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Abstract
Background: Huntington’s disease (HD) is marked by irreversible loss of
neuronal function forwhich currently no availability for disease-modifying treat-
ment exists. Advances in the understanding of disease progression can aid
biomarker development, which in turn can accelerate therapeutic discovery.
Methods:We characterised the progression of altered dynamics of whole-brain
network states in the zQ175DN mouse model of HD using a dynamic functional
connectivity (FC) approach to resting-state fMRI and identified quasi-periodic
patterns (QPPs) of brain activity constituting the most prominent resting-state
networks.
Results: The occurrence of the normative QPPs, as observed in healthy controls,
was reduced in the HDmodel as the phenotype progressed. This uncovered pro-
gressive cessation of synchronous brain activity with phenotypic progression,
which is not observed with the conventional static FC approaches. To better
understand the potential underlying cause of the observed changes in these brain
states, we further assessed how mutant huntingtin (mHTT) protein deposition
affects astrocytes and pericytes – one of themost important effectors of neurovas-
cular coupling, along phenotypic progression. Increased cell-type dependent
mHTT deposition was observed at the age of onset of motor anomalies, in the
caudate putamen, somatosensory andmotor cortex, regions that are prominently
involved in HD pathology as seen in humans.
Conclusion: Our findings provide meaningful insights into the development
and progression of altered functional brain dynamics in this HDmodel and open
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new avenues in assessing the dynamics of whole brain states, through QPPs, in
clinical HD research.

KEYWORDS
astrocytes, biomarkers, Huntington’s disease, large-scale brain networks, neurodegeneration,
pericytes, quasi-periodic patterns, resting-state fMRI, VEGF

Highlights
∙ Hyperactivity in the LCN-linked regions within short QPPs observed before
motor impairment onset.

∙ DMLNQPP presents a progressive decrease in DMLN activity and occurrence
along HD-like phenotype development.

∙ Breakdown of the LCN DMLN state flux at motor onset leads to a subsequent
absence of the LCN DMLN QPP at an advanced HD-like stage.

1 INTRODUCTION

Huntington’s disease (HD) is the most prevalent
monogenic neurodegenerative disorder and genetic
dementia, characterised by the progressive loss of cog-
nitive and motor function.1 Despite the known genetic
background,2,3 there is insufficient understanding of the
progression of the functional phenotype of HD. MRI
neuroimaging has been the cornerstone in unravelling the
brain’s structural and functional alterations across HD
progression due to its noninvasive nature, thus enabling
the discovery of novel biomarkers. Currently, detection
of striatal brain loss using volumetric MRI is by far the
most sensitive and earliest biomarker, manifesting even 20
years prior to HD clinical motor diagnosis.2,4–6 However,
even with this method, brain loss has already occurred,
which is both irreversible and can progressively worsen
over time. There is a critical need for novel early detection
methods prior to irreversible brain atrophy.
A promising but underexplored MRI technique in HD

is resting-state functional MRI (rsfMRI).7 rsfMRI is used
to investigate changes in large-scale network connectiv-
ity, revealing the brain’s functional architecture, which
is organised in resting-state networks (RSNs).8–10 Map-
ping functional connectivity (FC) in both the healthy
brain and in neurodegenerative diseases (ND),11,12 includ-
ing HD, has shown dysfunction in several RSNs7 before
and after clinical motor diagnosis in people with HD
(PwHD).13–15 However, these findings represent static FC,
which assumes a constant correlation between a pair of
brain regions and flattens the changes in time. This pro-
vides only snapshots of th brain, while the activity states of
the brain are highly dynamic. Neglecting the dynamics of
brain activity leads to an incomplete picture of the disease’s

pathological effect on the brain, which significantly limits
fundamental understanding, identification of biomarkers,
and the development of novel therapies.
To address this issue, novel methods are utilised to

account for time-varying properties and identify dynamic
brain states that underlie the RSNs.16,17 These methods
elucidate time-evolving activity across whole brain spatial
patterns, which have led to the discovery of quasi-periodic
patterns (QPPs) that encompass cyclic brain activity.18 The
most prominent human QPP, the primary QPP, repre-
sents the anti-correlated activity of the twomost dominant
RSNs, the default-mode network (DMN) and the task-
positive network (TPN).19 Alterations in these dynamic
brain states, as revealed by QPPs, have also been shown
in several neuropsychiatric disorders.20,21 While the pres-
ence of these dynamic brain patterns has been detected
in the healthy human brain, they have not been evalu-
ated in any humans presenting with ND. Recently, our lab
has demonstrated the potential of QPPs to assess disease-
driven alterations in rodent models of ND, specifically
Alzheimer’s’ disease.22,23
Here, we assessed the evolution of dynamic brain-wide

network changes across disease-like progression in the
zQ175DN knock-in (KI) heterozygous (HET) mouse model
of HD. This model is highly favoured due to its sim-
ilarity in both the genetic background and phenotypic
abnormalities that recapitulate closely several aspects of
the human HD. These characteristics are based on multi-
ple cellular, functional, microstructural, behavioural, and
cognitive anomalies observed along the disease-like phe-
notypic development, where motor alterations follow a
temporal progression, starting from 6 months of age.24–30
We hypothesised that QPPs can be used to detect func-
tional alterations in whole brain activity in this HDmouse
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model that will give novel insights into the disease-like
phenotype and uncover changes at ages before brain
atrophy is observed.
We found a progressive cessation of synchronous net-

work activity in the mouse default mode-like network
(DMLN), whose gradual reduction in activation led to
the absence of the primary QPP rodent homolog. These
results were further validated in histological staining for
cells of the neurovascular unit within the brain. More-
over, the retrosplenial cortex - a central hub of the DMLN,
showed asynchrony in the peak timing relationship with
other regions irrespective of the network state of the
QPP. This indicates a potential cause of the breakdown
of DMLN activity, concurrent with the putative onset of
motor deficits in this mouse model. Finally, using QPP
projection, we found that the normative QPPs that occur
in healthy controls were consistently and progressively
reduced along phenotypic progression in this HD model.
The initial reduced states were present even before brain
volume loss, suggesting that thismethodholds great poten-
tial for its application in clinical HD research. Altogether,
our results provide a significant understanding of the pro-
gression of brain circuitry alterations in this HD mouse
model, which encourages exploring if similar differences
can be detected in PwHD, even before brain atrophy and
clinical motor diagnosis occur.

2 MATERIALS ANDMETHODS

2.1 In vivo resting-state fMRI study

2.1.1 Animals

A total of 40 mice, male, age-matched, HET (n = 20)
zQ175DN KI and WT (n = 20) littermates (C57BL/6J
background, CHDI-81003019, JAX stock #029928) were
purchased from Jackson Laboratory (Bar Harbor, ME,
USA). Males in particular were chosen for this study based
on previous work that reportedmales to follow similar pat-
tern of brain volume changes as in PwHD.31 Animals were
delivered to the animal facility and were allowed to accli-
matise to the current environment for at least one week
before the start of the study. To avoid aggressive behaviour,
the mice were single-housed in individually ventilated
cages, provided with food and water ad libitum, and con-
tinuously monitored for temperature and humidity under
a 12 h light/dark cycle.
The zQ175DN KI (DN: delta neo) contains a human

HTT exon 1 replacement for the mouse Htt exon 1, includ-
ing a ∼180–220 CAG repeats long tract. This model is
a version of the zQ175 KI32 model, where the congenic
C57BL6J is used as the strain background.33 Development

of motor deficits are detected by 6 months of age, fre-
quently referred as the onset of phenoconversion.34 The
HET form of zQ175DN is a highly favourable model, which
exhibits slow neuropathological progression, including an
increase of mutant huntingtin (mHTT) protein aggrega-
tion from3until 12months, starting in the striatumat 3 and
later on, in the cortex, at 8 months of age.35 A longitudi-
nal rsfMRI studywas performed in both the zQ175DNHET
and WTs36 at ages of 3, 6 and 10 months, following phe-
notypic progression. These data sets were also used in our
previously published work.27,30 The details on the rsfMRI
and 3D image acquisition and image preprocessing steps
are documented in Vasilkovska et al. 2023.27
In brief, all MRI scans were acquired on a 9.4T Biospec

Bruker scanner under a combination of isoflurane (0.5%;
Isoflo R©, Abbot Laboratories Ltd., USA) and medetomi-
dine (0.075 mg/kg; Domitor, Pfizer, Karlsruhe, Germany)
anaesthesia. rsfMRI scans were acquired with a T2*-
weighted single-shot Echo-Planar Imaging (EPI) sequence
(12 slices, voxel dimensions (300 × 300 × 400) µm3, TR
500 ms, TE 15 ms, 1200 repetitions). The 3D anatomical
scans were obtained using the 3D Rapid Acquisition with
Refocused Echoes (RARE) sequence with voxel dimen-
sions (78 × 78 × 78) µm3, TR 1800 ms, TE 42 ms. Image
preprocessing steps consisted of realignment, three-step
spatial normalisation to an in-house C57BL/6 atlas, in-
plane smoothing (twice voxel size), temporal filtering
(0.01–0.2 Hz), quadratic detrending (QDT), voxel-wise
global signal regression (GSR), and normalisation to unit
variance.

