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Abstract  

Amyloid accumulation in Alzheimer’s disease (AD) is associated with synaptic damage and altered 

connectivity in brain networks. While measures of amyloid accumulation and biochemical changes in 

mouse models have utility for translational studies of certain therapeutics, preclinical analysis of altered 

brain connectivity using clinically relevant fMRI measures has not been well developed for agents 

intended to improve neural networks. Here, we conduct a longitudinal study in a double knock-in mouse 

model for AD (AppNL-G-F/hMapt), monitoring brain connectivity by means of resting-state fMRI. While 

the 4-month-old AD mice are indistinguishable from wild-type controls (WT), decreased connectivity in 

the default-mode network is significant for the AD mice relative to WT mice by 6 months of age and is 

pronounced by 9 months of age. In a second cohort of 20-month-old mice with persistent functional 

connectivity deficits for AD relative to WT, we assess the impact of two-months of oral treatment with a 

silent allosteric modulator of mGluR5 (BMS-984923) known to rescue synaptic density. Functional 

connectivity deficits in the aged AD mice are reversed by the mGluR5-directed treatment. The 

longitudinal application of fMRI has enabled us to define the preclinical time trajectory of AD-related 

changes in functional connectivity, and to demonstrate a translatable metric for monitoring disease 

emergence, progression, and response to synapse-rescuing treatment.  
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Introduction  

It can take decades for the hallmarks of Alzheimer's disease (AD) to clinically manifest. Optimistically, this is 

evidence of a long therapeutic window during which treatment could interrupt or reverse disease processes, 

provided we have access to ways of identifying patients, staging disease, and effective therapeutics. Functional 

magnetic resonance imaging (fMRI) is a strong candidate for helping to address these needs, given that it is non-

invasive and can assay the entire brain. BOLD (blood-oxygen-level dependent) fMRI yields measures of functional 

connectivity (FC, or inter-regional BOLD signal synchrony). In AD, robust changes in FC are observed, with brain-

network specificity, years prior to the clinical manifestation of neurodegenerative signatures of disease.1-8 Changes 

in FC progress in concert with AD-related declines in executive function and cognition, lending confidence to the 

notion that aberrant FC is a harbinger of neurodegeneration. Further, changes in FC follow a similar spatial 

trajectory as subsequent brain atrophy, Aβ-pathology, neurofibrillary tangle deposition,9,10 and synapse losses.11-14 

In sum, BOLD-fMRI FC may be sensitive to the varied stages of AD emergence and progression. However, despite 

tremendous effort, and investment, human fMRI research has yet to produce actionable neuroimaging markers of 

AD.4 In part, this is due to the long time-scale and complexity of AD pathology, the difficulty of relating fMRI 

markers to underlying mechanisms, and substantial heterogeneity within the population.  

To help address these gaps, the application of BOLD-fMRI in animal models of AD is fundamental for improving 

our understanding of the imaging correlates of disease and treatment response.15-17 Studies in animals provide a 

well-controlled environment for measuring disease phenotypes and testing therapeutics on a tractable timescale, as 

well as the freedom to obtain invasive measurements. The short lifespan, low-cost, and genetic malleability of mice, 
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together with recent improvements in rodent BOLD-fMRI data quality and processing techniques18-22 (including 

inter-species translation),23,24 mean the field is well-positioned to make new inroads into AD research. Advances in 

how we model AD in mice, where it has been hard to faithfully recapitulate human disease,25 lends further cause 

for enthusiasm. Here, we use the double-knock-in (DKI) AppNL-G-F/hMapt (amyloid-precursor-

protein/human microtubule-associated protein tau) mouse model,26,27 which critically avoids overexpression 

artifacts. With this model, we seek to establish BOLD-fMRI FC correlates of AD emergence, progression, and 

treatment response. We collect longitudinal resting-state BOLD-fMRI data spanning a wide-range of AD-relevant 

timepoints, from 4 to 22 months of age (M) or the rough equivalent of 20-70 years of age in humans.28 In late-stage 

disease (20-22M), we treat a subgroup of mice with a metabotropic glutamate receptor 5 (mGluR5) silent allosteric 

modulator (BMS-984923).29 Vitally, treatment is given during very late-stage disease which is in stark contrast to 

existing anti-amyloid drugs which have only shown efficacy during early (asymptomatic) illness.30 Further, this 

compound is known to modify AD course by rescuing synapses and improving memory,31 and has recently entered 

clinical trials (ClinicalTrials.gov; NCT05804383). However, the treatment-elicited effects on BOLD-fMRI FC are 

currently unknown. We seek to gain this knowledge given the potential usefulness of BOLD-fMRI FC for 

monitoring disease and treatment response.  

We find that FC in AD mice follows a distinct age-related trajectory relative to wild-type (WT) littermates. In AD 

mice, changes emerge later and show more widespread decreases in FC with time, compared to WT mice. The age 

and AD-related brain networks we identify using data-driven approaches show significant enrichment for 

established circuits including the default mode and lateral cortical networks (DMN and LCN, respectively).32,33 

Further, oral treatment with BMS-984923 rescues FC deficits in AD mice. In sum, this work identifies age- and 

AD-related phenotypes in BOLD-fMRI data across the mouse lifespan in a relevant model of disease.26,27 We also 

find timely evidence that BOLD-fMRI FC may prove useful for assessing the effectiveness of a novel synapse-

rescuing treatment.  

Materials and methods 

All procedures are approved by the Yale Institutional Animal Care and Use Committee (IACUC) and 

follow the National Institute of Health Guide for the Care and Use of Laboratory Animals. Both biological 

sexes are included. Mice are group housed on a 12-hour light/dark cycle with ad libitum food and water. 

Cages are individually ventilated as well as temperature and humidity controlled. 

Model of Alzheimer’s disease 

Among available AD models there are amyloid-precursor-protein (App) knock-in (KI) strains.26,27 Here, 

we use AppNL-G-F KI mice where aβ-containing exons from human APP with Swedish, Arctic, and Iberian 

mutations are included26. In addition, mice are crossed with a strain in which the human microtubule-

associated protein tau (MAPT) locus, with its full sequence and splice sites, replaces the murine locus to 

generate AppNL-G-F/hMapt homozygous double-knock-in animals.26 The strain has been back-crossed with 
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C57Bl6J for >10 generations, with strain matching confirmed by genetic markers. Male and female AD 

and wild-type (WT) littermate controls are included.  

