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ABSTRACT 24 

 25 

Huntington's disease is an autosomal, dominantly inherited neurodegenerative disease caused 26 

by an expansion of the CAG repeats in exon 1 of the huntingtin gene. Neuronal degeneration 27 

and dysfunction that precedes regional atrophy result in the impairment of striatal and cortical 28 

circuits that affect the brain’s large-scale network functionality. However, the evolution of 29 

these disease-driven, large-scale connectivity alterations is still poorly understood.  30 

Here we used resting-state fMRI to investigate functional connectivity changes in a mouse 31 

model of Huntington's disease in several relevant brain networks and how they are affected at 32 

different ages that follow a disease-like phenotypic progression. Towards this, we used the 33 

heterozygous (HET) form of the zQ175DN Huntington's disease mouse model that 34 

recapitulates aspects of human disease pathology. Seed- and Region-based analyses were 35 

performed at different ages, on 3-, 6-, 10-, and 12-month-old HET and age-matched wild-type 36 

mice.   37 

Our results demonstrate decreased connectivity starting at 6 months of age, most prominently 38 

in regions such as the retrosplenial and cingulate cortices, pertaining to the default mode-like 39 

network and auditory and visual cortices, part of the associative cortical network. At 12 40 

months, we observe a shift towards decreased connectivity in regions such as the 41 

somatosensory cortices, pertaining to the lateral cortical network, and the caudate putamen, a 42 

constituent of the subcortical network. Moreover, we assessed the impact of distinct 43 

Huntington’s Disease-like pathology of the zQ175DN HET mice on age-dependent 44 

connectivity between different brain regions and networks where we demonstrate that 45 

connectivity strength follows a nonlinear, inverted U-shape pattern, a well-known phenomenon 46 

of development and normal aging. Conversely, the neuropathologically driven alteration of 47 

connectivity, especially in the default mode and associative cortical networks, showed 48 

diminished age-dependent evolution of functional connectivity.   49 

These findings reveal that in this Huntington's disease model, altered connectivity starts with 50 

cortical network aberrations which precede striatal connectivity changes, which appear only at 51 

a later age. Taken together, these results suggest that the age-dependent cortical network 52 

dysfunction seen in rodents could represent a relevant pathological process in Huntington's 53 

disease progression.  54 

 55 
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INTRODUCTION 56 
 57 

Huntington's disease is the most prevalent monogenic neurodegenerative disease with an 58 

autosomal, dominantly inherited nature.1,2 Typically, it develops in young to middle-aged 59 

adults and is distinguished by a triad of progressively deteriorating cognitive, psychiatric, and 60 

motor signs and symptoms. The origin of Huntington's disease lies in the abnormal expansion 61 

of the CAG repeat above 39 in the huntingtin gene.3 This results in a mutated form of the 62 

huntingtin protein (mHTT) that contains the expanded polyglutamine (polyQ) stretch. The 63 

prevailing hypothesis is that the mHTT protein exhibits toxic gain-of-function properties that 64 

lead to dysfunction and subsequent death of neurons.4 Vulnerable to this process are basal 65 

ganglia structures, especially the striatum and its medium spiny neuron.4 However, prominent 66 

changes in cortical pathology have been reported, both in anatomy and function, that shed light 67 

on the diversity of the Huntington's disease symptomatology.5-9 Before brain atrophy occurs, 68 

neuronal properties on the level of both the synapse and circuitry already undergo alterations 69 

preceding clinical motor diagnosis.10-12 Despite the known genetic background of Huntington’s 70 

disease, there is no successful disease-modifying therapy thus far. Towards a better 71 

understanding of the disease progression and finding an effective therapeutic strategy, several 72 

imaging modalities that hold the potential of  biomarkers have been used in both clinical and 73 

preclinical research. 13-15  74 

One promising imaging modality is resting-state functional MRI (rsfMRI) that measures 75 

changes in the blood oxygen level-dependent (BOLD) signal, which indirectly reflects 76 

neuronal activity while the brain is at rest. Spontaneous fluctuations in the low frequency (0.01 77 

– 0.1Hz) BOLD signal contain information about the connectivity between distinct brain 78 

regions and reveal the brain’s functional architecture, organized in resting-state networks 79 

(RSN).16,17 Network alterations have already been shown to intersect with neuropathological 80 

findings and also to precede and follow clinical manifestation in other neurodegenerative 81 

diseases, such as Alzheimer’s and Parkinson’s diseases.18,19 In people with Huntington’s 82 

disease (PwHD), cross-sectional rsfMRI studies have revealed heterogeneous alterations in 83 

different relevant RSNs before and after clinical motor diagnosis.20 Most prominent changes 84 

are consistently present in the sensory-motor network in PwHD,  the visual, default mode, 85 

subcortical, and executive networks are mainly affected after clinical diagnosis, however, some 86 

studies also report no significant changes in either pre- or different stages post-clinical motor 87 

diagnosis.11,21,22 Although these clinical findings help describe the course of Huntington’s 88 
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disease and have the potential to be used in future therapeutic strategies, conflicting evidence 89 

suggests the need for a longitudinal study to understand the evolution of functional connectivity 90 

(FC) alterations of these networks consequential to the development and progression of 91 

Huntington’s disease. 92 

Studies in rodent models of Huntington’s disease have affirmed the relevance of both the 93 

cortical and striatal networks where neuronal activity impairments are present in both the 94 

cortical projection and medium spiny neurons across ages.23-27 Cortical circuitry alterations in 95 