2.1.2 QPP analysis

QPP extraction was done at the group level for each
age separately, since previously, we have shown an age-
dependent FC change in this HD model.27 First, the
preprocessed rsfMRI scans from all subjects were con-
catenated in one image series for WT and zQ175DN HET.
A spatiotemporal pattern finding algorithm37 was then
applied, which extracts whole-brain recurring patterns of
BOLD activity in a user-defined temporal window. Next,
the optimal time window of the sliding template was
estimated,38 which resulted in two window sizes of 6TR
(3 s) and 20TR (10 s). Consecutive BOLD image frames
with the predefined window length from a random start-
ing frame in the image series are taken as an initial
template. Its similarity with the entire image series is
then stepwise calculated by estimating its Pearson correla-
tion with image-series segments of the same window size
and progressively shifting it by 1 TR. Image frames with
local maxima of the resulting sliding template correlation
(STC) that surpass a correlation threshold of 0.2 were then
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voxel-wise averaged to form an updated template. The pro-
cess was repeated using the updated template until the
correlation coefficient between templates from consecu-
tive iterations exceeded 0.99 at which point the template
was referred to as a QPP. The entire procedure was reiter-
ated for 200 random starting frames from the image series
resulting in 200 short (6 TR) and 200 long (20 TR) QPPs.
For both short and long QPPs, in order to identify

(dis)similar QPPs within the 200 QPPs, hierarchical clus-
tering was performed on the Euclidean norm of both
spatial and temporal domain distances. Robust clusters
were determined based on several criteria: aminimum size
of 5% of the total number of QPPs, aminimum of 5% occur-
rence from total occurrences, and the majority of QPPs
within each cluster must occur at least in 80% and 50% of
subjects for short and long QPPs, respectively. The repre-
sentative QPP (rQPP) from each cluster was obtained as
the QPP with the highest total correlation (summed across
occurrences) with the image series.
To assess the recurring property of a QPP, occurrences

of each rQPP for each subject were extracted based on the
rQPP’s STCs. The occurrence rate of aQPP is defined as the
number of occurrences per minute (Occurrences/min).
At each age, short and long rQPPs from both WT and

zQ175DNHET groupswere projected onto the image series
of the other group to identify their representative spatial
pattern and occurrences in the other group. Projection
involved the calculation of the STC of the rQPP from one
group with the image series of the other group and find-
ing its local maxima exceeding the threshold of 0T.2 that
yielded the projected occurrence rates. Voxel-wise averag-
ing across projected occurrences resulted in the projected
pattern in the other group.

2.1.3 QPP regression

To understand the contribution of QPPs to FC, linear
regression of the rQPPswas performedwithin each group’s
image series.22 The rQPPwas convolved with its own STCs
to create that QPP’s image series. Further, this QPP image
series was voxel-wise regressed from the original image
series, thus removing theQPP’s influence on theBOLD sig-
nal. The residual scans were used to further assess the FC
without the contribution of that QPP. The QPP regression
was performed for short rQPPs in both WT and zQ175DN
HET groups.

2.1.4 FC analysis

Static FC between selected regions of interest (ROIs) that
pertain to four different networks: the DMLN, associative

TABLE 1 Brain regions and network abbreviations.

Network Region
DMLN CgCtx Cingulate cortex

RspCtx Retrosplenial cortex
PrlCtx Prelimbic cortex

ACN VCtx Visual cortex
AuCtx Auditory cortex

LCN S1Ctxb Somatosensory cortex 1 (mouth)
S2Ctx Somatosensory cortex 2
MCtx Motor cortex
InsCtx Insular cortex
FrACtx Frontal association cortex

SuCN mCPu Caudate putamen, medial division
lCPu Caudate putamen, lateral division
PirCtx Piriform cortex

cortical network (ACN), lateral cortical network (LCN)
and the Subcortical Network (SuCN) was calculated. We
selected 26 unilateral ROIs (both left (L) and right (R)
hemispheres for each region) from an in-house C57BL6
mouse atlas39 that represent the main hubs of several rele-
vant large-scale networks.40,41 The abbreviations for each
region are presented in Table 1. For each subject and each
region, we extracted the time series of the region-averaged
BOLD signal. Pearson correlation coefficients were calcu-
lated between the BOLD signal time series of each pair
of regions. These correlations were Fisher z-transformed,
thus obtaining subject-wise FC matrices.

2.1.5 Regional peak timing relationship
within a long rQPP

To understand the propagation of coordinated activity in
key regions involved in the long QPPs and to unravel
potential driving mechanisms, an adapted method for
extraction of peak timing of regional (de)activation was
applied.19 The first step was the identification of signifi-
cantly (de)activated voxels within the whole duration of 10
s of the long rQPP. To obtain these, we first constructed a
null spatiotemporal pattern by voxel-wise averaging across
n, randomly selected, nonoverlapping segments that do
not overlapwith segments corresponding to occurrences of
a QPP of interest, where n is the number of occurrences of
that QPP within the image series. The number of random
segments from a single subject corresponds to the num-
ber of times the QPP occurs in that subject. This process is
repeated 50 times resulting in 50 null QPPs.
Next, the root sum square (RSS) of the voxel-wise BOLD

signal was calculated for each QPP of interest and the
corresponding null QPPs. Thus, for each voxel, its BOLD
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signal for each of the 20-time frames of the QPP was
squared, summed across all frames and then a square root
of this sum was taken. This resulted, for the 50 null QPPs,
in 50 × 7688 RSS values, where N is the number of voxels
in the brain mask we considered. Voxels whose RSS values
in each long rQPP exceeded the 95 percentile of the null
QPP RSS values were identified as significant and used for
further analysis. These voxels were assigned to six regions:
Caudate putamen (CPu),medial prefrontal cortex (mPFC),
motor cortex (MCtx), Somatosensory cortex 1 (S1Ctx), ret-
rosplenial cortex (RspCtx) and visual cortex (VCtx). Each
voxel shows two peaks of absolute values of its BOLD sig-
nal during every occurrence segment of the QPP (e.g., in
the long (10 s) rQPP, formost voxels in the S1Ctx, there is an
activation (> 0) peak during the first 10 frames of the QPP
segment (LCN) and a second peak of deactivation (< 0)
during the last 10 frames of the QPP segment (DMLN)).
For each voxel within the QPP, timings for both the first
and second peaks are extracted for all occurrences of the
long QPP. All timings for each active voxel were averaged
across the occurrences within each group.

2.1.6 Statistical analysis

To visually inspect the significant voxel-wise (de)activation
that constitutes an rQPP, one-sample T-statisticmapswere
calculated based on the BOLD signal across all occur-
rences of that QPP in the image series (one-sample T-test,
false-discovery rate (FDR) corrected, p < 0.05, cluster size
(k) ≥ 10). Between-group differences in spatial voxel acti-
vations, occurrence rates and FC were cross-sectionally
compared for each age (Two-sample T-test, FDR corrected,
p < 0.05, k ≥ 10). For a visual representation of the
anatomy of prominent QPPs, the t-statistics were trans-
formed and upsampled to the high-resolution Australian
mouse brain MRI anatomical atlas42 using transformation
parameters calculated between the C57BL6 mouse atlas
and the Australian mouse brain atlas. These visualisations
were produced with MRIcroGL (McCausland Center for
Brain Imaging, University of South Carolina, USA).
For the regional peak timings in the long rQPP, the

mean timing for each peak across all activated voxels
was first compared between genotypes (two-sample T-
test, FDR corrected, p < 0.05). Separately for the first and
second peak, the mean peak timing difference between
every pair of regions, within a genotype (two-sample T-
test, FDR, p < 0.05) was assessed. The final comparison
identified region-pairs whose peak timings relationship
was significantly altered between genotypic groups (two-
sample T-test, FDR corrected, p < 0.05). To compensate
for the difference in the number of significantly activated
voxels of different regions, we calculated the difference

between the peak timing of each voxel of the smaller
region with the mean (across voxels) peak timing of the
bigger region for the last comparison. Multiple compar-
ison corrections were applied for both metrics (timings
of two peaks) and over all regions or region-pairs (FDR,
p < 0.05). All analysis steps and statistics were performed
with MATLAB R2021a (Mathworks, Natick, MA).