Dataset overview 

A total of N=74 animals are included from across three experiments (Table 1). In the first experiment, 

N=27 animals undergo transverse sinus injections on postnatal day zero (P0) to induce whole-brain 

fluorescence. These mice then undergo head-post surgery at 3M and multimodal imaging at 4, 6, and 9M 

where wide-field calcium (WF-Ca2+) and fMRI data are collected simultaneously.34,35 The WF-Ca2+ 

imaging data are the subject matter of a separate publication. In the second experiment, N=16 animals 

undergo head-post surgery at 5 or 8M and unimodal imaging (fMRI-only) at 6 or 9M, respectively. These 

data are collected to address attrition in the first experiment. In the final experiment, N=30 animals 

undergo head-post surgery at 19M and unimodal imaging (fMRI-only) at 20 and 22M. Between these 

imaging sessions, AD mice are split between a treatment (N=11) and vehicle (N=9) subgroup. 

Head-implant surgery 

Surgical details are provided in the Supplementary Material.  

Data acquisition 

All mice undergo imaging under anaesthesia (free-breathing low-dose isoflurane, 0.5-0.75%, in 50/50 

medical air/O2). The MRI data are acquired on an 11.7T preclinical magnet (Bruker, Billerica, MA), using 

ParaVision version 6.0.1 software. Body temperature is monitored (Neoptix fiber), maintained with a 

circulating water bath at 36.6-37C, and recorded (Spike2, Cambridge Electronic Design Limited, Master-

8 A.M.P.I.). Breathing rate is measured using a foam respiration pad (SAM-32, Starr).  

Structural MRI data acquisition 

At every imaging session, three structural images are acquired, only one is used for data registration 

purposes. (1) A whole-brain isotropic 3D-image using a MSME sequence, with 0.2×0.2×0.2mm3 

resolution, TR/TE of 5500/20ms, 78 slices, 2 averages (11mins and 44s). For the remainder two structural 

images see Supplementary Methods. 

Functional MRI data acquisition 

Data are acquired using a gradient-echo, echo-planar-imaging (GE-EPI) sequence with a TR/TE of 

1.8s/11ms. Data are collected across 25 slices without gaps at 0.31×0.31×0.31mm3; resulting in near 

whole-brain coverage. Each run has 334 repetitions, corresponding to 10min of data per run. We acquire 

3 runs/session for a total of 30min of data per mouse per imaging session.  
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Data pre-processing and analysis 

Functional MRI pre-processing and registration to common space 

Data registration and pre-processing is performed using RABIES (Rodent automated BOLD improvement of EPI 

sequences) v0.4.8 (https://rabies.readthedocs.io/en/stable/).36 All functional and isotropic MSME structural scans 

(from all imaging sessions and experiments, Table 1) are input and pre-processed together. Slice time correction is 

first applied on native space timeseries, and head motion parameters are estimated. 

The isotropic MSME structural images (one per mouse per session) are corrected for inhomogeneity (N3 

nonparametric nonuniform intensity normalization)37,38, non-linearly registered and then averaged to create a 

within-sample template. The within-sample template is non-linearly registered to an out-of-sample template we 

created from N=162 datasets (collected on the same scanner from N=64 mice from a separate longitudinal study 

which uses the same isotropic MSME sequence), see Supplementary Material. The out-of-sample template is 

registered to the Allen Atlas reference space CCfv339,40. For more details on pre-processing steps, registrations and 

denoising see Supplementary Material.  

Exclusion criteria 

Of all N=74, N=6 animals and n=2 runs are completely excluded. N=1 for enlarged ventricles, N=1 for a brain 

tumour, N=2 for anaesthesia malfunction (i.e., tubes were improperly connected, N=1, 4M and N=1, 6M), and N=2 

due to implant detachment (caused by a glass coating that was not present in other surgeries, see Supplementary 

Material). An additional n=2 runs were excluded (n=1, 6M and n=1, 9M) due to image registration failures. More 

details are given in the Supplementary Material. Further, data quality was inspected using the RABIES --data 

diagnosis toolkit.36 Finally, no data are excluded due to a low signal to noise ratio or motion (FD>0.075mm in over 

1/3rd of frames per run). 

Connectomes  

The 172 regions of interest (ROIs) from the Allen Atlas and MRI template space (Fig. S1) are shared as 

part of BioImage Suite, https://bioimagesuiteweb.github.io/alphaapp/connviewer.html?species=mouse#.  

The ROIs are selected based on the resolution of our fMRI data, two regions are excluded for visualization 

purposes for the matrices. To compute connectomes, BOLD signals within each ROI are averaged, and 

the inter-regional Pearson's correlation computed. Results are computed for each run using data in the out-

of-sample template space. For a description of the data-derived networks and the triple network model see 

Supplementary Material. 

Treatment  
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Drug synthesis, incorporation into diet, feeding, and validation are based on previous work. See summary 

in Supplementary Material.  

Statistics  

Functional connectomes are computed using the Pearson’s correlation and converted to z-scores using the 

fisher r to z transform. Descriptive statistics are given as mean differences and 25/75th percentiles unless 

stated otherwise, and graphically represented as box plots (MATLAB, boxplot). Statistical significance 

tests are computed in MATLAB (R2021bV5). Differences between individual edges are tested using a 

two-sample t-test (MATLAB, ttest2), and multiple comparison correction are applied using the 

Benjamini-Hochberg method. Furthermore, the significance of the derived networks are confirmed with 

permutation testing (×1,000 iterations) where the test statistics of the null distribution is the size of the 

network of a given comparison, and the group labels of the data are randomly shuffled.. The two sample 

t-test statistical threshold is set to p<0.05, two-tailed. The false discovery rate for the Benjamini-Hochberg 

test is set to be 0.05. The test shows that the true group labels lead to significantly more different edges 

than random labelling. For the 22M timepoint, a one-way ANOVA (MATLAB, anova1) is used to test if 

there is any pair of groups (WTvehicle vs. ADvehicle, WTvehicle vs ADtreated, and ADvehicle vs ADtreated) that are 

significant different from each. A follow-up t-test is applied to identify which two groups are significantly 

different, results reported as above. The overlap of each couple of inputs to each data-derived network 

(Fig. 2, 4, 5) are assessed with Jaccard similarity test and compared to a null distribution (×1,000 

iterations) to confirm the meaningfulness of the significant overlap found. Finally, the over/under 

enrichment (i.e., representation that is above chance) of the triple-network model with the data-derived 

networks is calculated with Fisher’s exact test as well as permutation testing (as described above, ×1,000 

iterations). 

Data Availability 

Upon reasonable request to the corresponding authors. 

Results 

Male and female mice (N=74) from three longitudinal BOLD-fMRI experiments are included (Table 1). 