Huntington’s disease have been gaining more attention where electrophysiological findings 96 

have shown that, under sensory stimulation, cortical areas such as the motor and sensory cortex 97 

demonstrate aberrant activity in early manifest states.25,26 However, whole-brain functional 98 

connectivity changes in rodent models have not been well investigated, hence the lack of 99 

assessment of the macroscopic network alterations along the Huntington’s disease-like 100 

phenotype progression. 101 

Here we aimed to assess the changes in resting-state network FC using the knock-in zQ175 102 

delta-neo (DN) heterozygous (HET) mouse model of Huntington’s Disease, which  exhibits 103 

cellular, behavioral and cognitive abnormalities, where motor alterations follow temporal 104 

progression from 6 months onwards. 28-30 We acquired rsfMRI and assessed FC at four different 105 

ages: 3, 6, 10 and 12 months,  in the zQ175DN HET, and age-matched wild-type (WT) mice. 106 

We hypothesized that connectivity changes in the large-scale brain networks, especially 107 

involving the striatum, are altered at an early age in the zQ175DN HET mice. Moreover, we 108 

hypothesized that the already established mHTT progressive accumulation30  leads to 109 

continuous worsening in the cortico-cortical and cortico-striatal connectivity of the zQ175DN 110 

HET mice.30  111 

 112 

MATERIALS & METHODS 113 
 114 
Animals 115 
Two cohorts of male, age-matched, WT and HET (cohort 1: WT (n = 18), HET (n = 19); cohort 116 

2 WT (n = 16), HET (n = 19)) zQ175DN KI littermates (C57BL/6J background, CHDI-117 

81003019, JAX stock #029928) were obtained from the Jackson Laboratory (Bar Harbor, ME, 118 

USA). Animals were single-housed in individually ventilated cages with food and water ad 119 

libitum and continuous monitoring for temperature and humidity under a 12h light/dark cycle.  120 
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The animals were kept in the animal facility for at least a week to acclimatize to the current 121 

conditions before the experimental procedures. All experiments and handling were done in 122 

accordance with the EU legislation regulations (EU directive 2010/63/EU) and were approved 123 

by the Ethical Committee for Animal Testing UAntwerp (ECD # 2017-09).   124 

The zQ175DN KI (without a floxed neomycin cassette) mouse model has the human HTT exon 125 

1 substitute for the mouse Htt exon 1 with ~180-220 CAG repeats long tract. This model is a 126 

modified version of the zQ175 KI28 where the congenic C57BL6J is used as the strain 127 

background.31 The first motor deficits are observed at 6 months, marked as an onset of 128 

phenoconversion.29 The HET form of zQ175DN has a slow progression reflected in the 129 

increase of mHTT aggregation from 3 until 12 months, initially appearing in the striatum at 3 130 

and later on in the cortex at 8 months of age.30 A longitudinal rsfMRI study was performed in 131 

the first cohort, in both the zQ175DN HET and their age-matched WTs32, at different ages 132 

following Huntington’s disease-like phenotypic progression: 3, 6 and 10 months. rsfMRI data 133 

in the second cohort were obtained at 12 months of age.  134 

rsfMRI acquisition  135 
MRI scans were acquired on a 9.4 T Biospec system with a four-element receive-only mouse 136 

head cryoprobe coil (Bruker Biospin MRI, Ettlingen, Germany) and a volume resonator for 137 

transmission. Prior to the whole-brain rsfMRI scan, a B0 field map was acquired to measure 138 

the magnetic field inhomogeneities after which local shimming was performed within an 139 

ellipsoid volume, covering the middle portion of the brain. The dynamic BOLD resting-state 140 

signals were measured with a T2*-weighted single-shot Echo-Planar Imaging (EPI) sequence 141 

(field of view (FOV) (27x21) mm2, matrix dimensions (MD) [90x70], 12 horizontal slices of 142 

0.4mm, voxel dimensions (300x300x400) µm3, flip angle 60°, TR 500ms, TE 15ms, 1200 143 

repetitions). After the rsfMRI scan was acquired, a 3D anatomical scan was obtained using the 144 

3D Rapid Acquisition with Refocused Echoes (RARE) sequence with FOV (20x20x10) mm3, 145 

MD [256x256], 128 horizontal slices of 0.3mm, (78x78x78) µm3, TR 1800ms, TE 42ms, pixel 146 

dimensions.  147 

During rsfMRI scans, mice were initially anesthetized with 2% isoflurane (Isoflo®, Abbot 148 

Laboratories Ltd., USA) in a mixture of 200ml/min O2 and 400ml/min N2. After the animal 149 

was stabilized, a subcutaneous bolus injection of medetomidine (0.075 mg/kg; Domitor, Pfizer, 150 

Karlsruhe, Germany) was applied followed by a gradual decrease to 0.5% isoflurane over the 151 

course of 30 minutes which was kept at this level throughout the whole experiment. 152 
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Meanwhile, a continuous infusion of medetomidine (0.15 mg/kg/h), starting 10 minus post 153 

bolus medetomidine injection, was applied in combination with the isoflurane, an established 154 

protocol for rsfMRI in rodents.33,34 Throughout the duration of the experiment, all 155 

physiological parameters (breathing rate, heart rate, O2 saturation, and body temperature) were 156 

kept under normal conditions.  157 

rsfMRI image preprocessing 158 
rsfMRI repetitions for each session were realigned to the first image with a 6-parameter rigid-159 

body spatial transformation estimated with the least-squares approach. Next, a study-based 160 

template was generated. To create an unbiased template, in cohort 1, we used the individual 161 