2.2 Ex vivo immunofluorescence (IF)
study

2.2.1 Brain preparation

To assess changes in astrocytes and pericytes in order to
understand impairments in neurovascular coupling, an IF
study was performed on 12 age-matched, male WT (n = 6)
and zQ175DN HET (n = 6) mice at each of the 3, 6, 8 and
12 months of age (48 animals in total). Cardiac perfusion
was performed with PBS solution and 4% paraformalde-
hyde solution (PFA). Extracted brains were post-fixed in
4% PFA at 4◦C for 24 h, followed by 30% sucrose at 4◦C for
72 h. Brains were cryo-embedded in Tissue-Tek R© O.C.T.
Compound (Sakura, Cat. # 4583) with a precision cryo-
embedding system and stored at –80◦C. For sectioning,
brains were embedded in an O.C.T.-embedding medium.
At Bregma lateral 2.52, 0.96 and 0.12 mm, sagittal sections
of 30 µm were obtained using a Leica CM1950 cryomicro-
tome (LeicaBioSystems, Belgium), thawmounted onVWR
Superfrost Plus micro slides (VWR, Leuven, Belgium) and
dried for 2 h at 37◦C.

2.2.2 IF staining

Sections were first acclimatised at room temperature (RT)
and further rehydrated in PBS (Life Technologies, 7001–36)
for 5 min. Next, antigen retrieval was done by incuba-
tion in citrate buffer pH 6.0 for 30 min at 80◦C. After
washing three timeswith PBS, permeabilisation and block-
ing of endogenous proteins were done with 0.5% Triton
X-100 and 10% normal donkey serum (NDS, Jackson
Immunoresearch, 017-000-121) in PBS for 30min, followed
by donkey anti-mouse IgG Fab fragment (1:40 in PBS,
Jackson Immunoresearch, 715-006-151), blocking for 1 h
at RT. Two stainings were performed where the follow-
ing primary antibodies were applied in the first staining
(1) 2B4 – marker for mHTT (1:200, Sigma Eldrich, Cat.
# MAB5492) and CD13 – marker for pericytes (1:100,
R&D Systems, Cat. # AF2335) diluted in PBS + 5% NDS
and in the second staining (2) 2B4 (1:200, Sigma Eldrich,
Cat. # MAB5492), GFAP – marker for reactive astrocytes
(1:1000, Abcam, Cat. # ab4674) and VEGF (1:100, Thermo
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Fisher, Cat. # MA5-32038) were diluted in 0.1% Triton X-
100 and 1% NDS in PBS and incubated overnight at RT.
After washing with PBS, the fluorescent-conjugated sec-
ondary antibodies were applied: (1) donkey anti-mouse
Cy5 (1:50, Jackson Immunoresearch, Cat. # 715-175-151) for
2B4 and donkey anti-goat AF555 (1:200, Thermo Fisher,
Cat. # A21432) for CD13 and (2) donkey anti-chicken Cy3
(1:500, Jackson Immunoresearch, Cat. # 703-166-155), don-
key anti-mouseCy5 (1:50, Jackson Immunoresearch, Cat. #
715-175-151) and donkey anti-rabbit AF488 (1:200, Jackson
Immunoresearch, 711-545-152) for VEGF with PBS for 1 h
on RT. In the first staining, an additional subsequent 2 h
incubation was done with Lectin-Dylight 488 (1:25, Vector
Laboratories, Cat. # DL-1174). After washing, in both stain-
ings, sections were covered with a coverslip with antifade
mounting medium containing DAPI (VECTASHIELD R©
AntifadeMountingMediumwithDAPI Cat. #H-1500) and
stored at 4◦C.

2.2.3 IF image acquisition

Confocal images of the stained sections were acquired
for 8 brain ROIs: medial (m) CPu (lateral 0.96 mm), lat-
eral (l) CPu (lateral 2.52 mm), S1Ctx, MCtx 1, MCtx 2,
Cingulate Cortex (CgCtx), Piriform Cortex (PiriCtx) and
Insular Cortex (InsCtx) with a Perkin Elmer UltraviewVox
dual spinning disk confocal microscope, mounted on a
Nikon Ti body using a 40× dry objective (numerical aper-
ture 0.95). Laserswithwavelengths 405 nm, 488 nm, 561nm
and 640 nm were used in combination with a quadru-
ple dichroic and 445/60–525/50–615/70–705/90 emission
filters. Detection was done on a Hamamatsu C9100-50
camera. Image acquisition was done using the Volocity
software. Per animal and brain region, 5 images were
acquired in 30 axial positions separated by a 1 µm spacing
and a pixel resolution of 0.1786 µm.

2.2.4 IF image processing and analysis

A macro script was written for FIJI image analysis43 and
is available on GitHub (https://github.com/DeVosLab/
Huntington). This script is built on modules that were
already integrated with similar image analysis pipelines
previously developed.44–46 In brief, 30 µm z-stacks were
divided into maximum projections of 5 µm substacks,
with 2 µm in between each substack. In each projection,
the DAPI channel was used to detect nuclei employing
the Stardist-trained convolutional network47 after back-
ground correction and smoothing (Gaussian filter with a
radius of 8 pixels) to suppress contrast variations. Iden-
tified nuclei were then filtered based on user-defined

area and circularity limits. To define a cell region, the
nuclear region was concentrically dilated by 3.2 µm. Due
to region-dependent differences in signal distribution (e.g.,
2B4 signal, Figure S10), we opted for region specific anal-
ysis settings that were applied for all animals and time
points within the specified region. 2B4-positive huntingtin
spots were segmented based on a user-defined thresh-
old after background subtraction andmultiscale Laplacian
spot enhancement. Spots were further filtered based on
user-defined area and circularity filters. Nonspecific 2B4
staining in blood vessels was excluded from this analysis.
Cells that contained at least one spot were identified as
2B4+ cells. 2B4 spot coverage was calculated as the sum
of the area of all spots in a cell divided by the projected
cell area. To identify blood vessels and CD13+ vascular
regions in themaximumprojections, amultiscale tubeness
filter48,49 and a user-defined threshold were used on both
the lectin and CD13 channels, respectively. CD13 coverage
on blood vessels was defined as the area of the overlapping
CD13+ regions and lectin+ regions divided by the total
blood vessel area (lectin+) in a FOV. To quantify the area
of GFAP+ regions, a Gaussian filter (7-pixel kernel radius)
was applied to the maximum projections after which a low
user-defined threshold was applied to detect all GFAP+
regions in the image.
After processing, data analysis was performed in R.50

Cells that had a nuclear overlap with CD13+/GFAP+ pix-
els greater than 50% were assigned as CD13+ or GFAP+
cells respectively. All single-cell data from substack projec-
tions were pooled for every image to obtain the final cell
counts. Other variables (e.g., spot coverage) were averaged
over all substack projections for each image.

2.2.5 IF statistical analysis

Image-based outlier detection was applied using the
median ± 3 × median absolute deviation as outer lim-
its within each brain region and animal ID. If fewer than
3 images were retained, the animal ID was discarded
from further analysis for the specific region. In the next
step, all variables were averaged for each animal ID and
region after which a similar ID-based outlier detection
was applied. For longitudinal assessment of all markers,
Two-way ANOVA was used with main factors of geno-
type and age and genotype × age interaction. In the case
of interaction, post hoc comparisons (FDR correction for
10 comparisons, p < 0.05) were performed for values
within each genotype across ages compared to a control
age of 3 months and between genotypes per age. When
no interaction was present, the model was recalculated
only for the main effects and a post hoc comparison (FDR,
p< 0.05) was performed for each effect separately (for age,
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comparisons are made to 3 months as a control). In the
case of 2B4 occupancy in CD13+ and GFAP+ cells in the
zQ175DN HET, two-way ANOVA included main factor age
and region and their interaction, where post hoc com-
parisons (FDR correction for 28 comparisons, p < 0.05)
were performed for each region pair per age. All statis-
tical analyses and graph visualisations were performed
using GraphPad Prism (version 9.4.1 for Windows, Graph-
Pad Software, San Diego, California USA, www.graphpad.
com). Outlier detection was performed in R.