Prior to imaging, all animals undergo a minimally invasive surgical procedure,34,35,41 where a head-plate 

is affixed to the skull a month prior to any imaging (timeline, Fig. 1). Mice are imaged longitudinally at 

4, 6 and 9M (experiment 1), at 6 and/or 9M (experiment 2), and at 20 and 22M (experiment 3). At all 

imaging timepoints, MRI data are collected from a double knock-in (DKI) mouse model of AD (AppNL-G-

F/hMapt)26,27 and WT littermate controls. After the 20M imaging timepoint, a subgroup of AD mice is 
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randomly assigned to oral treatment with BMS-98492329 (ADtreated) or regular chow (ADvehicle). Thirty-

minutes of resting-state BOLD-fMRI data, together with structural images for data registration, are 

collected at each timepoint under low-dose isoflurane (0.5-0.75%). Data are processed and registered to a 

common space.34-36 A small fraction of the fMRI data (9%) are excluded based on quality control 

standards.18,36,42,43 Z-scored functional connectomes (brain-wide FC measurements) are computed using 

172-regions from the Allen Atlas CCfv339,40 (key, Fig. S1) and Pearson’s correlation. Average 

connectomes for each group at each timepoint are shown in Fig. 1. Stereotypical patterns including high 

FC between bilateral brain regions are observed. Differences between connectomes are displayed with 

and without thresholding for significance (p<0.05) at the edge-level and correcting for multiple 

comparisons (Methods). Permutation testing (by randomly shuffling datasets) is applied (×1,000 

iterations). In all results, the test statistic of the null distribution is the number of edges (region-to-region 

measures of FC) remaining after correcting for multiple comparisons. Identified brain circuits that show 

significant effects are summarized as connectomes, vertical histograms, circle plots, and node-degree 

maps. 

Age-related changes in functional brain organization diverge between WT 

and AD mice. 

AD progression occurs atop a background of age-related changes in behaviour and brain function.44,45 We 

examine age-related changes by quantifying differences between connectomes across timepoints: 4 vs. 

6M (early), 4 vs. 9M (mid), 4 vs. 20M (late), and 4 vs. 22M (very late), within WT and AD groups (Fig. 

2).  

Few early-life age-related changes in FC are identified in either group (Fig. 2, permutation test p<0.05). 

Beginning at mid-life, WT mice show a widespread increase in FC (Fig. 2A, permutation test p<0.001), 

that is not observed in AD mice (although, a trend in this direction is noticeable in unthresholded and 

uncorrected data, Fig. 2B, permutation test p<0.05). This increase, in the WT group, persists until the 

study endpoint. At 20 and 22M, some decreases in FC are also observed in ventral areas alongside more 

widespread increases (permutation test p<0.001). AD mice show a more modest FC increase with age, 

and this emerges later, in conjunction with a pronounced decrease in FC within subcortical regions (Fig. 

2B). Overall, WT and AD groups follow distinct patterns of age-related changes in brain functional 

organization that unfold along different timescales. As a control, to account for any differences between 

WT and AD mice at 4M, we repeat our analyses using all mice (WT and AD) combined in a single group, 

at 4M, as a reference (Fig. S2). No differences in outcome patterns are observed.  
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Regions in WT mice that show pronounced age-related increases in FC beginning at 9M include 

somatosensory and motor regions (SS/MO), visual cortices (VIS), midbrain (MB), hypothalamus (HY) 

and the retrosplenial areas (RSP). AD mice show more modest increases in the same areas but starting at 

20M. Moreover, AD mice show a more pronounced decrease in FC in the ventral parts of the brain 

encompassing the hippocampal formation (HF), entorhinal cortex (ENT), ectorhinal and perirhinal regions 

(ECT, PERI), ventral striatal areas including the caudoputamen (CP), and piriform and insular regions 

(PIR, INS).  

Aging trajectories in WT and AD mice effect overlapping and distinct 

networks. 

In addition to examining which regions are most affected by age, we can quantify over or under enrichment 

for edges within established or canonical networks. Here, and in following subsections, we use the triple-

network model33,46: default mode, lateral cortical, and salience networks (DMN, LCN, and SN) as well as 

the edges that connect them (e.g., DMN to LCN) to characterize the data-driven brain circuits we identify. 

For a breakdown of the regions within these networks, see Fig. S1B. Above (Fig. 2), we establish that 

WT and AD mice show distinct patterns of age-related changes in FC. Here, we define a data-derived 

‘WT-aging’ (Fig. 3A) and an ‘AD-aging’ (Fig. 3B) network. To do so, we select both the sum of all edges 

surviving correction (Fig. 3A,B, left), and the intersect of the common edges surviving correction (Fig. 

3A,B, middle), at the two indicated timepoints. This will establish two sets of edges, a comprehensive 

(sum) and stringent (intersect) one, which will be used to define our ‘aging’ networks. Importantly, we 

collapse across the two timepoints that show the most pronounced effects: mid & late for WT and late & 

very late for AD (as indicated in Fig. 2). Note that the edges identified in both groups at the chosen stages 

are highly overlapping (Fig. 3, observed jaccard similarity significantly different from a null distribution, 

p<0.001, for both groups).  

We compute enrichment (or depletion, under enrichment) for edges within the triple-network model and 

our aging networks (Fig. 3A,B right) using Fisher’s exact test as well as permutation testing (×1,000 

iterations). Results are corrected for multiple comparisons. We find that the WT-aging positive (+ve) 

network (older>younger) is enriched for edges in the DMN and LCN as well as edges that connect all 

three networks. The WT-aging negative (-ve) network (older<younger) shows under-enrichment 

(depletion) for DMN to LCN. Further, the AD-aging (+ve) network (older>younger) shows enrichment 

in the DMN, DMN to LCN and DMN to SN, and under-enrichment in the SN. While the AD-aging (-ve) 

network (older<younger) shows under-enrichment in the LCN, DMN to LCN and a trend towards under-

enrichment in the DMN. In sum, WT and AD mice show some common trends for which networks in the 
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triple-network model are implicated in age-related changes in connectivity strength, but also some clear 

differences. 

Depressed connectivity strength in AD relative to WT mice emerges at 9M. 

After establishing aging trajectories for both genotypes (WT and AD), we compute differences between 

WT and AD connectomes at each timepoint (Fig. 4). Edges where FC in AD is greater than WT (AD>WT) 

are plotted as positive t-values (red). Edges where FC in AD<WT are plotted as negative t-values (blue). 