3D RARE images from 1/2 of each group from each time point. In cohort 2, all 3D RARE 162 

images from both groups were used to generate the study template. The rsfMRI data were co-163 

registered to their respective subject 3D RARE image. The 3D RARE images were normalized 164 

to the common study template. Spatial transformation parameters were also estimated between 165 

the study-based template and an in-house C57BL/6 mouse brain atlas. All the rsfMRI data were 166 

spatially normalized to the in-house C57BL/6 atlas, combining all estimated transformation 167 

parameters: (1) rsfMRI to 3D RARE, (2) 3D RARE to common study template, and (3) 168 

common study template to in-house C57BL/6 atlas. In-plane smoothing was applied using a 169 

Gaussian kernel with full width at half maximum of twice the voxel size followed by motion 170 

vector regression based on the parameters generated during realignment. These steps were 171 

performed using Statistical Parametric Mapping (SPM) using SPM12 (Wellcome Centre for 172 

Human Neuroimaging, London, UK). Using a whole-brain mask, images were further filtered 173 

(0.01-0.2Hz) with a Butterworth band-pass filter where five repetitions from both the beginning 174 

and the end of the image series were removed before and after filtering to eliminate transient 175 

effects. Finally, quadratic detrending (QDT), voxel-wise global signal regression (GSR), and 176 

normalization to unit variance were applied. All analysis steps were performed with MATLAB 177 

R2021a (Mathworks, Natick, MA) and template creation was done using Advanced 178 

Normalization Tools (ANTs). 179 
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Functional connectivity (FC) analysis 180 
To assess FC, we performed connectivity analysis on three different levels: Region of Interest 181 

(ROI)-, network- and seed-based FC.  ROI-based FC was performed on selected ROIs that 182 

pertain to four different networks: the Default Mode-like Network (DMLN), associative 183 

cortical network (ACN), Lateral Cortical Network (LCN), and the Subcortical Network 184 

(SuCN). The network-based FC was carried out by pooling the FCs of ROI pairs that belong 185 

to the specific networks (within-network FC) or a pair of networks (between-network FC). 186 

Moreover, to investigate the brain-wide functional topography, we further performed seed-187 

based FC analysis, where we used several representative regions from each network to evaluate 188 

the connectivity of each seed with the rest of the brain.  189 

ROI- and network-based FC   190 
We selected 26 unilateral ROIs (both left (L) and right (R) hemispheres for each region) from 191 

an in-house C57BL6 mouse atlas35 that represent the main hubs of several relevant large-scale 192 

networks.36,37 The abbreviations for each region are presented in Table 1. For each subject and 193 

each region, we extracted the time series of the region-averaged BOLD signal. Pearson 194 

correlation coefficients were calculated between the BOLD signal time series of each pair of 195 

regions. These correlations were Fisher z-transformed, thus obtaining subject-wise FC 196 

matrices. FC within each brain network was calculated by averaging the pairwise correlations 197 

between the regions of that network. Similarly, between-network FC was calculated by 198 

averaging correlations between the regions of each network. All the above scores were 199 

computed for each subject individually at each age. 200 

Seed-based FC  201 
Seeds (4x4x1 voxels) were drawn at the center of representative regions that pertain to the four 202 

large-scale networks. Seeds were drawn on the left hemisphere regions using the atlas 203 

parcellation to guide their placement. The selected regions were representative of each of the 204 

large-scale networks (Table 1).  The BOLD signal time series were extracted for each seed and 205 

used in the multiple regression model of the BOLD signal time series of every voxel, thus 206 

producing seed-specific individual FC maps.  207 
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 208 
 209 

 210 

 211 

 212 

 213 

 214 

 215 

                      216 

                          Table 1. Brain regions and Network abbreviations 217 

 218 

Statistical analysis  219 
For ROI- and network-based FC, significant connections within each group (One-sample T-220 

test, p ≤ 0.05, False Discovery Rate (FDR) corrected) were identified, and between-group FC 221 

differences were tested for FC pairs found to be significantly different in at least one of the 222 

groups (Two-sample T-test, FDR corrected, p ≤ 0.05). ROI- and network-based FC statistics 223 

were performed in MATLAB R2021a. For Seed-based FC, group-level seed-based FC maps 224 

were generated for both the WT and HET group (One-sample T-test, FDR corrected, p ≤ 0.05, 225 

cluster size (k) ≥ 10). A union of the group-level masks of voxels which are statistically 226 

significantly correlated with the seed region was applied when calculating between-group 227 

differences for each age (Two-sample T-test, FDR corrected, p≤0.05, k≥10) so that only voxels 228 

correlating with the seed region in WT and/or in HET were analyzed. Voxel-level statistics for 229 

the seed-based analysis was performed using SPM12. For visual representation, the T-statistics 230 

were upsampled and transferred onto the high-resolution Australian mouse brain MRI 231 

anatomical image38. These visualizations were produced with MRIcroGL (McCausland Center 232 

for Brain Imaging, University of South Carolina, USA).  233 

In cohort 1, a longitudinal assessment of changes in FC for selected ROI pairs as well as within 234 

and between networks was performed using a Linear Mixed Model (LMM) in JMP® (Version 235 

16, SAS Institute Inc., Cary, NC, 1989 – 2021). We set age, genotype, and age*genotype 236 

interaction as fixed effects in the LMM and added a random slope model with the subject as a 237 

random intercept and age as a random slope. In the case when no significant age*genotype 238 
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interaction was present, the interaction was removed from the LMM and the model was 239 

recalculated using genotype and age and those p values are reported. A posthoc test was further 240 

applied using Tukey honestly significant difference (HSD) with p ≤ 0.05. Graphical 241 

representation of the data was obtained using GraphPad Prism (version 9.2.0 for Windows, 242 