3 RESULTS

3.1 Representative short (LCN and
DMLN) and long (LCN DMLN) QPPs

Spatiotemporal hierarchical clustering of short (3 s) QPPs
revealed two robust clusters in both WT and zQ175 HET
mice at every age (Figure S1A and B). As previously
reported, short QPPs represent distinct singular brain
states in the rodent brain.18,22,23,38 The QPPs of the first
cluster showed co-activation of regions that represent the
LCN, such as MCtx 1, MCtx 2, S1Ctxb, S2Ctx, lCPu, frontal
association cortex (FrACtx) and insular cortex (InsCtx)
and a simultaneous co-deactivation of regions that repre-
sent the DMLN like CgCtx, RspCtx, pre-infralimbic cortex
(PrL/ILCtx), mCPu, S1Ctxa, dentate gyrus (DG), entorhi-
nal cortex (EntCtx), auditory cortex (AuCtx) and olfactory
area (OA). TheQPPs belonging to the second cluster exhib-
ited inverse activity with the co-activation of DMLN and
co-deactivation of LCN regions. These short QPPs are
further named LCN and DMLN QPP, based on the co-
activated networks they display (Figure 1A). To understand
a more complex brain state periodicity, long (10 s) QPPs
were extracted. Clustering revealed long QPPs that consti-
tute an interchange of activity between the two dominant
networks, where LCN transitions into DMLN activation
(Figure 1B). This QPP is the rodent homolog of the human
primary QPP.19 Hence, characteristic short and long QPPs
are present in both WT and zQ175DN HET mice.

3.2 Age-specific spatial and temporal
alterations in short (3 s) LCN and DMLN
QPPs

Voxel-wise differences were assessed based on the spa-
tial properties of rQPPs, where two types of between-
group comparisons were conducted for the LCN and
DMLNQPPs: first, differences in the spatial (de)activation
between rQPPs from each group and the second, differ-
ences in the spatial (de)activation between each rQPP

of one group and its projection in the other group. The
first comparison accounted for differences in most promi-
nent QPPs that were deemed to be similar based on
visual inspection and spatial correlation while the second
accounted for changes in (de)activation of group represen-
tations of the same QPP (native rQPP of one group vs. its
projected pattern in the other group).
At 3 months of age, a comparison between the LCN

rQPPs (Figure 2A) revealed reduced activation of the ven-
tral portion of the caudate CPu (vcCPu) and VCtx while
a higher activation was present in the S1Ctx, lCPu, InsCtx
and PiriCtx in the zQ175DN HETmice as compared to WT
mice (Figure 2B – left). Higher deactivation in the zQ15DN
HETwas found in theMCtx 2, CgCtx and the RspCtx and a
portion of the VCtx (Figure 2B – left). ComparingWT LCN
rQPP with its projection in zQ175DN HET, similar differ-
enceswere observed (Figure 2B – right).On the other hand,
the zQ175DN HET LCN rQPP revealed mainly decreased
activation and deactivation in vcCPu and CgCtx respec-
tively, when compared with its projection in WT (Figure
S2 – left). The group-specific DMLN rQPP (Figure 2C)
revealed reduced activation in the RspCtx, CgCtx andVCtx
and reduced deactivation in the MCtx 1, vcCPu, olfactory
bulb (OB) and an inferior portion of InsCtx in the zQ175DN
HET as compared to WT (Figure 2D – left). Interestingly,
an increased deactivation was present in S1Ctx, S2Ctx,
lCPu and superior portions of InsCtx in the zQ175DNHET
group, the same regions that showed increased activation
during the LCN rQPP, indicating a potential hyper-activity
compensatory mechanism. Comparison of the WT DMLN
rQPP between genotypes revealed fewer differences with
only decreased activation in the inferior portion of InsCtx
and higher and lower deactivation in S1Ctx and MCtx 2,
respectively (Figure 2D – right). zQ175DN HET DMLN
rQPP differenceswere only restricted to reduced activation
in VCtx (Figure S2 – right).
At 6 months of age, differences in group-based LCN

rQPP (Figure S3A) revealed increased activation in the
lCPu, S1Ctx, InsCtx and PiriCtx in the zQ175DN HET
(Figure 3A – left), as at 3 months of age (Figure 2B),
and reduced deactivation in RspCtx. Moreover, a robustly
reduced activation was observed bilaterally in the S2Ctx
and some portions of S1Ctx, also found when WT and
zQ175DN HET-specific LCN rQPPs were compared with
their projections in the other group (Figures 3A – right
and S3B). The group-based DMLN rQPP (Figure S3C)
comparison showed alterations in zQ175DN HET with
an overall decreased activation in DMLN-related regions
(RspCtx, CgCtx, hippocampus (HC)), VCtx and OB, while
an increased activation was observed in the thalamus
(Thal), mCPu, nucleus accumbens (NAcc) and in the supe-
rior portion of the superior colliculus (SC; Figure 3B – left).
Additionally, reduced deactivation was found in the lCPu,

http://www.graphpad.com
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F IGURE 1 Anatomical representation of (de)activations in LCN, DMLN and LCN DMLN rQPPs in the 6-month-old WT. Visualisation
of selected brain levels of the group-wise One-sample T-maps (two-tailed one-sample T-test, FDR corrected, p < 0.05, k ≥ 10) of (A) short (3 s)
representative (r) LCN and rDMLN QPP (left and right) and (B) long (10 s) rLCN DMLN QPP that represent significantly higher
(red-yellow)/lower (blue-white) mean global BOLD activity. Maps are overlaid on a high-resolution MRI anatomical 3D image. Anatomical
outline of regions corresponding to (de)activated areas in the rQPPs (A, middle), where regions are colour coded whether they pertain to a
specific network (green – DMLN, purple – LCN, blue – ACN, pink – SuCN) or not (orange); CgCtx cingulate cortex, MCtx 1 motor cortex 1,
MCtx 2 motor cortex 2, S1Ctxa somatosensory cortex 1 (trunk and lower limb), S1Ctxb somatosensory cortex 1 (mouth), RspCtx retrosplenial
cortex, VCtx visual cortex, OB olfactory bulb, PrL/ILCtx pre-/infralimbic cortex, FrACtx frontal association cortex, DG dentate gyrus, HC
hippocampus, S2Ctx somatosensory cortex 2, mCPu – medial caudate putamen, lCPu lateral caudate putamen, AuCtx – auditory cortex,
EntCtx entorhinal cortex, OA olfactory area, LS lateral septal nucleus, PiriCtx piriform cortex, InsCtx insular cortex, Thal thalamus, SNr
substantia nigra reticular part.

S1Ctx and lower portion of SC. DMLN-region diminished
activation was also present in the WT or zQ175DN HET-
based DMLN rQPP comparisons with their projections in
the other group (Figures 3B – right and S3D); however,
the remaining differences as observed in the group-based
rQPP, here, were less present.
At 10 months of age, along with the reduced activation

observed bilaterally in the S2Ctx, as it was at 6 months, a
reduction in activation in NAcc was also found (Figure 3C
– left) in the zQ175 DN HET when LCN rQPPs from each
group (Figure S4A) were directly compared. Higher acti-
vation was found in the lCPu and reduced deactivation

in the VCtx and HC. Similar changes were found when
zQ175DN HET-based rLCN QPP was compared with its
projection in WT (Figure S4B), but WT LCN rQPP showed
no significant differences when compared with its projec-
tion in zQ175DN HET (Figure 3C – right). Interestingly,
direct comparison of group-based DMLN rQPPs showed
significant differences across the pattern, with a robustly
decreasedDMLN-region activation, increased activation in
the Thal, increased deactivation in the S1Ctx and decreased
deactivation in the OB and SC (Figure 3D – left). These
whole-brain differences indicate that this rQPP of the
zQ175DNHET is a phenotypically distinct rQPP.While the
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F IGURE 2 Group DMLN and LCN rQPPs in WT and zQ175DN HET and spatial activation differences at 3 months of age. (A, C)
One-sample T-maps of LCN (A) and DMLN (C) rQPPs in both groups where significantly activated (red-yellow) and deactivated (green-blue)
voxels as compared to the mean BOLD signal are shown (two-tailed one-sample T-test, FDR, p < 0.05). (B, D) Two-sample T-test maps
(two-tailed, FDR, p < 0.05) of (1) between-group differences for LCN and DMLN rQPP of each group (left panels) and (2) differences between
WT LCN and WT DMLN rQPPs and their projections in the zQ175DN HET (right panels). Red-yellow and blue-green colour bars display
differences in voxels that are positively and negatively activated, respectively.