Permutation testing is applied (as above). Some very sparse but significant differences between WT and 

AD mice are observed at early timepoints (4 and 6M, p<0.05) with strong effects emerging by 9M 

(permutation test, p<0.001). Overwhelmingly, AD mice show lower FC. Notably, affected areas are 

bilaterally symmetric and appear throughout the brain but are concentrated in the cortex. Identified regions 

include the SS, MO, VIS, and RSP areas, as well as regions encompassing the HF, temporal association 

areas (TeA), nucleus accumbens (ACB), auditory (AUD) and MB areas. 

The networks most strongly affected in AD relative to WT are the DMN 

and LCN. 

As above, we investigate the network composition33,46 of the brain circuits most affected in AD relative 

to WT mice. The most pronounced differences are observed at 9 and 20M (permutation test, p<0.001, 

Fig. 4A) and the edges identified at these timepoints are highly overlapping (observed jaccard similarity 

vs. null distribution, p<0.001). As above, we consider the sum (comprehensive) and intersect (stringent) 

in our definition of a data-derived ‘AD-like network’ (Fig. 4B, left/middle). We find that, at both 

thresholds, the AD-like (-ve) network (AD<WT) is enriched for edges in the DMN and LCN as well as 

edges that connect the DMN to the LCN, and LCN to SN (Fisher's exact test; Fig. 4B, right). This network 

is also under-enriched for edges that are between the DMN and SN. A trend is noted for under enrichment 

for edges in the SN. There are no significant AD-like (+ve) network (AD>WT) findings.  

Comparison of mouse aging and AD networks with human literature meta-

analysis (Neurosynth). 

In an exploratory analysis, we use Neurosynth (http://neurosynth.org) to compare our mouse-model data-

derived aging and AD-like networks to human neuroimaging studies using the queries ‘Age’ and 

‘Alzheimer’ (Fig. S3). Neurosynth accepts one-word queries and provides ‘activation maps’ proportional 

to ‘hits’ in the literature without directionality (increases/decreases).47 As such, our aim is to visualize 

Age/Alzheimer maps across species for a purely qualitative comparison. Fig. S3 shows the association 
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test maps (z-scored, corrected for false discovery rate, FDR=0.01)47 from human fMRI data next to the 

node degree maps we obtain from mouse fMRI data. Encouragingly, in each comparison, homologous 

regions emerge. Specifically, somatomotor, SS, and dorsolateral-prefrontal areas are implicated in 

(healthy and WT) aging across species (Fig. S3, top), as are VIS, insula and RSP cortices (i.e., including 

RSP and precuneus in humans).23 In AD, subcortical areas, including the HF and TH, appear in both 

species (Fig. S3, bottom).  

Treatment with BMS-984923 rescues FC deficits in AD mice at 22M.  

After imaging at 20M, half of the mice in the AD group are randomly assigned to treatment with BMS-

984923 (ADtreated). The drug is incorporated into mouse chow to achieve sustained therapeutically 

effective levels, as documented in our previous study.29 We characterize treatment effects using three 

comparisons: (1) 22M WT vs. 22M ADtreated (Fig. 5A), (2) 22M ADtreated vs. 20M ADvehicle (Fig. 5B, left), 

and (3) 22M ADvehicle vs. 22M ADtreated (Fig. 5B, right). Across all comparisons we observe evidence of 

treatment effects. In comparison 1, there is a lack of FC differences between 22M WT and 22M ADtreated 

(Fig. 5A right, p>0.5 for the permutation test), even though there is a persistent difference between 22M 

WT and 22M ADvehicle (Fig. 5A, left, reproduced from Fig. 4, p<0.001 for the permutation test). 

Comparisons 2 and 3 highlight edges whose strengths change with treatment. We select the brain circuits 

identified in comparisons 2 and 3 to generate, as before, a comprehensive and a stringent data-derived 

‘treatment network’ (Fig. 5C, left/middle; summary of all data-derived networks in Fig. S4). Regions 

within this network include the VIS, AUD, MB, HY, HF, TH and CP areas. The (+ve) network 

(treated>vehicle) is under-enriched for edges in the LCN, and edges between the LCN and DMN (Fig. 

5C, right). There are no significant (-ve) network (treated<vehicle) findings. Of note, the difference in FC 

at 22M between WT and ADvehicle show a smaller effect size relative to the 20M timepoint. We find that 

this is likely due to a smaller sample size at the later timepoint by randomly selecting scans at 20M to 

match the number available at 22M and finding a similarly weakened effect size (data not shown).  

Regions that show the highest degree of association with treatment include the VIS, MB, AUD, HY (Fig. 

S5). Notably, these regions also show high-degree representation in the AD-aging and AD-like networks 

(AD-aging and AD-like in Fig. S5) suggesting treatment specific targeting of regions involved in AD (as 

opposed to indirect or off-target effects of drug treatment). 

Mapping the shared functional landscape of data-derived networks. 

Seven data-derived networks are identified: AD-aging (-ve/+ve), WT-aging (-ve/+ve), AD-like (-ve/+ve) 

and treatment (+ve). We quantify the amount of cross-network (under) enrichment (as above), i.e., whether 

there is a significant number of shared edges, (or lack of shared edges), using Fisher’s exact test (and 
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permutation testing, ×1,000 iteration), between all pairs of data-derived networks (Fig. 6). By definition, 

there is under-enrichment between AD-aging (+ve) vs. (-ve), and WT-aging (+ve) vs. (-ve) (Fig. 6A,B). 

We also find under-enrichment between AD-aging (+ve) vs. WT-aging (-ve), AD-aging (-ve) vs. WT-

aging (+ve), and WT-aging (-ve) vs. AD-like (-ve). In addition, two patterns of enrichment emerge: the 

first between (+ve) aging (AD and WT) and AD-like (-ve), (Fig. 6E, left) and the second between 

treatment (+ve) and AD-aging (-ve), WT aging (+ve), and AD-like (-ve) (Fig. 6E, right). The second 

pattern is weaker, without as many edges, and shows no representation in the triple-network model (i.e., 

shared edges do not belong to DMN, LCN, SN or their inter-network pairings). Conversely, the first 

pattern shows a higher proportion of shared edges across network pairs (Fig. 6A,E, left). Edges shared 

between AD-aging (+ve) and AD-like (-ve) include 30% of the smaller, AD-like (-ve), network 

(proportion of shared edges, Fig. 6A, is computed as the fraction of the smaller network). Further, this 

30% is fully contained within the other two inter-network pairings (Fig. 6E, left). The remaining pairings: 

WT-aging (+ve) vs. AD-aging (+ve) as well as WT-aging (+ve) vs. AD-like (-ve), show an even higher 

proportion of shared edges (67 and 85%, respectively, Fig. 6A), but a more modest inter-network pairing 

overlap (35%, Fig. 6E, left). Edges within the three pairings in the second pattern show a high 

representation of DMN and LCN, as well as edges that link DMN to LCN, and LCN to SN. Two of the 

three, AD-aging (+ve) vs. WT-aging (+ve) and AD-aging (+ve) vs. AD-like (-ve), show under-enrichment 

for the SN (Fig. 6C). Brain regions with high-degree that appear within these inter-network pairings (Fig. 