GraphPad Software, San Diego, California USA, www.graphpad.com). All data are 243 

represented with an interquartile range plot and subject values.  244 

 245 

DATA AVAILABILITY  246 

The in-house C57BL6 mouse atlas used in this study is publicly available 247 

https://www.uantwerpen.be/en/research-groups/bio-imaging-lab/research/mri-atlases/c57bl6/. 248 

The data that support the findings of this study are available from the corresponding author 249 

upon reasonable request. 250 

 251 

 252 

RESULTS 253 
            254 
Reduced FC within DMLN and ACN regions at 6 but not 3 months of age 255 

At 3 months, in both groups, positive inter-hemispheric connectivity between homologous 256 

regions within all four networks was present (Fig. 1A). In addition, a positive correlation was 257 

also found between regions of the DMLN and ACN, while a negative correlation of regions 258 

pertaining to these two networks with LCN regions was observed. Moreover, the lCPu was 259 

positively correlated with S1Ctx and S2Ctx from the LCN while negatively correlated with 260 

regions of the DMLN and ACN. Genotype comparison showed no significant differences at 261 

this premanifest state (p>0.05, FDR corrected, Fig. 1B). At 6 months, in both WT and 262 

zQ175DN HET, inter- and intrahemispheric positive FC was present in each network (Fig. 1C). 263 

Moreover, the positive FC between regions of the DMLN and ACN and between LCN and 264 

SuCN, as well as the anti-correlations of these network region pairs, persisted as observed at 3 265 

months. Between-group comparison revealed significantly decreased connectivity in the 266 

zQ175DN HET mice (p≤0.05, FDR corrected, Fig. 1D) in several pairs of regions within the 267 

DMLN: RspCtx (L - R), RspCtx (L&R) – CgCtx (L), PrlCtx (R) – RspCtx (L&R), in the ACN: 268 
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VCtx (L – R), VCtx (L) – AuCtx (L) and between DMLN and ACN: AuCtx (L) – CgCtx 269 

(L&R), AuCtx (L) – RspCtx (L&R).  270 

 271 

 272 

 273 

Figure 1. ROI-based FC shows decreased connectivity within and between DMLN and ACN 274 
regions in the zQ175DN HET at 6 months of age. (A, C) Mean z-transformed correlation (mirrored) 275 

matrices of each group at 3 (top row) and 6 months of age (bottom row); red/orange colors represent 276 
positively correlated connectivity, green color indicates very low to no connectivity between regions, 277 
and dark/light blue colors represent negatively correlated connectivity. (B, D) The upper triangle shows 278 

the FC differences between groups for 3 and 6 months of age, respectively. Red/orange represents lower 279 

positive or higher negative FC between a pair of regions in the zQ175DN HET compared to WT while 280 

dark/light blue represents higher positive or lower negative FC in the zQ175DN HET compared to WT. 281 
White squares in the lower triangle and asterisk in the upper triangle indicate significant group 282 

differences in FC based on a two-sample T-test (p ≤ 0.05, FDR corrected) only performed on 283 
connections that demonstrated a significant FC in at least one group based on a one-sample T-test. 284 

 285 
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Decreased connectivity in LCN and SuCN regions at 10 months of age 286 

At 10 months, in both WT and HET, within all four networks, there was a positive FC within 287 

each pair of regions (Fig. 2A). Moreover, a continued positive FC of DMLN regions with ACN 288 

regions and with regions from the LCN with the SuCN, was observed as it was in other ages 289 

(Fig. 1). Inter-genotype comparisons showed a significant decrease in FC in the zQ175DN 290 

HET mice between PrL (L – R) and AuCtx (R) – VCtx (R) (p≤0.05, FDR corrected, Fig. 2B). 291 

At 12 months, besides the positive FC within and between regions of the DMLN, ACN and 292 

SuCN in both groups, in the LCN, there was no interhemispheric FC present in the S1Ctx and 293 

S2Ctx (Fig. 2C). This was reflected in a positive intrahemispheric FC of these with all other 294 

regions of LCN, but no interhemispheric FC was observed. Interestingly, despite the positive 295 

homotopic FC for mCPu and lCPu of the SuCN, both regions showed only positive 296 

intrahemispheric correlations with the other regions of SuCN. Notably, the zQ175DN HET 297 

showed a significantly decreased interhemispheric FC between RspCtx (L – R), AuCtx (L – 298 

R), S2Ctx (L – R), InsCtx (L) – S2Ctx (R), lCPu (L) – InsCtx (R), lCPu (R) – InsCtx (L) and 299 

intrahemispheric lCPu (R) – PirCtx (R) (p≤0.05, FDR corrected, Fig. 2D). Besides the overall 300 

decrease in the positively correlated pairs, at this age, there was also a significant decrease in 301 

the zQ175DN HET in the negative FC between MCtx (L) – VCtx (R).  302 

 303 

 304 
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 305 

Figure 2. Reduced FC in brain networks at 10 and 12 months of age in the zQ175DN HET mice. 306 
(A, C) Mean z-transformed correlation (mirrored) matrices of each group at 10 (top row) and 12 months 307 

of age (bottom row); red/orange colors represent positively correlated connectivity, green color 308 
indicates very low to no connectivity between regions and dark/light blue colors represent negatively 309 
correlated connectivity (B, D) Upper triangle shows the between-group FC differences for 10 and 12 310 

months of age, respectively. Red/orange represents lower positive or higher negative FC between a pair 311 

of regions in the zQ175DN HET compared to WT while dark/light blue represents higher positive or 312 
lower negative FC in the zQ175DN HET compared to WT. White squares in the lower triangle and 313 

asterisk in the upper triangle indicate significant group differences in FC based on a two-sample T-test 314 
(p ≤ 0.05, FDR corrected) only performed on connections that demonstrated a significant FC in at least 315 

one group based on a one-sample T-test. 316 

 317 

Decrease in cortical and hippocampal connectivity at 6 months of age 318 

Seed-based connectivity maps for each selected seed were obtained for both groups at each 319 

age, however, we found significant inter-genotype difference only at 6 months (Fig. 3), 320 
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whereas for 3, 10, and 12 months we found no significant FC difference for any of the seeds 321 