WT DMLN rQPP showed no difference with its projection
in zQ175 DN HET (Figure 3D – right), the zQ175DN HET
DMLN rQPP showed several differenceswith reduced acti-
vation in CgCtx and VCtx and increased activation in one
portion of the Thal (Figure S4D).
Next, we compared the temporal properties, namely the

occurrences of rQPPs. Here, the comparison was made
between the occurrences of rQPP from each group with
that of its projection in the other. The occurrence rate of
the WT LCN rQPP was significantly reduced in zQ175DN

HET at 3 (p= 0.0194) and 10 (p= 0.0097; Figure 4A and C)
but not at 6months of age (p= 0.2116; Figure 4B).However,
WT DMLN rQPP showed significantly reduced occur-
rences in zQ175DN HET at all ages (3 months: p = 0.0311;
6 months: p = 0.0012; 10 months: p = 2E-06; Figure 4).
Conversely, occurrence rates of both QPPs identified in the
zQ175DN HET did not differ from those of their projec-
tions in WT at any age. This indicates that the normative
WT LCN and DMLN rQPP are present and progressively
diminish in occurrence in the zQ175DN HET group, while
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F IGURE 3 Spatial activation differences between WT and zQ175DN HET in LCN and DMLN QPP at 6 and 10 months of age.
Two-sample T-test maps (two-tailed, FDR, p < 0.05) of (1) between-group differences for LCN and DMLN rQPP of each group (left panels)
and (2) differences between WT LCN and WT DMLN rQPPs and their projections in the zQ175DN HET (right panels) at 6 (A, B) and 10 (C, D)
months of age. Red-yellow and blue-green colour bars display differences in voxels that are positively and negatively activated, respectively.

the zQ175DN HET rQPPs are present in the WT group and
do occur as frequently as in the zQ175DN HET group. We
conclude that genotypic differences in regional activation
of LCNandDMLNrQPPs are age-related,whereas the con-
sistently decreased occurrence of the WT rQPP indicates
that the predominant network states in the zQ175DN HET
group are not normative.

3.3 LCN and DMLN rQPPs and their
significance in FC alterations

As QPPs have been demonstrated as an important con-
tributor to FC,19,22,51–54 we investigated if the regression of

the most prominent group-specific LCN and DMLN QPPs
from each group will influence FC genotypic differences.
At 3 months, even though no significant FC differences
were observed between groups (Figure S5A), regression
of both short QPPs introduced a significantly higher FC
between VCtx-S2Ctx as compared to WT (Figure S5B).
At 6 months, several pairs of regions that mostly per-
tain to DMLN and ACN showed a significantly reduced
FC (Figure S5C), whereas after removing the respective
rLCN and rDMLN QPP, these significant FC differences
disappeared, implying that these QPPs contribute to the
intergenotypic difference in FC (Figure S5D). From the
two pairs of connections that showed differences in FC
at 10 months (Figure S5E), after regression of both QPPs



VASILKOVSKA et al. 11 of 23

F IGURE 4 Occurrences of group-specific LCN and DMLN rQPPs within WT and zQ175DN HET at 3, 6 and 10 months of age.
Between-group differences of occurrences of group-specific (WT or zQ175DN HET) rQPP with its projection in the other group (mean ± SD,
two-sample t-test, FDR, p < 0.05); *p ≤ .05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

only the VCtx-AuCtx connection disappeared. However,
several ROI pairs pertaining mostly to DMLN and ACN
were now found to be significantly different between geno-
types (Figure S5F). Since the occurrence rates of both
rQPPswere significantly lower in the zQ175DNHETgroup,
regression of these QPPs had a larger impact on FCs in the
WT group and resulted in higher net remnant FC in the
zQ175DN HET group as compared to WT for several con-
nections as observed in Figure S5F. This implies that the
dominant group-specific QPPs are relevant contributors
to FC, as observed with the loss of genotypic differences
linked to the presence of QPPs.

3.4 Progressive spatiotemporal
alterations in long LCN DMLN (and DMLN
LCN) QPPs

At 3 months, hierarchical clustering of long (10 s) QPPs
revealed one cluster in both groups, whose rQPP demon-
strated LCN activation–DMLN deactivation pattern tran-
sitioning into DMLN activation–LCN deactivation pattern

(LCNDMLN rQPP; Figure 5A). Comparisons of voxel-wise
activations of each group’s LCNDMLN rQPPwere not per-
formed due to the need for a phase shift of one group’s
rQPP to be aligned to the rQPP of the other group. Since
this results in a shift (typically of 1TR), the phase-aligned
QPPswill not represent the true original QPP of that group.
Therefore, we compared WT and zQ175DN HET rQPPs
with their projections in the other group. WT LCN DMLN
rQPP showed, in the first half (LCN activation fragment),
increased activation of the lCPu, decreased activation of
MCtx2 and decreased deactivation of DG, in the zQ175DN
HET group (Figure 5B). However, for the zQ175DN HET
LCN DMLN rQPP, the activation differences during LCN
comprised of decreased activations in the MCtx2, iCPu,
S1Ctx, S2Ctx and reduced deactivation in the DG as well
as in the MCtx2 during DMLN activation (Figure S7A).
At 6 months, two clusters were present in both geno-

types, with one of them showing the LCN DMLN QPP
(Figure S6A) while the other showed an anticorrelated
pattern (DMLN LCN QPP; Figure S6B). WT LCN DMLN
rQPP showed differences only during the LCN fragment,
namely, increased activation in the mCPu, InsCtx and
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F IGURE 5 Group LCN DMLN rQPP and spatial and temporal differences in LCN DMLN and DMLN LCN QPPs at 3 and 6 months of
age. (A) One-sample T-maps of rLCN DMLN QPP in both groups where significantly activated (red-yellow) and deactivated (green-blue)
voxels as compared to the mean BOLD signal are shown (two-tailed one-sample T-test, FDR, p < 0.05); (B, D) Two-sample T-test maps
(two-tailed, FDR, p < 0.05) of between-group differences shown for WT LCN DMLN rQPP at 3 and 6 months; Red-yellow & blue-green colour
bars display differences in voxels that are positively and negatively activated, respectively. (C, E) Genotypic differences in occurrences rate for
WT and zQ175DN HET LCN DMLN rQPP at 3 and 6 and DMLN LCN rQPP at 6 months (mean ± SD, two-sample t-test, FDR, p < 0.05); *p ≤

0.05, **p ≤ 0.01, ***p ≤ 0.001.
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decreased deactivation in the DG. Similar differences were
observed in the case of zQ175DN HET LCN DMLN rQPP
with additional bilateral reduced activation of S2Ctx and
iCPu (Figure S7B). WT DMLN LCN rQPP was not differ-
ent from its projection in the zQ175DN HET group, but
zQ175DNHET rQPP showed, during the DMLN fragment,
decreased activation of DMLN regions (RspCtx, CgCtx,
HC) and the OB (Figure S7C). At 10 months, in the WT
group, one LCN DMLN cluster was present; however, in
the zQ175DN HET group, there was no robust cluster
present but rathermultiple heterogeneous clusters (Figure
S1D), suggesting that in this group, the long QPP compris-
ing of a transition between the two anticorrelated RSNs
(LCN+/DMLN– to LCN–/DMLN+) within the window of
10 s is no longer present at this age.
A comparison of occurrences for the LCN DMLN

rQPPs at 3 months showed no significant differences for
either WT- or zQ175DN HET-based rQPP (Figure 5C).
At 6 months, WT LCN DMLN (p = 0.001) and DMLN
LCN rQPPs (p = 0.001) showed a significant decrease in
occurrence rates when compared with their projections,
but no differences were found in the occurrence rates
of zQ175DN HET rQPPs and their respective projections
in WT (Figure 5E). Thus, long QPPs, the homolog of
the human QPP1, show age-related spatial activation
differences and decreased normative occurrence of the
WT rQPPs in the zQ175DN HET group. Moreover, the
age-related decrease of the DMLN leads to a breakdown
of the LCN DMLN flux state in the zQ175DN HET
group.