6D,F) include primary SS, MO, VIS and RSP areas.  

Mean FC within data-derived networks across the mouse lifespan. 

The product of each data-derived network and each mouse’s connectome is computed at each timepoint. 

To this end, each mouse’s connectome is masked using each of the data-derived networks (binary), so that 

edges not included in the networks are set to zero. The mean FC of nonzero elements are plotted for WT 

and AD mice (Fig. 7, S6). The key metric of disease is the AD-like (-ve) network (Fig. 7A). Mean FC in 

this network is decreased in AD relative to WT mice at 9M and 20M (p<0.01), but not at earlier timepoints. 

At 22 M, the ADvehicle mice show decreased mean FC in the AD-like (-ve) network relative to WT and 

relative to ADtreated mice, but AD-treated are indistinguishable from WT. The treatment (+ve) network by 

definition shows increased mean FC in ADtreated mice relative to ADvehicle at 22M (Fig. 7B). There is a 

significant treatment effect on the AD pathology at the p<0.001 level for the two conditions (pathology 

and treatment; ANOVA, [F(2,20)=10.48, p=0.0008]). Importantly, this drug-responsive network exhibits 

statistically significant decreases for AD mice relative to WT mice preceding treatment at 9M and 20M. 

The WT-aging (+ve) network associated with healthy brain maturation highlights an increase in mean FC 
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in WT relative to AD mice at 9M and 20M (Fig. S6). Overall, connectivity in these data-driven networks 

across groups is well-aligned with the specific comparisons above.  

Discussion 

Non-invasive imaging technologies, including fMRI, applied in animal models of human disease allow 

aspects of pathology to be characterized in a controlled environment, on a tractable timescale, and for the 

assessment of clinically accessible bioimaging markers of disease emergence, progression, and response 

to treatment. Here, we investigate the BOLD-fMRI correlates of AD, throughout the mouse lifespan, in 

an optimized model of disease.29,48 In addition, we investigate the neuroimaging correlates of a novel 

synapse rescuing treatment (BMS-984923) administered late in life, once AD-like pathology is well 

established. We uncover networks which characterize aging (with and without disease), disease-associated 

changes in FC strength, as well as treatment-response. Analyses are conducted using data-driven 

approaches (i.e., no a priori assumptions are made about the roles established brain circuits, e.g., DMN, 

or regions play in these processes). We quantify the presence (or absence) of classic large-scale networks 

following the discovery phase and examine correspondences across species. 

We explore changes in FC strength with age in WT and AD mice at three life-stages: young-adulthood 

(6M or 20-30 years-of-age in humans), middle-age (9M or 38-47 years), and older-adulthood (20-22M or 

56-69 years).28 We find FC strength in WT mice follows an inverted-U-shaped profile (Fig. 2A, S6A). 

This pattern is roughly in-line with a small pool of existing work using fMRI in mice49,50 (Table 2). Across 

studies, relative to baseline (2-4M), there is good agreement that circuit-specific increases in FC strength 

emerge and peak within 5-9M.49,50 Between 10-18M (which we do not examine), fMRI49,50 shows a return 

to baseline, and optical imaging methods51 show a dip below baseline (at 17-18M). At 20M, we observe 

a persistent increase in FC strength, followed by a reduction at 22M. Differences in these collective 

observations in later-life could be due to a mismatch between timepoints, modalities (optical vs. fMRI), 

anaesthesia (Egimendia et al.50 and Vasilkovska et al.49 use medetomidine and isoflurane whereas optical 

data in the Albertson et al.51 study is acquired from awake animals), or the specific brain circuits being 

examined. It is also possible that the inverted-U-shaped profile is incomplete, and the brain follows an 

even more complex double-humped shaped profile. Despite the small number of existing studies, 

increased FC strength in mid-life seems to be a relatively reproducible observation. Encouragingly, this 

inverted-U-shaped profile in fMRI FC strength is also reported in cognitively healthy human subjects. As 

in mice, middle-aged people show greater FC strength, relative to the young and elderly.52,53  

Further, in mice, we find good agreement across studies in terms of which brain regions show age-related 

changes in FC strength (Table 3). Universally, the DMN – which includes RSP and VIS areas among 
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others – shows age-related changes.52 MO, ACA, as well as auditory and SS areas also show good-

moderate cross-study agreement (given the methodological differences between studies). Notably, these 

implicated areas include regions that are not typically associated with cognition (e.g., SS and MO areas). 

We also note strong alignment across species. In humans, the DMN,52,53 as well as ‘cognitive’ and ‘motor’ 

circuits54-56 all show age-related changes in FC strength (that generally follow the inverted-U-shaped 

profile). In the present study, we also observe the LCN (includes SS, TeA, and MO areas), MB, HY, and 

TH to be involved in WT- aging. Given inter-study difference in how networks are defined, and analyses 

conducted (data-driven, vs. a priori network or ROI driven), it is unclear whether these findings are 

unique. Finally, our Neurosynth findings in the human brain associated with age (Fig. S3) show 

considerable overlap (including the TH and TeA) with the regions and networks identified in mice (Table 

3).  

This emerging cross-study (and species) convergence is promising. Yet, there are several competing 

theories on the neurobiological drivers of healthy aging which have proven difficult to reconcile (see 

reviews)57,58 especially when using fMRI in isolation. Although it is the beyond the scope of the present 

work to interrogate the mechanisms which give rise to these fMRI-observable age-related changes, we are 

well positioned to interrogate their origins as part of our future work using multimodal approaches.34,35,41  

Decreases in FC strength (AD vs. control) is an established hallmark of neuropathology in mouse 

models.15,49,59,60 Likewise, fMRI measures from humans show a tight association between cognitive 

decline and lower FC strength.61,62 Yet, these AD-related changes occur against a non-trivial background 

of aging that can be overlooked when a single timepoint is considered. Is lower FC strength (in AD vs. 

control) a result of a decrease in the AD group? Or (as our data suggest, Fig. 2, 6, 7, S6), a failure to 

increase with maturation? This is likely an important distinction that will require further investigation.  

In addition to examining healthy aging, we examine age-related changes in FC strength in AD mice 

alongside differences between WT and AD groups at each timepoint. Changes in FC strength with age in 

AD mice (Fig. 2) emerge later in life (relative to WT aging) and show more widespread decreases (Fig. 