(data not shown). 322 

At 6 months, using seed-based analysis, we obtained voxel-wise connectivity maps in both 323 

groups for several seeds that are pertaining to DMLN, ACN, LCN, and SuCN. As part of the 324 

DMLN, both the RspCtx and the CgCtx seeds showed positive FC with other DMLN 325 

constituents as well as with the dentate gyrus (DG), medial orbital cortex (MO), Infralimbic 326 

Cortex (IL), Lateral septal nucleus (LS), and Olfactory Area (OA), while a negative FC with 327 

the cerebellum (CB) and medulla (MY) was present (Fig. 3A). Inter-group comparison showed, 328 

in the zQ175DN HET mice, decreased FC of the RspCtx with the positively correlated regions, 329 

while the decreased FC of the CgCtx seed was only with the HC (Fig. 3B). The VCtx seed, 330 

part of the ACN, was positively correlated with the contralateral VCtx and with RspCtx, 331 

CgCtx, MCtx, HC, and LS while negatively correlated with some portions of S1Ctx (Fig. 3A). 332 

A significantly decreased FC in the zQ175DN HET of VCtx with HC, RspCtx, contralateral 333 

VCtx, LS, and the perirhinal cortex was observed (Fig. 3B). However, seeds in S1Ctx and 334 

MCtx as part of LCN and the CPu from SuCN (Fig. 3A) showed no significant difference in 335 

FC between genotypes (Fig. 3B).  336 
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 337 

Figure 3. Seed-based FC analysis reveals reduced connectivity in the zQ175DN HET at 6 months 338 
of age (A) Group-level T-statistical maps of significantly positively (red) or negatively (blue) correlated 339 

regions with the unilateral seeds in both WT and HET (B) Voxel-wise significant differences in 340 

connectivity WT>HET for each seed; T-statistics are FDR corrected for p ≤ 0.05 and cluster size (k ≥ 341 

10) corrected for p ≤ 0.05; color scales represent T-values; MC2 - Motor Cortex 2, HC – Hippocampus, 342 

MO – Medial Orbital Cortex, IL – Infralimbic Cortex, LS – Lateral septal nucleus, OA – Olfactory 343 
Area, PRh – Perirhinal Cortex. 344 

 345 

 346 

Network connectivity decreases from 6 to 12 months of age 347 

In addition to the inter-regional FC differences observed in zQ175DN HET at different states, 348 

we aimed to also assess the disease-related alterations on a network level. As in the case of 349 

inter-regional FC, there was no significant difference in network FC between genotypes at 3-350 

months of age (Supplementary Fig. S1B, top row). At 6 months, in both groups, the positive 351 
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within DMLN, within ACN and DMLN – ACN, and LCN - SuCN connectivity was present 352 

(Fig. 4A, top row). Genotypic differences at this age include decreased FC within DMLN, 353 

within ACN, and between DMLN – ACN in the zQ175DN HET, in line with the observed 354 

ROI-level FC differences (Fig. 1B). At 10 months, only a decrease within the ACN was found 355 

(Supplementary Fig. S1B, bottom row). At 12 months, the within-network, DMLN – ACN, 356 

and LCN – SuCN FC continued to be positive as in earlier ages in both groups. However, the 357 

LCN-DMLN anti-correlation, observed in both groups at earlier ages as well as in WT at 12 358 

months, was no longer present in the zQ175DN HET group as a positive LCN-DMLN FC was 359 

observed (Fig. 4A, bottom row). Between-group comparisons revealed a significantly 360 

decreased within ACN and within SuCN FC and a decreased negative FC between LCN and 361 

ACN in the zQ175DN HET (Fig. 4B, bottom row). 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

Figure 4. Network FC decreases at 6 and 12 months of age in zQ175DN HET and WT mice. (A) 372 

Mean z-transformed correlation (mirrored) matrices of each group at 6 (top row) and 12 months of age 373 

(bottom row) – within network FC is shown along the diagonal of the matrix; red/orange colors 374 

represent positively correlated connectivity, green color indicates very low to no connectivity between 375 
regions and dark/light blue colors represent negatively correlated connectivity. (B) Between-group 376 

differences for 6 and 12 months of age. Red/orange represents lower positive or higher negative FC 377 

between a pair of regions in zQ175DN HET compared to WT while dark/light blue represents higher 378 

positive FC or lower negative FC in zQ175DN HET compared to WT. Asterisk indicates significant 379 
group differences in FC based on a two-sample T-test (p ≤ 0.05, FDR corrected) only performed on 380 

connections that demonstrated a significant FC in at least one group based on a one-sample T-test. 381 
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Age-dependent, region-based FC changes along phenotypic progression 382 

In the cross-sectional comparisons, we observed differences in connectivity strength in 383 

different ages in both groups. Additionally, as development and normal aging have been shown 384 

to have an impact on FC39, we sought to investigate the disease effect on age-dependent 385 

connectivity changes of several different FC ROI pairs in this model.  386 

Overall, in the WT group, in the majority of the region pairs, there was an increase in FC from 387 

