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Recent studies suggest that neurodegenerative diseases could affect brain structure

and function in disease‐specific network patterns; however, how spontaneous activity

affects structural covariance network (SC) is not clear. We hypothesized that hyper‐

excitability in Huntington disease (HD) disrupts the coordinated structural and func-

tional connectivity, and treatment with memantine helps to reduce excitotoxicity and

normalize the connectivity. MRI was conducted to measure somatosensory activation,

resting‐state functional‐connectivity (rsFC), SC, amplitude of low frequency fluctuation

(ALFF) and ALFF covariance (ALFFC) in the YAC128 mouse model of HD. We found

somatosensory activation was unchanged but the subcortical ALFF was increased in

HD mice, indicating subcortical but not cortical hyperactivity. The reduced sensorimo-

tor rsFC but spared hippocampal and default mode networks in the HD mice was con-

sistent with the more pronounced impairment in motor function compared with

cognitive performance. The disease suppressed SC globally and reduced ALFFC in

the basal ganglia network as well as its anti‐correlation with the default mode network.

By comparing these connectivity measures, we found that the originally coupled rsFC‐

SC relationship was impaired whereas SC‐ALFFC correlation was increased by HD,

suggesting disease facilitated covariation of brain volume and activity amplitude but

not neural synchrony. The comparison with mono‐synaptic axonal projection supports

the hypothesis that rsFC, but not SC or ALFFC, is highly dependent on structural con-

nectivity under healthy conditions. Treatment with memantine had a strong effect on

normalizing the SC and reducing ALFF while slightly increasing other connectivity mea-

sures and restoring the rsFC‐SC coupling, which is consistent with its effect on allevi-

ating hyper‐excitability and improving the coordinated neural growth. These results

indicate that HD affects the cerebral structure–function relationship which could be

partially reverted by NMDA antagonism. These connectivity measures provide unique

insights into pathological and pharmaceutical effects in brain circuitry, and could be

translatable biomarkers for evaluating drug effect and refining its efficacy.
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1 | INTRODUCTION

Huntington disease (HD) is a neurodegenerative disease caused by a mutation in the huntingtin (HTT) gene.1 The disease is characterized by pro-

gressive neurodegeneration, with preferentially atrophy of certain regions including the striatum and the cortex. Symptoms usually appear in mid‐

life and include progressive cognitive deficits and motor disturbances.2 However, how the genetic abnormality leads to specific and progressive

expansion of degeneration remains unknown. Because of its monogenic and highly penetrant nature, rodent models harboring mutant HTT (mHTT)

manifest behavioral and neuropathological features that mimic those seen in patients with HD3 and have served as useful tools not only to elu-

cidate the pathogenic mechanisms4 but also to test therapeutic strategies.5-8

Growing evidence suggest that HD may partially start from connectivity dysfunction. Using diffusion tensor imaging, early studies have found

white matter abnormality in premanifest gene carriers (pre‐HD).9 Structure covariance analysis also indicates network patterns of gray matter

atrophy in pre‐HD.10 Resting‐state functional connectivity MRI (rs‐fcMRI), which detects temporal coherence of blood oxygenation level depen-

dent (BOLD) signals across brain regions, on HD patients showed increased short‐range resting‐state functional connectivity (rsFC) in several cor-

tical and subcortical areas but reduced long‐range connectivity between parietal areas.11 Other studies on pre‐HD and early‐onset patients

reported reduced rsFC.12,13 However, a longitudinal study of pre‐HD over a period of 3 years didn't detect change in rsFC despite a significantly

higher rate of striatal atrophy.14 This is different from recently suggested correlated patterns of structural atrophy within resting state network

deficits in several neurodegenerative diseases.15 Therefore, the relationship between rsFC, structural defect and behavior in HD remains contro-

versial. Furthermore, whether therapeutics can alter rsFC so as to improve behavior is unclear.