3.5 Regional timing differences during
long LCN DMLN (and DMLN LCN) QPPs

To understand the possible driving mechanisms of coordi-
nated activity in brain dynamics represented by the long
QPPs, we investigated the relationship between timings of
six prominent regions’ peak of activity during both LCN
and DMLN fragments, similar to what has been shown
in humans.19 We hypothesised that due to the already
observed alterations in the QPP properties, activity prop-
agation would also be altered in the zQ175DN HET mice.
Here, for 3 and 6 months, we compared regional peak tim-
ings and interregional peak timing relationships for each
of the two peaks of activation in the WT long rQPPs with
their projections in the zQ175DN HET. At 3 months, in
the WT LCN DMLN rQPP, during the LCN fragment, the
mean peak timing of mPFC (p = 0.0111), MCtx (p = 0.003)
and RspCtx (p = 0.0113) showed a significant delay in
zQ175DN HET as compared to WT (Figure S8A). When
assessing the interregional relationship in peak timing,
in both groups, the MCtx succeeded in all other regions

except mPFC in the zQ175DN HET (Figure S8B). More-
over, in both groups, CPu and S1Ctx preceded the mPFC;
however, only in the WT group, both regions also peaked
before the VCtx. The delayed peak in mPFC, MCtx and
RspCtx in the zQ175DN HET group led to significantly
longer interregional peak intervals with the VCtx as com-
pared toWT (Figure S8C). During DMLN activation, MCtx
(p = 7.36E-05) and S1Ctx (p = 0.0089) had a significantly
delayed peak of de-activation (Figure S8D) in zQ175 DN
HET. InWT,mPFCand theVCtx preceded all other regions
and CPu peaked significantly before MCtx, while the
S1Ctx peaked last, but within the zQ175DN HET group, all
other regions peaked before both MCtx and S1Ctx (Figure
S8E). Intergenotypic comparisons revealed that the MCtx
had altered interregional peak relationship with all other
regions in the zQ175DN HET as compared to WT (Figure
S8F).
At 6 months of age, timings were compared forWT LCN

DMLN and DMLN LCN rQPPs. In the WT LCN DMLN
rQPP, during the LCN activation, both S1Ctx (p = 3.04E-
05) and RspCtx (p = 0.0037) showed a significantly earlier
mean peak timing (Figure 6A). Within WT, a significant
difference in peak timing was observed for the CPu peak
that precedes S1Ctx, while within zQ175DNHET, the VCtx
is preceded by the S1Ctx and the RspCtx which also peaks
before mPFC and the MCtx (Figure 6B). Genotypic differ-
ences showed that the premature peak timings in S1Ctx
and RspCtx led to altered interpeak intervals with all other
regions in the zQ175DN HET (Figure 6C).
During DMLN activation, both CPu (p = 3.72E-04) and

the MCtx (p = 3.0E-04) showed a significantly delayed
peak of deactivation while the RspCtx (p = 3.0E-04) had
a significantly earlier peak timing in the zQ175DN HET
(Figure 6D).WithinWT,CPu andmPFCpreceded the peak
timings of all other regions, while the VCtx and RspCtx
peaked after all other regions with RspCtx peaking also
after the VCtx (Figure 6E – top). However, within the
zQ175DN HET group, the MCtx has a significantly lagged
peak after all other regions except RspCtx (Figure 6E –
bottom). Between-group comparisons showed an altered
relationship of the RspCtx with all other regions, but also
of the VCtx with other regions except S1Ctx which in turn
showed a significantly different peak timing relationship
with CPu and MCtx in the zQ175DN HET as compared to
WT (Figure 6F).
In the case of WT DMLN LCN rQPP, where the DMLN

was first activated, in the zQ175DN HET, a significantly
delayed S1Ctx peak of deactivation (p = 2.03E-04) with
an earlier peak of RspCtx (p = 0.0394) activation was
observed (Figure S9A). In both groups, the VCtx peaked
last. Additionally, in the zQ175DN HET, the S1Ctx suc-
ceeded all other regions (Figure S9B). Moreover, the
CPu had an earlier peak compared to mPFC in the WT
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F IGURE 6 Regional mean timing and interregional timing differences in WT LCN DMLN rQPP at 6 months of age. (A, D) Histogram of
the distribution of significant voxels with the between-group differences in mean peak timings for each region during the first (LCN) and
second (DMLN) peak of WT LCN DMLN rQPP; (B, E) between region timing relationship within each group; (C, F) between-group
differences of interregional timing intervals; all comparisons were corrected for both metrics and all regions (two-sample t-test, FDR,
p < 0.05); *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001; CPu caudate putamen, mPFC medial prefrontal cortex, MCtx motor cortex,
SS1Ctx Somatosensory Cortex 1, RspCtx retrosplenial cortex, VCtx visual cortex.

group. The lagged peak of the S1Ctx revealed altered
interregional peak timing differences with mPFC, the
VCtx and the RspCtx in zQ175DN HET with respect to the
WT (Figure S9C). During LCN activation, a significantly
delayed peak of CPu (p = 0.0394) and an earlier RspCtx
peak (p = 0.0394) were present in the zQ175DN HET
group (Figure S9D). In both groups, the mean peak timing
of CPu preceded all other regions except mPFC in the
zQ175DN HET (Figure S9E). Moreover, mPFC and S1Ctx

peaked before the MCtx and the RspCtx peak lagged
all other regions in both groups. Genotypic differences
were observed in the altered relationship of CPu with
RspCtx in the zQ175DN HET group (Figure S9F) due to
the inverse directionality of intergenotypic change in the
peak timings of these two regions. These results reveal
that the nuanced timing relationship of different regions
is affected in the zQ175DN HET group relative to WT.
Specifically, a premature peak of the RspCtx regardless
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of the network state, indicates asynchrony of this region
with respect to the others involved in the long QPPs.

3.6 mHTT deposition in pericytes
across different ages

To find out whether the progressive deposition of mHTT
correlated with the observed defects in QPPs, we quan-
tified the 2B4-positive spot coverage per cell (Figure 7A,
see table S1). The 2B4 spot coverage showed a significant
genotype× age interaction (two-way ANOVA, p< 0.05) for
all considered brain regions. Post hoc comparisons (FDR,
p < 0, see ta.05) showed an increase of 2B4 spot cov-
erage from 6 months onwards in both mCPu and lCPu
but also in the InsCtx, PiriCtx and MCtx 2, while a sig-
nificant increase in 2B4 spot coverage from 8 months
onwards was found in MCtx 1, S1Ctx and CgCtx in the
zQ175DN HET group (see Table S1; Figure 7B). When
refining the analysis to pericytes, by limiting the quantifi-
cation of the 2B4 spot coverage to CD13-positive cells, we
found no significant difference at 3 months, but a signif-
icant increase at 6 months in mCPu, S1Ctx and MCtx 2
(Figure 7D, see table S4). At 8 and 12 months of age, only
mCPu and lCPu showed a significantly increased 2B4 spot
coverage of CD13-positive cells as compared to the other
regions (Figure 7D, see table S4). This suggests that the
CPu shows consistently increase inmHTT load across ages
in pericytes; however, cortical regions show only a tran-
sient increase in mHTT load. Of note, these changes were
independent of pericyte abundance since no significant
differences were observed in the total CD13 area for any
region (Figure S11A, see table S2). Genotypic comparison of
the number of CD13-positive cells revealed an interaction
in lCPu and S1Ctx where post hoc comparisons showed
that only at 6 months of age there was a trend of decrease
(p = 0.063) and a significant decrease (p = 0.035) in cell
count in the zQ175DN HET, respectively (Figure 7C, see
table S3). In theMCtx 2, an overall higher cell count across
ages was observed in zQ175DN HET as compared to WT.
Together, these results demonstrate that, despite the lack
of difference in total pericyte area, cortical regions show
changes in pericyte abundance.

