations and astrocytic reactivity. Nevertheless, it is
important to note that the intracerebral procedure itself
could contribute to the differences observed between
intracerebral and intraperitoneal LPS administration.
The injury caused by needle insertion into the cortex
may amplify the local effects of LPS, even though an
intracerebral saline injection was used for the control
group. This limitation of our model could also explain
why the GFAP increase following LPS injection was not
statistically significant compared to the control group,
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which tended to show already relatively high GFAP
levels. Knowing the differences in half-life between Gfap
mRNA (likely in the range of hours®') and GFAP protein
(~28 days®), the pro-inflammatory effects of the local
injury may have transiently increased GFAP expression
in the control group. While this effect may have already
resolved at the mRNA level by 48 h, leading to baseline
Gfap levels in controls, the longer half-life of GFAP
protein could have maintained elevated levels, leading to
attenuated differences with the LPS group. An addi-
tional observation is that the morphology of microglial
cells was slightly less impacted in the groups that
received a co-injection of LPS and astrocytic toxins,
suggesting that although microglia are the initial target
of LPS effect through activation of the TLR4 pathway
(with subsequent release of cytokines that render as-
trocytes reactive), reactive astrocytes may subsequently
further increase the reactivity of microglia through a
bidirectional interaction during inflammation.**** This
also illustrates the difficulty to isolate the specific con-
tributions of microglia versus astrocytes under neuro-
inflammatory conditions. Finally, vascular cells
(endothelial cells, smooth muscle vascular cells or per-
icytes) could also participate to increased vasomotion,
either in direct interaction with reactive astrocytes or
secondarily, through independent and additional path-
ways, given they are also dysregulated during inflam-
mation.” Ongoing improvements in experimental
protocols for specific manipulation of vascular cells,* as
well as efficient isolation of these cells for tran-
scriptomics,” will be important to investigate this
possibility.

Regarding the effects of astrocytic toxins alone, we
found that both tended to acutely increase functional
hyperaemia in the rat, with different effects that could
be related to their different mechanisms of action.
Surprisingly, AAA did not change the response in the
visual cortex where it was injected, but the amplitude of
response in the superior colliculus was significantly
increased. The reason for this is unclear, although it
might be possible that local acute perturbations of
astrocytic activity in the visual cortex, and secondary
neuronal activity, could alter inputs from the visual
cortex to the superior colliculus.*® The effect of FC was
much more pronounced and resulted in a change of the
shape of the response, with a sustained increase in CBV
rather than a plateau at the end of the stimulation
period. This is in line with a previous study showing
that astrocytes are particularly important for the late
component of functional hyperaemia, observed during
sustained sensory stimulation, such as in our own
conditions.” Indeed, chemogenetic activation of astro-
cytes enhances late hyperaemia in awake mice. We also
found that FC induced such an effect, although we
would expect it to reduce the response, since the toxin is
supposed to reduce the calcium concentration in astro-
cytes and inhibit their activity.”” This difference may be
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due to the use of anaesthesia in our visual stimulation
experiments, or to an acute compensatory hyperexcit-
ability of astrocytes in vivo as opposed to the inhibitory
effect of FC in vitro.

In terms of implications for functional imaging, the
present study sheds further light on the complexity of
cerebral haemodynamics and the involvement of glial
cells in the regulation of cerebral blood flow. Such
findings are important for understanding and inter-
preting the data, particularly in studies of patients with
brain diseases. While future work will be needed to
firmly demonstrate the causative influence of reactive
glial cells, the present results suggest that vasomotion
may serve as a haemodynamic biomarker for glial cell
reactivity, enabling quantitative comparisons between
patients/animal disease models using non-invasive im-
aging techniques through the measurement of fre-
quency fluctuations between 0.08 and 0.15 Hz, and with
a high precision for mapping the territories displaying
most glial reactivity as suggested by the spatial correla-
tion results. This important perspective requires further
validation by varying the injection site and comparing
unilateral versus bilateral injections or evaluating other
acute or chronic neuroinflammation models, as the
functional properties of reactive glia are likely to vary
significantly across brain regions and pathologies.””*
Notably, the sporadic reports of sinusoidal cerebral
vasomotion in patients with brain tumours or during
interictal periods in epilepsy (without insights into the
underlying cellular mechanisms) demonstrates the
clinical relevance of the phenomenon.** In practice,
these results show that vasomotion and consequently
haemodynamic waves can represent a huge part of the
data variance (up to 99% in the LPS group). Whether
frequencies above 0.08 Hz should be filtered out in
fMRI resting-state analysis has been vastly debated®”;
here we argue that biologically relevant phenomena are
occurring at such frequencies, providing insights into
the glial components as well as our basic understanding
of functional connectivity and hyperaemia. Therefore,
we suggest implementing separate analyses of this fre-
quency band, by simple measurements of the amplitude
of frequency fluctuations, and by quantifying the trav-
elling waves using peak detection, similarly to this paper
(which could be further optimised as our method was
quite stringent regarding the waves classification), or
complex PCA’” to increase the interpretability of future
functional neuroimaging studies.

Finally, although vasomotion is still a poorly under-
stood phenomenon, it has been suggested to facilitate
oxygen exchange between vessels and the tissues.”” As
hypoxia is frequently observed in inflammatory condi-
tions” and LPS can activate the transcription factor
hypoxia-inducible factor 1 (HIF-1),* the present effect
could compensate neuronal hypoxia in pathological
conditions. Importantly, it has been shown that an
“artificial” increase in cerebral vasomotion by functional

hyperaemia improves the clearance of waste products
along the vessels” and several studies have emphasised
that this should be a major driving force for improving
exchanges between the cerebrospinal (CSF) and inter-
stitial (ISF) fluids, according to the glymphatic system
hypothesis” as well as the intra-mural peri-arterial
drainage hypothesis.”””* Although this remains specu-
lative at this early stage, it is conceivable that in in-
flammatory conditions, enhancement of vasomotion
may improve CSF/ISF exchange to enhance waste
removal, or even facilitate the communication between
the CSF/ISF and the meningeal lymphatic system.”
This may explain the reported paradoxical improve-
ment in soluble amyloid beta-peptide following intra-
cerebral injection of LPS in the mice.* These different
possibilities suggest innovative therapeutic opportu-
nities by modulating the cerebral vasomotion in a
pathological context such as neurodegenerative disor-
ders and deserve further investigation.
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