3 to 6 months of age, followed by a decreased FC from 6 to 10 months of age (Fig. 5).  This 388 

non-linear inverted U-shape has been reported as a normal product of aging. To understand if 389 

this is the case in the zQ175DN HET as well, we first assessed the interhemispheric FC of four 390 

representative regions from each network (Fig. 5, top row). In all four regions, there was no 391 

significant interaction between age and genotype (Table 2). However, there was a significant 392 

age effect following the same inverted U-shape as in the WT group, with the exception of the 393 

S2Ctx which showed no significant change in FC from 3 to 6 months (Fig.5, top row).  394 

Interestingly, a significant genotype effect was present in RspCtx (p = 0.0001), S2Ctx (p = 395 

0.0171) and VCtx (p = 5.0E-06) but not in the lCPu (p = 0.7144). Thus, while the inverted U-396 

shape age effect was present in the inter-hemispheric FC of three out of four network 397 

representatives in both genotypes, there was an overall, age-non-specific reduction in FC in the 398 

zQ175DN HET group in these ROIs. In addition, we assessed the FC evolution between 399 

regions from different networks, in an ROI pair of the DMLN - CgCtx with RspCtx, of the 400 

ACN – AuCtx with VCtx, and between DMLN and ACN - AuCtx with RspCtx (Fig. 5, bottom 401 

row). A significant interaction of age and genotype was only present in the Cg – RspCtx 402 

connection (p = 0.0461), where the posthoc comparisons revealed a decreased FC at 6 months 403 

in zQ175DN HET (p = 0.0118). Furthermore, as opposed to the inverted U-shape FC in the 404 

WT, with a significant increase in FC from 3 to 6 months (p = 3.00E-05) followed by a decrease 405 

from 6 to 10 months (p = 4.60E), zQ175DN HET showed a decrease of FC only from 6 to 10 406 

months (p = 0.016). In the Au – VCtx and Au – RspCtx pairs, there was a significant genotype 407 

effect (see Table 2) but only Au – RspCtx showed an age effect in the form of an inverted U-408 

shape (Fig. 5, bottom row). Additionally, as the somatosensory regions have been shown as 409 

one of the critically affected areas in Huntington’s disease8, we explored the disease effect on 410 

age-dependent changes within an ROI pair of the LCN – between S2Ctx and MCtx where no 411 

interaction nor a significant age or genotype effect was found (Fig. 5, bottom row).  412 

 413 
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 414 

Figure 5. Age-dependent change in pairwise FC of a subset of regions in WT and zQ175DN HET 415 

mice. Plots demonstrate the connectivity change over time for different pairs of regions: RspCtx (L-R), 416 
S2Ctx (L-R), VCtx (L-R), lCPu (L-R), Cg – RspCtx (L), Au - VCtx (L), Au – RspCtx (L), S2 - MCtx 417 

(L) for both genotypes. Data are presented as an interquartile range of distribution with subject values 418 
in both WT (blue circle) and HET (magenta square). Full lines represent the main genotype effect and 419 

genotype differences at a certain time point; Dashed lines represent the overall age effect (black) or 420 

within WT (blue) and within zQ175DN HET (magenta). Significant difference after Tukey HSD * p ≤ 421 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 422 

 423 

Age-susceptible network alterations across different phenotypic states 424 

As genotype effects were observed on age-dependent FC changes in several ROI pairs, we also 425 

investigated whether the disease impacts the normal aging of network-level FC. Initially, we 426 

assessed the intra-network FC for all four networks (Fig. 6, top row). No significant interaction 427 

between age and genotype was found in any of the four networks, however, a significant age 428 

effect was present (see Table 3), with the already observed non-linear trend (Fig.6, bottom 429 

row). A significant genotype effect was found only in the DMLN and ACN. Subsequently, we 430 

evaluated the impact of the disease on the inter-network connectivity, especially in the 431 

networks that were shown to be impacted in the zQ175DN HET group (Fig. 4B, Supplementary 432 

Fig.S1B) and are either positively (DMLN with ACN and LCN with SuCN) or negatively 433 

(LCN with DMLN and LCN with ACN) correlated (Fig. 6, bottom row).  No interaction of age 434 

and genotype was present between any of the networks (see Table 2), but there was a significant 435 
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age effect in the DMLN – ACN and LCN – SuCN pairs, following the same non-linear trend, 436 

and a significant genotype effect only found in the DMLN – ACN FC (Fig. 6, bottom row).  437 

 438 

 439 

Figure 6. Age-dependent change in network FC in both WT and zQ175DN HET mice. Plots 440 

demonstrate the connectivity change over time for different networks: intra-DMLN, ACN, LCN, SuCN, 441 

and between DMLN – ACN, LCN – SuCN, DMLN – LCN, LCN – ACN for both genotypes. Data are 442 
presented as an interquartile range of distribution with subject values in both WT (blue circle) and 443 

zQ175DN HET (magenta square). Full lines represent the main genotype effect and genotype 444 
differences at a certain time point; Dashed lines represent the overall time effect (black) or within WT 445 

(blue) and zQ175DN HET (magenta). Significant difference after Tukey HSD * p ≤ 0.05, ** p ≤ 0.01, 446 
*** p ≤ 0.001, **** p ≤ 0.0001 447 

 448 
DISCUSSION 449 
 450 

To our knowledge this study is the first to investigate longitudinal changes in large-scale brain 451 

network functional connectivity across disease progression in a Huntington’s disease animal 452 

model. At 3 months, our findings showed no significant difference in either region or network 453 

FC in the zQ175DN HET compared to WT. At both 6 and 10 months, connectivity reductions 454 

between regions of the default mode-like and associated cortical network were continuously 455 

present in the zQ175DN HET mice. Interestingly, at 12 months of age, a shift towards 456 
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decreased connectivity in the lateral and subcortical regions appeared, where the lateral CPu, 457 

the most vulnerable region in Huntington’s disease, exhibited reduced cortical connectivity. 458 