3). Yet, there are also preserved common elements between WT and AD aging which are reflected by the 

high proportion of common circuitry (Fig. 6). From our inter-group (AD vs. WT) comparison (at each 

timepoint), we observe a clear decrease in FC strength by 9M in AD. The directionality of these FC 

changes (decrease in AD-like models compared to WT) is in-line with previous fMRI work in other mouse 

models of AD.15-17,59 Notably, the FC deficits reported here appear later in life (9M) compared to literature 

(as early as ~3M),15 which may be a result of the milder nature of the pathology in this mouse model. 

Critically, the DKI AppNL-G-F/hMapt model26,27 investigated here has not previously been examined using 
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fMRI. This is important, as this new model represents a step-forward in our ability to emulate AD-like 

pathology via its milder genetic profile.63 

The circuits and regions we find to be involved in aging (Fig. 2, 3), WT vs. AD (Fig. 4), and their common 

elements (Fig. 6) are summarized in Table 4. Only two regions (ACB and HY) show age-related changes 

uniquely in WT mice, whereas more widespread age-related changes are unique to AD mice (INS, ECT, 

PERI, CP, and PIR). Regions that do not show age-related changes, but are identified when comparing 

WT vs. AD include TeA, PPA, ENT, and HF. Most circuits and regions, however, are shared across at 

least 2/3 comparisons (as expected based on our analyses, Fig. 6). Roughly, in order of frequency across 

comparisons (columns in Table 4), we observe involvement of the DMN-to-LCN and LCN (including SS 

and MO), the DMN (particularly VIS areas, as well as RSP, MO, and to a lesser extent ACA), TH, LCN-

to-SN and MB. These findings, particularly the involvement of the DMN and LCN, are in-line with what 

has been observed in AD patients,64,65 individuals with mild cognitive impairment (MCI),2,66 the amyloid-

positive but cognitively normal elderly,7 and healthy people of an advanced age.67  

Further, these patterns align (in time and space) with established neurobiological correlates of AD 

including Aβ-plaques68 and synapse losses69 across species. Specifically, the DMN shows increased FC 

in healthy adults where future preferential deposition of Aβ-plaques occur in (older) AD patients70 in 

parallel with decreases in FC.64 Further, regions in the DMN (including the RSP or PREC) are among the 

earliest to show both Aβ-pathology65 and change in FC in individuals with MCI.66 Mouse models show 

Aβ-pathology and synapse density changes in the DMN (RSP and VIS) and LCN (SS and MO), and HF.26 

Mice also show alterations in FC that arise slightly before (at 6-9M) substantial increases in Aβ-pathology 

(which plateau – in the cortex – within the 8-10M window).26 Together, these findings hint at a relationship 

between changes in FC strength that precede Aβ-pathology and synapse loss, FC changes which position 

fMRI as a potentially useful tool for both AD identification and management.  

In this regard, AD-associated cognitive deficits are attributable, at least in part, to synaptic failure triggered 

by A and tau accumulation.71,72 Targeting a critical link in this cascade (see Supplementary Discussion), 

our group has shown that treatment with BMS-984923 elicits behavioural recovery, normalizes neuronal 

transcriptomics, prevents synaptic loss (if administered in early stages) and rescues synapse losses (when 

administered at late stages of the pathology, like in our study) in two mouse models of AD (inclusive of 

the DKI AppNL-G-F/hMapt).29,31 Here, we conduct the first fMRI investigation of BMS-984923 treatment 

effects. To further characterize the therapeutic potential of this drug, we administer to older mice (19-9 

vs. 20-22M), after AD-pathology is well established. In BMS-984923 ADtreated vs. WT mice (at 22M), we 

observe normalized FC (Fig. 5A, S6A). In ADtreated vs. ADvehicle (at 20 or 22M) we observe significant 

increases in FC (Fig. 5B). Although a simple triple-network model is not emergent for these treatment-
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elicited changes in FC, regions highly involved in the salience network (TH, HY and CP) are detected. 

Additionally, there is significant overlap with areas implicated in our AD-aging (-ve), WT-aging (+ve), 

and AD-like (-ve) results (Fig. 6E, right).  

Using FC in the identified AD-like (-ve) network as a disease measure (Fig. 7), the deficits observed in 

ADvehicle relative to WT mice are fully corrected in ADtreated mice at 22 months after 2 months of 

intervention. Tracking connectivity in this network, or its human ortholog, provides a potential tool to 

monitor treatment benefit during translational development of this or other AD therapeutics with putative 

synapse rescuing benefit. 

No study is without some limitations, and room for future work. Here, we use anaesthesia, the gold 

standard in rodent-fMRI, to minimize motion and stress.43 Yet, recent efforts to move the field towards 

performing experiments in awake mice are underway (see our own work in awake mice,73 and our recent 

systematic review).74 As discussed in detail within our review, there is still much we can learn from 

experiments in anesthetized animals, and from moving methodically towards performing experiments on 

awake animals. Further, this study does not include a group of WTtreated mice. This decision was made 

based on our previous work which showed no changes in synaptic density or single cell transcriptomics 

in a WTtreated cohort.29 Finally, although we include equal distributions of both biological sexes, we are 

not adequately powered for sex-based comparisons. This will be addressed as part of our future work.  

In conclusion, we present a comprehensive investigation of the fMRI-FC correlates of AD in an optimized 

mouse model of the disease across the lifespan (4-22M). A detailed consideration of aging in both healthy-

WT mice and their AD-counterparts is included alongside more classic groupwise comparisons. Overall, 

our findings align well with the existing literature from other mouse models and the human fMRI 

literature. We observe progressive AD-related dysconnectivity that emerges in known AD-vulnerable 

areas (sites of A-accumulation, Tauopathy, and synaptic loss). Administration of a synapse-targeting 

treatment (BMS-984923) rescues the observed FC deficits in late-stage disease indicating the potential 

utility of this therapeutic as a synapse rescuing treatment and the role neuroimaging with fMRI could play 

in therapeutic development and patient management.  
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Tables and Figures 

Table 1| Overview of datasets 

 

 Experiment 1 Experiment 2 Experiment 3  

Procedure 

      