3.7 mHTT deposition in astrocytes and
VEGF changes across different ages

To assess the mHTT occupancy within astrocytes, changes
in 2B4 spot coverage within GFAP+ cells in the zQ175DN
HET mice between regions per age were evaluated (two-
way ANOVA, p < 0.05). Whereas no differences were
present at 3 months, astrocyte 2B4 spot coverage at 6

months, revealed that the mCPu was the only region that
showed a significant increase in the 2B4 area occupied
within GFAP cells, as compared to CgCtx and MCtx 2
(Figure 8B, see table S5). At 8 and 12 months of age, both
the mCPu and PiriCtx had a significantly increased 2B4
spot coverage in GFAP+ cells as compared to the other
regions (Figure 8B, see table S5). Additionally, as a mea-
sure of reactivity in astrocytes, we calculated the GFAP
area (Figure 8C, see table S6), where only the lCPu showed
an interaction with a significant increase in zQ175DNHET
at 12 months (p = 0.01), whereas an overall increase in the
InsCtx was present across ages. GFAP+ cell count com-
parison revealed no significant interaction for any of the
regions, except for the InsCtx, with an overall increase
in GFAP cell count in the zQ175DN HET mice (Figure
S12B, see table S7). Altogether, we observe that mHTT load
in astrocytes is consistently higher in the CPu and later
on in the PiriCtx, as compared to other regions, whereas
changes linked to astrogliosis were steadily present only in
the InsCtx. VEGF has a direct association with both peri-
cytes and astrocytes,55–57 and its increase has been defined
as a neuroprotective response to glutamate excitotoxicity, a
prevailing hypothesis in HD.58–60 Therefore, we measured
the mean VEGF intensity to assess changes in this factor.
From the 8 regions we investigated, lCPu, CgCtx, S1Ctx,
InsCtx and PiriCtx had a significant interaction between
genotype and age (see Table S8). Post hoc comparisons
(FDR, p < 0.05) in these regions showed a markedly sig-
nificant increase at 6 months in the zQ175DN HET group
as compared toWT (Figure 8D). In addition, CgCtx showed
a significant VEGF increase also at 8 months and the lCPu
at 12 months of age. Overall, the pronounced increase in
VEGF in the zQ175DN HET mice at 6 months could sug-
gest a compensatory effect that coincides with the reported
onset of motor deficits in this model.34

4 DISCUSSION

Our study is the first comprehensive study of the evolu-
tion of dynamic recurring whole-brain states in an HD
model, represented by QPPs, which are relevant contrib-
utors to FC. These findings characterise the fine scale of
instantaneous changes in the BOLD-based alterations in
HD, which show the aberrant evolution of the dynam-
ics of the most prominent resting-state networks – the
DMLN and the LCN. Initial region-specific hyperactivity
in these QPPs was observed as a putative early compen-
sation to maintain normal brain network function before
any brain atrophy or motor disturbances are present, as
reported in this HD model.34,61 In addition, we found
progressive cessation of the DMLN activity that led to a
loss of the presence of the rodent homolog of the human
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F IGURE 7 mHTT deposition in total cells and pericytes in zQ175DN mice across ages. (A) Immunofluorescence representative image
for mHTT (2B4, white), pericytes (CD13, magenta) aligning blood vessels (lectin, green) and nuclei (DAPI, blue) in WT and zQ175DN HET in
the lCPu at 6 months of age; between-group comparison of (B) 2B4 coverage in all cells based on 2B4 spot total area relative to the cell area
and (C) number of CD13+ cells across ages (mean ± SD, two-way ANOVA, FDR, p < 0.05); (D) deposition of 2B4 in CD13+ cells in zQ175DN
HET mice across regions at 3, 6, 8 and 12 months of age (mean ± SD, two-way ANOVA, p < 0.05); post hoc comparisons represented as
differences to a specific region (↓), FDR corrected, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, # p ≤ 0.1; mCPu medial caudate
putamen, lCPu lateral caudate putamen, PiriCtx piriform cortex, InsCtx insular cortex, MCtx 1 motor cortex 1, MCtx 2 motor cortex 2, S1Ctx
somatosensory cortex 1, CgCtx cingulate cortex.

primary QPP. These alterations occur when motor deficits
and brain atrophy are present,34,61 suggesting that the loss
of network integrity could contribute to the phenotype pro-
gression in this HD mouse model. Moreover, the reduced
occurrence of the normative QPPs of healthy controls in
the HD mouse model suggests that QPP projection holds
translational potential as a method to inform on the dif-

ferent disease stages in PwHD. With this study, we have
described the dynamicwhole brain network changes along
phenotypic progression in anHDanimalmodel, which can
open new avenues of investigation when applied in clini-
calHD research. Furthermore, ourwork demonstrates that
measuring dynamic brain states is a significant improve-
ment over the current static FC methods – not only for



VASILKOVSKA et al. 17 of 23

F IGURE 8 mHTT deposition in astrocytes and VEGF expression in the zQ175DN HET mice across ages. Representative
immunofluorescence images of (A, top) mHTT (2B4, white), astrocytes (GFAP, green) and nuclei (DAPI, blue) at 8 months of age and (A,
bottom) an angiogenesis marker (VEGF, yellow) at 6 months of age for WT and zQ175DN HET; (B) deposition of 2B4 in GFAP+ cells in
zQ175DN HET mice across regions at 3, 6, 8 and 12 months of age (mean ± SD, two-way ANOVA, p < 0.05); genotypic difference in (C)
thresholded GFAP+ area relative to FOV and in (D) VEGF intensity in FOV (mean ± SD, two-way ANOVA, p < 0.05); post hoc comparisons
represented as differences to a specific region (↓), FDR corrected, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, # p ≤ .1; AU arbitrary
unit, mCPu medial caudate putamen, lCPu lateral caudate putamen, PiriCtx piriform cortex, InsCtx insular cortex, MCtx 1 motor cortex 1,
MCtx 2 motor cortex 2, S1Ctx somatosensory cortex 1, CgCtx cingulate cortex.

preclinical investigation but also potentially for clinicalHD
research.

4.1 Diminished DMLN activity – an
instigator for a breakdown of the LCN
DMLN activation cycle

Previously, we found differences in FC starting in DMLN
and ACN regions in the zQ175DN HET mice as compared
to WT, at 6 months of age.27 Here, we reveal dynamic
QPP states already at 3 months with increased deacti-
vation, and decreased activation in parts of the RspCtx,
CgCtx, MCtx 2 and VCtx, all regions that are part of

the core activation of DMLN.62 Moreover, these regions
showed a lagged peak of deactivation during LCN in the
LCN DMN QPP, while the MCtx also lagged in its peak
of activation in the DMLN segment, leading to altered
relationships with the other regions. Deficits in neuronal
synchrony in the motor cortex during nonmotion, mea-
sured with Ca2+ imaging, as well as electrophysiological
alterations, were also reported at this age in the zQ175
mice, explaining a potential compensatory mechanism of
motor network synchrony during motion.63,64 Recently,
increased intrinsic hyper-excitability in the cortical pyra-
midal neurons of the S1Ctx at 3 months in the zQ175 mice
was reported, aligning with our findings of increased acti-
vation in the S1Ctx at the same age.65 At 6 months of
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age, our findings show a prominent reduction in BOLD
de- and activation of the RspCtx in LCN and DMLN QPP,
respectively, accompanied by reduced activation also in
CgCtx and VCtx. This marked decrease in activation in the
DMLN QPP was also seen in the reduced occurrence of
this pattern in the zQ175DN HET mice. Remarkably, the
RspCtx also showed a premature peak of either activation
or deactivation in both long QPPs, indicating that there
is an asynchronous peak in the BOLD activity that leads
to altered time-locked relationships with other regions. A
recent study in zQ175DN mice of the same age reported
altered mesoscale cortical activity in the RspCtx during a
behavioural task where they report that initial behavioural
deficits occur at this age, suggesting a potential role of
the RspCtx in phenoconversion in this model.66 The over-
all diminished DMLN activity at 10 months also led to a
breakdown of the LCN DMLN state flux reflected in the
lack of presence of the LCN DMLN QPP in the zQ175DN
HET group, alongside the decreased occurrence of DMLN.
Importantly, aligning with our findings, in a recent cross-
sectional study assessing dynamic FC in PwHD, alterations
were observed after clinical motor diagnosis, where it was
shown that PwHD tend to dwell in a lower FC state in
regions pertaining to the DMN which in turn had also
altered dynamic interplay with the executive control net-
work (ECN), the human homologs of the DMLN and LCN,
respectively.67 Human FC has been shown to rely on a par-
ticular hierarchy that is reflected in cortical gradients of
the RSNs, which shows variation from unimodal regions
on one end, such as S1Ctx and S2Ctx, which are hard-
wired and have stronger structural-functional coupling,
and transmodal regions on the other end, which underly
multi-input integration, such as the DMN constituents, a
major hub for incorporating cortical information.68–71 This
gradient cortical hierarchy was also found in mice, with
similarities observed in both functional and long-range
axonal properties.70,72,73 The transmodal DMLN regions
play a central part in multimodal input; hence, they are
highly adaptive to different types of information, there-
fore, playing a crucial role in normal sensory processing
and integration.71,72 However, in pathological conditions,
these regions are more vulnerable to processes of neu-
rodegeneration; this was observed in Parkinson’s disease
patients, where DMN shows higher structural-functional
decoupling in DMN, which was also linked to a decrease
in dopamine transmission.74 Our observations from both
FC and dynamic analysis point towards the DMLN as the
most vulnerable network in the zQ175DN HET that leads
to a progressive prevalence of segregated states that per-
tain to the hard-wired unimodal regions. To be able to
better link the structural coupling to these changes, future
investigations of T1w:T2w MRI could help in mapping the
myelin-based gradients in the cortex.72,75