Moreover, our results demonstrated age-dependent connectivity changes as a byproduct of 459 

normal aging in the zQ175DN HET mice, in the form of an inverse U-shape, as observed in 460 

the WT group.  The neuropathologically driven impact on the age-dependent FC evolution was 461 

present in the default mode and associative cortical networks with diminished connectivity in 462 

the zQ175DN HET mice. In addition, at 6 months, reduced cingulate – retrosplenial cortex 463 

connectivity interfered with the normal FC progression in the zQ175DN HET mice.  464 

The retrosplenial, cingulate, pre- and infralimbic, orbital cortex, and hippocampus are the 465 

constituents of the DMLN, a rodent analog to the human default mode network (DMN), which 466 

represents correlated activity between these brain regions in the absence of a goal-oriented 467 

task.36,40-42 Many studies have accentuated the relevance of DMN, especially in neurological 468 

disorders. 43-46 Our results from both seed- and ROI-based FC analyses have demonstrated 469 

consistently a reduced FC within DMLN connectivity in the zQ175DN HET mice, including 470 

the retrosplenial and cingulate cortices, and the medial prefrontal cortex (mPFC) regions such 471 

as orbital, pre- and infralimbic cortices47, present in an early disease-like phenotypic state. 472 

These findings are consistent with widespread DMN alterations observed in PwHD.21,48,49  473 

At 6 months, with a seed in the retrosplenial cortex, we observed decreased FC with the motor 474 

cortex 2, hippocampus, lateral septum, and the mPFC regions. Interestingly, the relationship in 475 

mice between the retrosplenial and motor cortex is known to be involved in sensorimotor 476 

processing and motor control.50  Hence, impaired FC between those regions might potentially 477 

explain the motor abnormalities that start at 6 months of age. The retrosplenial cortex and the 478 

lateral septal nucleus are regions that are important in memory processing and hippocampal 479 

efferent projections to these areas are critical in cognitive processes.51  480 

Noteworthy is that at 6 months, cognitive deficits are present in this Huntington’s Disease 481 

mouse model and others,52,53 which is in line with the well-known cognitive and memory 482 

deficits described in PwHD.54-60  483 

Alterations in the auditory system have been reported in both preclinical and PwHD.61-63 In line 484 

with this, our findings showed, at 6 months, a decreased FC between the auditory with the 485 

cingulate, retrosplenial, and visual cortices in the zQ175DN HET mice. The cingulate is part 486 

of the auditory cortical network while the retrosplenial cortex is relevant in auditory memory-487 

related processes.64,65 Most importantly, the decreased FC in the associative network, 488 
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comprised of the auditory and visual cortices, indicates impaired visual and auditory processing 489 

at this age; this supports recent findings of altered dynamics of the sensory and motor cortices 490 

of the zQ175 HET model when using auditory and visual sensory stimulation at the same age 491 

of 6 months.26 In addition, the reduced FC of the visual cortex with memory-related regions 492 

(HC, LS, PRh) and the retrosplenial cortex, accentuates our findings of marked cognitive and 493 

sensory cortical connectivity alterations at this early Huntington’s disease-like phenotypic 494 

state.  495 

Our findings show a shift in network alteration towards the lateral cortical and subcortical 496 

network regions in the zQ175DN HET mice at 12 months of age. Compared to the early 497 

changes where we observed altered FC in multiple connections from both DMLN and the 498 

associative network, at this age, only interhemispheric connectivity of retrosplenial and 499 

auditory cortices showed reduced FC, from each network respectively. The most interesting 500 

finding by this age, are the reduced changes related to these networks and the more pronounced 501 

differences within and between the lateral and subcortical networks. Two of the components 502 

of the lateral network, the somatosensory 2 and the insular cortex, have been shown to 503 

participate in multimodal sensory processing in both humans and rodents.66,67 The observed 504 

decreased FC in these regions in the zQ175DN HET mice at 12 months, is in line with previous 505 

findings in PwHD in Huntington’s disease patients in regions pertaining to the sensory-motor 506 

network.68 However, some clinical studies in PwHD have also shown increased FC within this 507 

network, attributing those changes to a generalized activity spread due to a loss of 508 

specialization in neuronal function.69,70 The lateral CPu, part of the subcortical network, also 509 

shows a reduction in FC with the insular and piriform cortex. CPu connectivity has been 510 

extensively mapped, showing compartmentalized differences in projections with both of these 511 

regions.71,72 Interestingly, the insular cortex has been shown to have a relevant function in 512 

switching between large-scale brain networks73 but also in body spatial awareness, which has 513 

been reported as altered in PwHD. 63 Moreover, as the piriform cortex is the key area in 514 

olfactory processing, dysfunction in olfactory discrimination is present in both PwHD74,75 and 515 

rodent models, specifically in the zQ175 HET model at the same age of 12 months.76,77 516 
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 517 

Figure 7. RSN alterations along the course of Huntington’s disease in humans and in the 518 

zQ175DN HET mouse model. Human rsfMRI cross-sectional studies (each point represents a study’s 519 

result) demonstrate diverse outcomes in different RSNs in both pre- and manifest stages relative to age-520 
matched controls; Longitudinal course of RSNs evolution from pre-manifest to different manifest states 521 
in the zQ175DN HET mice compared to age-matched controls (full line links points from the 522 

longitudinal study while dashed line links the cross-sectional study point); HD = Huntington’s disease. 523 

Figure created with BioRender.com. 524 

 525 

A major advantage of our longitudinal study was the ability to look at the potential disease-like 526 

modifying effects on normal aging in different large-scale brain network FC in the zQ175DN 527 