WT AD WT AD WT AD WT AD WT AD WT AD 

Transverse sinus injection 5 8 6 8         

Head-plate at 3M 5 8 6 8         

Head-plate at 5M     - - - 4     

Head-plate at 8M     6 4 2 1     

Head-plate at 19M         5 12 5 8 

Multimodal imaging at 4M 5 7+1$ 5+1$ 8         

Multimodal imaging at 6M 5 5+1$ 5 3         

Multimodal imaging at 9M - 2 2 4         

Unimodal* imaging at 6M        4     

Unimodal* imaging at 9M     6 4 2 1     

Unimodal* imaging at 20M         5 12 3 7+1$ 

Allocated to treatment         - 5 - 4 

Unimodal* imaging at 22M         5 6/5† 0 3/4† 

 

* Unimodal is always MRI-only 

$ excluded 

† Vehicle/drug-treated 

Abbreviations: wild-type (WT), double knock in (AD), months of age (M). 
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Table 2| Change in FC strength with age in healthy mice 

Age This 

study 

Egimendia Vasilkovska Albertson* 

2-4M Baseline Baseline Baseline Baseline 

4-6M • •   

6-8M   ↑ 

8-10M ↑ ↑  

10-12M   ↓ 

12-14M ↓  

14-16M  

16-18M ↓ 

18-20M ↑  

20-22M ↓ 

* Optical imaging of Thy-1-GCaMP6f mice. 
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Table 3| Brain areas showing changes in FC strength with age in WT-mice 

Network/Region This 

study 

Egimendia Vasilkovska Albertson* 

DMN • • • • 

RSP† • (part of 

DMN) 

• • 

VIS† • • • 

MO† • •  • 

AUD (Fig. 6D)  • • 

ACA† • • • 

SS† • •   

LCN •  

HY • 

TH† • 

ACB† • 

MB • 

PTL‡  • 

* Optical imaging cannot access subsurface areas. 

† Areas in our Neurosynth analysis (Fig. S3). 

‡ PTL: Posterior parietal association area.51 

Refer to Fig. S1 for abbreviations. 
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Table 4| Brain areas showing changes in FC strength across comparisons in this study  

Network/Region WT-Aging AD-Aging WT vs. AD Shared (Fig. 6) 

DMN: ↑ (+ve); ↓ (-

ve) 

↑ (+ve); ↓ (-

ve) 

• ★ 

VIS† ↑ (+ve) ↑ (-ve) ↑ (-ve) ★ 

RSP†‡ (PREC) ↑ (+ve) • ↑ (-ve) ★ 

MO† ↑ (+ve) • ↑ (-ve) ★ 

ACA†‡ ↑ (+ve) • ↑ (-ve) • 

LCN: ↑ (+ve) ↓ (-ve) ↑ (-ve) ★ 

SS† ↑ (+ve) • ↑ (-ve) ★ 

TeA • • ↑ (-ve) • 

MO† ↑ (+ve) • ↑ (-ve) ★ 

SN: • • • • 

HY ↑ (+ve) • • • 

TH† ↑ (+ve) ↑ (-ve) ↑ (-ve) • 

INS†‡ • ↑ (-ve) • • 

MO† ↑ (+ve) • ↑ (-ve) ★ 

ACA†‡ ↑ (+ve) • ↑ (-ve) • 

DMN-LCN ↑ (+ve); ↓ (-

ve) 

↑ (+ve); ↓ (-

ve) 

↑ (-ve) ★ 

DMN-SN ↑ (+ve) ↑ (+ve) • • 

LCN-SN ↑ (+ve) • ↑ (-ve) ★ 

Other 

MB ↑ (+ve) • ↑ (-ve) • 

ECT • ↑ (-ve) • • 

PERI • ↑ (-ve) • • 

HF† • ↑ (-ve) ↑ (-ve) • 

CP • ↑ (-ve) • • 

PIR • ↑ (-ve) • • 

PPA • • ↑ (-ve) • 

ACB† ↑ (+ve) • • • 

ENT • • ↑ (-ve) • 

HF‡ • • ↑ (-ve) • 

AUD • • • ★ 

AA • • • ★ 

ACB: Nucleus accumbens, ENT: entorhinal cortex.  
† Neurosynth results for ‘Age’ (Fig. S3). 

‡ Neurosynth results for ‘Alzheimer’ (Fig. S3).  

PREC: precuneus (human) to RSP (mouse). 

Refer to Fig. S1 for abbreviations. 
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Fig. 1| Schematic of AD-like pathology and study overview. Based on previous work in this AD-model,26,27,29 the approximate trajectory 

of AD-like pathology is illustrated on the timeline in warm colours: -amyloid accumulation (yellow), synapse loss (orange) and 

phosphorylated-tau accumulation (red). Decreasing performance on memory tests (e.g., Y- maze test)26 is illustrated in blue. Imaging 

timepoints (MRI, orange) are indicated by black dotted arrows. A month prior to the first imaging timepoint (in each group, Table 1), all 

mice undergo a minimally invasive surgical procedure34 where a head-plate (HP) is affixed to the skull to reduce susceptibility artifacts and 

motion (HP, yellow). The treatment (Tx) period is indicated on the timeline (purple). Average Z-scored connectomes for each group at each 

timepoint are shown above the timeline. An atlas of 172 ROIs is used to generate the connectomes, 2 regions are removed for visualization 

purposes. Data from WT mice are outlined in grey (lower left). Data from AD (and ADvehicle) groups are outlined in black (upper right). Data 

from the ADtreated group (at 22M) are outlined in purple. The number of mice (‘N’) and runs (‘n’) are indicated above each connectome. ROIs: 

regions of interest. Animal breakdown: 4M: NWT=5/5 M/F; NAD=7/8 M/F; 6M: NWT=5/5 M/F; NAD=5/7 M/F; 9M: NWT=6/4 M/F; NAD=6/5 

M/F; 20M: NWT=5/3 M/F; NAD=12/7 M/F; 22M: NWT=5/0 M/F; NADveh=6/3 M/F; NADTx=5/4 M/F.  
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Fig. 2| WT and AD follow distinct trajectories of age-related changes in functional brain organization. Two-sample t-tests are applied 

to uncover age-related changes in FC strength within WT and AD mice (A., and B., respectively). In both groups (WT and AD), the earliest 
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timepoint (4M) is used as a baseline for the four subsequent imaging sessions. Thus, four stages of ‘aging’ are captured: early (6M vs. 4M), 

mid (9M vs. 4M), late (20M vs. 4M) and very late (22M vs. 4M). For connectomes, T-test results are displayed without (bottom half), and 

with (top half) a statistical threshold (corrected, p< 0.05). All other displays, vertical histograms of node degree, circle plots and node degree 

maps, results are shown after the statistical thresholds have been applied. For the brain region labels (rainbow) colour-scale, see Fig. S1. 