4.2 Nonnormative QPPs govern
brain-wide activity – a case for the
neurodevelopmental hypothesis

We observed that the normative WT-based QPPs are ubiq-
uitously underrepresented at all ages in the zQ175DNHET
group. Surprisingly, the zQ175DN HET-based QPPs were
present in theWTwith the same occurrence. This suggests
that the most dominant forms of DMLN and LCN QPPs
in the zQ175DN HET group are a weaker state of these
RSNs, as they still occur with the same frequency within
the WT, but less than the normative QPPs. This implies
a possible neurodevelopmental role underlying the RSNs
in this model. A growing body of evidence supports the
hypothesis that HD has neurodevelopmental origin.76–80
This hypothesis posits that the mutated huntingtin gene
alters specific brain regions and their circuits from birth,
but these maladaptations are compensated for in early life,
while these abnormal cells are in a quiescent-like state.78
During adulthood, normal ageing and epigenetic factors
influence the breakdown of this protective mechanism
which leads to the known neurodegenerative process.
Many HD models have demonstrated cortical maldevel-
opment to have a short-term change in a specific postnatal
window that shows transient circuitry alterations but also
brain volume abnormalities, whichwere observed in zQ175
male mice.31,81,82 As regional volume postnatal changes
are present in this model,31 assessing how this impacts
RSNs in this critical period would aid in better understat-
ing of the developmental effects on whole brain circuitry
in HD.79,83

4.3 mHTT deposition in astrocytes and
pericytes linked to QPP alterations

Both astrocytes and pericytes have a role in the functional
hyperaemia as a response to neuronal activity which forms
the phenomenon of neurovascular coupling. As the basis
of the fMRI BOLD signal stems from this coupling, cell-
specific alterations can create a cause/effect alteration in
neuronal activity and thus in the functional connectivity
of the brain. The role of astrocytes and their dysfunction
in HD pathology is gaining attention as their impairment
has been postulated to play a critical role in imbalanced
glutamate homeostasis, the underlying cause of excitotox-
icity in HD.84,85 For the first time, we have characterised
GFAP+ astrocytes across different cortical regions in this
model, where at 6 months, despite no change in the total
area which is indicative of astrogliosis, we observed an
overall increase in 2B4 spot coverage with the mCPu
showing the highest percentage. This increase in 2B4 spot
coverage was also observed at 8 months in mCPu, lCPu
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and PiriCtx. In GFAP+ astrocytes, an increase in mHTT
inclusion diameter was observed at the same age in the
frontal cortex and striatum in this model.86 However,
S100ß+ cells, a marker for nonreactive astrocytes, showed
more inclusions even from 6months of age and it has been
reported that this marker is more sensitive for staining
all astrocytes.86–88 Increases in mHTT coverage within
astrocytes in the CPu and several cortical regions with
the absence of astrogliosis can indicate the presence of
functional alterations that can potentially influence the
BOLD-related alterations observed with QPPs. Moreover,
an increase in GFAP+ area and cell count in the InsCtx
was present across ages, which means that astrogliosis
is present in this region. It is tempting to speculate that
this susceptibility is due to the InsCtx being one of the
transmodal regions in the functional gradients which
is more sensitive under pathological conditions, such
as the phenotype driven by mHTT expression in the
zQ175DN HET model.72 Pericytes are an integral part
of the neurogliovascular unit, especially at the capillary
level, where they regulate the vessel diameter in response
to the energy demands of the brain.89,90 Pericytes have not
been well investigated in an HD context except for two
studies – one in R6/2 mice and another using cell cultures
from PwHD – that show decreased pericyte coverage
in the cortex.91,92 In our study, we characterise for the
first time pericyte alterations in an HD model in several
cortical and striatal regions across different ages. In the
zQ175DN HET group, at 6 months of age, we observed
increased 2B4 spot coverage in CD13+ pericytes in mCPu,
S1Ctx and MCtx 2. Moreover, only at this age, decreased
pericyte count was present in the S1Ctx and a trend of
decrease in the CPu at this age. It can be inferred that loss
of pericytes in these regions can be a transitory change,
coinciding with the phenotypic conversion in this model,
that is being compensated for after initial abnormalities
occur.34,66 Interestingly, these regions show consistent
hyper(de)activations in QPPs. The MCtx 2, however,
has an overall increase in pericytes across ages, which
could allude to a developed maladaptation in this region.
The presence of increased but potentially dysfunctional
pericytes can influence neurovascular coupling, which
could lead to overly constricted blood vessels with reduced
blood flow as a response to neuronal activity. These postu-
lated changes can be linked to the weaker (de)activation
observed in theMCtx in QPPs. VEGF is typically known as
a marker for angiogenesis; however, there are numerous
functions linked to this factor and has been implicated
in the etiology and treatment of NDs.59,60,93,94 In R6/2
mice and cell cultures from PwHD, increases in VEGF are
observed and linked to an increase in inflammatory-prone
astrocytes that leads to decreased pericyte coverage.91
Our findings reveal a marked increase of VEGF in lCPu,

S1Ctx, InsCtx and PiriCtx at 6 months of age, regions that
have shown hyperactivation in QPPs. VEGF has neuro-
protective effects, one of which is reducing vulnerability
against glutamate excitotoxicity by inducing expression
of the GluR2 subunit of the AMPA receptors.58 Moreover,
it has been shown that increase in VEGF protects in a
dose-dependentmanner againstmHTT aggregation, atten-
uation and general neuronal and medium spiny neuronal
loss in the striatum.59 In this study, changes in hyperactiva-
tion in these same regions in QPPs are also present earlier,
at 3 months, which could suggest that initial changes
on the circuitry level could induce the observed VEGF
increase at 6 months, as a compensatory neuroprotective
mechanism that results from aberrant corticostriatal
connectivity.

4.4 Limitations

In this study, we used only zQ175 HET male mice since
they exhibit brain volume changes, resembling what is
observed in PwHD.31 Since the cortico-striato-thalamic
network comprises subsegregated regional circuitry,95,96 to
have a more granulated assessment of how these regions
are altered in their timings during QPPs, future stud-
ies should employ a detailed whole brain parcellation to
unravel these changes. Of note, all animals were single-
housed due to the aggressive phenotype that they exhibited
at an early age. Social isolation has been implicated to
have effects on brain physiology and function97; however,
as both genotypes were kept under the same conditions,
the intergenotypic differences are mainly due to the HD
phenotype. In our IF study, we did not observe changes
in 2B4 spot coverage in cells at 3 months, despite this
being shown in this model, using different markers, such
as the antibodies S829 or S830, which observe changes
starting even from 1–2 months of age.86,98 Likewise, the
use of S100ß as a marker for astrocytes would be a more
appropriate replacement compared to GFAP, which only
represents inflammatory states of astrogliosis. Moreover,
we did not include the RspCtx as a region of interest; these
markers should be assessed in this region as well as it
clearly showed marked QPP changes. To disentangle the
cell-specific alterations in brain-wide network dynamics,
future studies should apply chemo- or optogenetic mod-
ulation specific to astrocytes or pericytes in combination
with rsfMRI to observe in vivo brain-wide changes per-
taining to these cell types. A complementary behavioural
assessment alongside the longitudinal rsfMRI time points
would allow for a reliable link to the phenotypic evolu-
tion in this model and the deficits that develop at different
ages which can potentially be linked to the observed brain
network changes.
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5 CONCLUSION

These findings demonstrate the importance and promise
of investigating the whole-brain network dynamics using
QPPs, constituents of the brain’s most prominent RSNs,
in preclinical research. This method reveals changes in
region-specific activations, occurrences, and the interpeak
relationship of regions that are involved in the networks
as part of the QPPs. Most importantly, QPPs uncovered
progressive cessation of synchronous brain activity with
phenotypic progression, which is not observed with the
conventional static FC approaches. This work opens new
avenues in assessing the dynamics of whole brain states,
through QPPs, in clinical HD research.
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