HET mice. Network changes as a consequence of normal aging have been shown in both 528 

humans and rodents.39,78,79 The first detailed examination of the aging effect on functional brain 529 

networks in rodents followed the DMLN, sensorimotor and subcortical networks from 3 to 13 530 

months of age and observed an evolution in the form of an inverse U-shape.39 We observed the 531 

same nonlinear behavior in the WT groups, with an FC increase from 3 to 6 and later a decrease 532 

from 6 to 10 months of age. In the case of the zQ175DN HET mice, selected region pairs from 533 

each network also followed the non-linear inverted U-shape change. The regions belonging to 534 

the DMLN and the associative cortical network followed this pattern, especially in the 535 

cingulate-retrosplenial cortex FC where we observed decreased FC in the zQ175DN HET 536 

group at motor deficit onset, revealing that the disease-driven alterations impede the typical 537 

age effect of increased FC from 3 to 6 months. An overall distinct genotypic effect was 538 

observed in the interhemispheric retrosplenial-visual cortex connectivity but also between the 539 

auditory with the visual and retrosplenial cortex, reiterating the vulnerability of the DMLN and 540 

ACN regions. The normal aging effect on network FC findings followed the same nonlinear 541 
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inverted U-shape as the region-based FC, especially within all networks except for the lateral 542 

network where only a significantly decreased FC from 6 to 10 months was present. In line with 543 

the region-based FC, the apparent genotype effect was present in the intra- and inter-544 

connectivity of the DMLN and the associative cortical network. As shown from tracing studies, 545 

the strong connectivity between these two networks80 and between the lateral and subcortical 546 

network71 is also reflected in the clearly inverted trend that these network pairs followed. The 547 

lateral cortical network is the rodent homologous of the task-positive network (TPN), the anti-548 

correlated network to the DMN81. We have consistently found low anti-correlated FC with 549 

DMLN and associative cortical network in the zQ175DN HET mice. Hence, this was aligned 550 

with the finding that the lateral network connectivity with DMLN and the associative cortical 551 

network showed no significant trend across time in both genotypes.  552 

We didn’t observe any significant region or network-level FC alterations at 3 months of age in 553 

this model. Electrophysiological studies in this model have already demonstrated changes in 554 

cortical frequencies that reflect increased synaptic responses.24 Additionally, increased local 555 

inhibitory activity in the cortical projection neurons of the motor cortex is present as early as 2 556 

months of age in the zQ175 HET model as a means of counteracting and preventing the cortical 557 

excitation to reach medium spiny neurons in the striatum.23 Similarly, cortical 558 

hyperexcitability, measured by two-photon calcium imaging, was also found before motor 559 

abnormalities appear in the R6/2 HD mouse model.25 Suggesting the cortex as a relevant target 560 

in Huntington’s disease is a study that shows that reduced full-length mHtt expression in the 561 

motor cortex of a mouse model leads to rescue in striatal activity.82 Cortical alterations have 562 

been reported in the homozygous form of zQ175 mice, where EEG recordings show field 563 

disruptions even before 3 months of age.83 Our findings imply that resting-state FC, which 564 

measures average correlation across the entire scanning duration, may not be sufficiently 565 

sensitive to pick up differences at 3 months. More advanced methods that capture temporal 566 

fluctuations in FC during the scan may be more suitable to detect more subtle changes 567 

occurring at this early age.84,85 568 

Regions relevant for movement execution and control are the motor and somatosensory 569 

cortices. The zQ175DN HET mice showed more robust changes in FC in these regions in a 570 

late manifest state, at 12 months of age, albeit the initially decreased FC between retrosplenial 571 

and motor cortex at 6 months. Concerning human studies, the sensory-motor network has been 572 

implicated to follow a non-linear trajectory of pre-manifest hypo-connectivity towards a hyper-573 

connectivity pattern in clinical stages20 (Fig. 7). However, many factors such as different stages 574 
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of the disease, movement, medication intake, and inclusion criteria can influence the lack of 575 

reproducibility of these results in different studies.  576 

Although the zQ175DN HET mouse model has been shown to closely mimic several aspects 577 

of Huntington’s disease28,29, an important limitation is that it is still a preclinical model that, 578 

despite showing striatal and cortical volume decreases as early as 3-4 months, it does not show 579 

neuronal loss at a very early point, which is one of the hallmarks of Huntington’s disease. 86,87 580 

While no striking loss is identified in the zQ175 HET, there are changes in neuronal 581 

morphology.88 However, neurons are only one of the contributing elements of the BOLD signal 582 

in RSNs that could potentially influence the whole-brain network architecture. 89 Hence, an 583 

additional assessment of other components of the neurovascular unit, such as astrocytes and 584 

pericytes, could potentially elucidate the effect of mHTT on these cell populations with regards 585 

to the disease-driven network alterations.90  586 

In summary, our findings demonstrate for the first time the longitudinal perturbations in large-587 

scale brain networks that occur in a Huntington’s disease mouse model (Fig. 7). The results 588 

provide insight into how connectivity in distinct cortical and subcortical regions is divergently 589 

affected along different disease-like phenotypic states. Moreover, our data emphasize how 590 

cortical circuitries play an important role in whole-brain network changes in the zQ175 HET 591 

HD mouse model, and suggest that further research is warranted to investigate the underlying 592 

neural dynamics of these cortical disease-dependent changes. Closer investigation of the 593 

specific cellular and molecular mechanisms of different cortico-cortical and cortico-striatal 594 

circuits will provide a better understanding of the cellular network interaction in Huntington’s 595 

disease.  596 
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