Positive t-values (red) indicate greater FC strength in older vs. younger mice. Negative values (blue) indicate the opposite. Node degree maps 

are displayed on anatomical reference images (greyscale). Clear and distinct aging effects are observed in both groups. The WT group shows 

an overall increase in FC strength in older vs. younger mice which emerges at 9M, persists at 20M, and shows some evidence of waning at 

22M. Conversely, the AD group shows an overall decrease in FC strength in older vs. younger mice which emerges at 20M and persists until 

22M. As a data reduction strategy, we summarize these data at the indicated timepoints for each group (Fig. 3).  
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Fig. 3| Summaries of data-derived WT- and AD-aging networks. We consider both the sum (all edges across two stages) and intersect 

(common edges across two stages) as a comprehensive (sum) and stringent (intersect) definition of our data-driven aging networks (left and 

middle panels respectively, A. and B.). Edges at chosen stages (Fig. 2) are highly overlapping (difference from null distribution, p<0.001) 

for both WT (A.) and AD (B.) groups. Aging networks are displayed as connectomes (172 x 172 ROIs, see Fig. S1). Greater FC in older 

relative to younger mice is shown in red (upper right in connectomes). Greater FC in younger relative to older mice is shown in blue (lower 

left in connectomes). Data are also shown as vertical histograms of node degree, circle plots, and node degree maps displayed on anatomical 

reference images (greyscale) in left and middle panels (A. and B.). All results have a statistical threshold (corrected, p<0.05) applied. Fisher’s 

exact test (MATLAB) is used to assess (under) enrichment for edges within data-derived networks and the triple-network model: DMN, 

LCN, and SN, as well as their inter-network pairs (corrected, permutation test x1,000 iterations). These results are depicted using ball-and-

stick diagrams (right panel). An enlarged ball indicates enrichment (e.g., A. WT-aging DMN, older>younger), whereas a shrunken ball 

indicates under-enrichment (e.g., A. WT-aging SN, older>younger). Balls and sticks showing no (under) enrichment are drawn in grey (n.s.) 

whereas (under) enrichment is indicated by colour (red for older>younger, and blue for older<younger). Significance is displayed as * for 

p<0.05, ** for p<0.01 and *** for p<0.001. Equivalent findings are uncovered for triple network representation when we use the sum or 

intersect definition.  

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 8, 2024. ; https://doi.org/10.1101/2023.12.15.571715doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.15.571715


 

Fig. 4| Emerging at 9M, AD mice show a pronounced decrease in FC strength relative to WT mice. (A.) As in Fig. 2 except here, we 

compare WT to AD groups at each timepoint. Positive t-values (red) indicate greater FC strength in AD vs. WT mice. Negative values (blue) 

indicate the opposite. (B.) As in Fig. 3 except here, we collapse across 9 and 20M timepoints (as indicated in A.). Significance is displayed 

as * for p<0.05, ** for p<0.01 and *** for p<0.001.  

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 8, 2024. ; https://doi.org/10.1101/2023.12.15.571715doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.15.571715


 

Fig. 5| BMS-984923 treatment rescues FC deficits in ADtreated mice. (A.) Differences in FC strength between WTvehicle and ADvehicle (left, 

replicated from Fig. 4A) as well as WTvehicle and ADtreated (right) at 22M. Positive t-values (red) indicate increased FC strength in ADvehicle 

vs. WT mice (left) or increased FC strength in ADtreated vs. WT mice (right). Negative t-values (blue) indicated decreased FC strength in 

ADvehicle vs. mice (left) or decreased FC strength in ADtreated vs. WT mice (right). BMS-984923 treatment appears to globally reduce FC 

strength differences between groups at 22M (two-sampled t-test, MATLAB, ttest2). (B.) Treatment effects in ADtreated (22M) relative to age-

matched ADvehicle mice (right) or ADvehicle mice at 20M (left). Positive t-values (red) indicate increased FC in ADtreated vs. ADvehicle mice. 

Negative t-values (blue) indicate decreased FC strength in ADtreated vs. ADvehicle mice. (C.) As in Fig. 3 and Fig. 4B except here, we collapse 

across treatment effects (as indicated in B.). Significance is displayed as * for p<0.05, ** for p<0.01 and *** for p<0.001. VIS: visual cortex, 

AUD: auditory cortex, HF: hippocampal formation, HY: hypothalamus, AMY: amygdala, CP: caudoputamen. 
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Fig. 6| Shared functional anatomy of data-derived networks. (A.) Greyscale lower left: the fraction of shared edges between data-derived 

networks computed as the fraction of the smaller network contained within the larger network (e.g., 85% of the 643 edges within the AD-

like (-ve) network are within the 2,313 edges within the WT-aging (+ve) network). Colour upper right: Using Fisher’s exact test (corrected, 

permutation test x1,000), we determine if a significant number of shared edges (hot colours), or a significant (p<0.008) lack of shared edges 

(cool colours), are found between data-derived network pairs. White numbers in each cell are the number of shared edges. (B.) Schematic of 

overlap (red arrows) and lack of overlap (blue lines with caps) between data-derived networks. Arrow size is proportional to significance. 

(C.) Edges shared between AD-aging (+ve), WT-aging (+ve), and AD-like (-ve) pairs – green: 1, 2, and 3 – are shown as vertical ROI plots 

and ball-and-stick diagrams. (E.) Schematic of overlap between two groupings of edges that are shared across data-derived networks: Age 
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and AD (left of dotted line, green: 1, 2, and 3), and treatment (right of dotted line, purple: 4, 5, and 6). No significant representation of edges 

shared across data-derived networks including the treatment network – purple: 4, 5, and 6 – is found with the triple-network system (DMN, 

LCN, or SN). Bilateral regions that are identified consistently (in 1, 2, and 3) which show the highest degree are listed (D.). A layered 

histogram of degree for the 1, 2, and 3 grouping (F.) with a bird’s eye view of a degree colour-map (red), in-lay. Significance is displayed as 

* for p<0.05, ** for p<0.01 and *** for p<0.001.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 8, 2024. ; https://doi.org/10.1101/2023.12.15.571715doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.15.571715


 

Fig. 7| Mean FC within data-derived networks. Mean FC computed by multiplying data-derived networks by connectomes obtained from 

each mouse at each imaging timepoint. Boxplots are shown for WT (grey), and AD (vehicle/treated black/red) mice, for AD-like (-ve) (A.) 

and treatment (+ve) (B.) networks. The horizontal line indicates the median within each group. A t-test is used to compare mean FC strengths 

across groups, at each timepoint. For the 22M timepoint, an ANOVA is performed first, and t-tests are computed after to check the level of 

the significance found. Significance is displayed as * for p<0.05, ** for p<0.01, and *** for p<0.001.  
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