It is also known that excessive N‐methyl‐D‐aspartate (NMDA) activity is an important pathological feature of Huntington disease.16,17

Memantine, an NMDA receptor antagonist, has been shown to preferentially blockade extrasynaptic NMDA receptors and to reduce glutamate

toxicity in cellular models of HD.7 Furthermore, treatment of YAC128 HD mice with low‐dose (1 mg/kg of body weight) memantine was shown

to improve motor learning and performance and to ameliorate striatal atrophy, whereas high‐dose (30 mg/kg) memantine worsened, rather than

further improved, these features of HD.7,18 This differential effect is thought to reflect blockage of extrasynaptic NMDA receptors at low doses of

memantine, which leads to suppression of cell death‐inducing signaling cascades and improved neuronal viability, while intrasynaptic NMDA

receptors are also blocked at high doses, which interferes with normal neurotransmission and pro‐survival signaling.19,20 Despite our understand-

ing of memantine effects on the cellular level, how memantine affects the large‐scale network activity remains unclear.

This study aimed to understand the pathological effect of Huntington disease and pharmaceutical effect of long‐term memantine treatment on

the brain circuitry. We hypothesize that Huntington disease disrupts the coordinated structural and functional connectivity, and memantine treat-

ment helps to reduce hyper‐excitability and improve the connectivity without suppressing excitatory activity. To test these hypotheses, we used the

YAC128 mouse model of Huntington disease and evaluated 1) the excitability using somatosensory evoked fMRI and amplitude of low‐frequency

fluctuation (ALFF)21; 2) the functional and structural network characteristics using rsFC, ALFF covariance (ALFFC) and structural covariance (SC); and

3) the structure–function relationships using the axonal connectivity derived from theMouse Brain Connectivity Atlas.22 The results show that brain

connectivity and structural‐functional coupling were altered by Huntington disease and enhanced partially by memantine treatment.
2 | MATERIALS AND METHODS

2.1 | Experimental design

Our animal study was approved by the Institutional Animal Care and Use Committee of the Biomedical Science Institutes, A*STAR, Singapore.

Three groups of mice, all on an FVB/N background, were used in the imaging study: wild‐type (WT) mice (n = 12, 7 males), YAC128 (HD) mice

(n = 8, 6 males), and memantine treated YAC128 (MMT) mice (n = 10, 6 males). For the MMT group, YAC128 mice were treated with 2 mg/kg

of memantine in drinking water starting at 2 months of age until the day of MR scan. Previously we showed that behavior can change rsFC.23

To avoid interference of behavior experiments on connectivity imaging, a separate cohort of 3 groups of mice were used for behavioral testing:

WT (n = 5, 3 males), HD (n = 9, 4 males), and MMT (n = 7, 4 males). The age of mice on the day of MR scan was 10.5±0.3 months and the age of

mice during behavior studies was at 8 months.
2.2 | Animal preparation

For MRI scans, mice were carefully handled to minimize stress, and then quickly anesthetized with 5% isoflurane in an induction chamber and

maintained at 2% during preparation through a nosecone. The animal was then secured on an MRI‐compatible cradle with ear bars and a bite
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bar to prevent head motion. To deliver somatosensory stimulation, a pair of needle electrodes was inserted under the skin between digits 2 and 4

of one of the forepaws. Afterward, the electrodes were inserted into the forepaws, the isoflurane was lowered to 1.5%. At 15 mins after induction,

a bolus of 0.15 mg/kg medetomidine (Dormitor®, Pfizer, USA) was administered intraperitoneally, followed by continuous infusion of 0.3 mg/kg/h

medetomidine 10 min afterward. Starting at the time of infusion, the isoflurane was tapered down to 0.2–0.5% based on the breathing rate in the

following 15 minutes. The preparation time under 2% isoflurane was usually less than 10 mins to minimize the impact on physiology. The animal

was maintained with spontaneous respiration throughout the entire experiment. The respiration was monitored (SA Instruments, Inc., New York,

USA) and the rectal temperature was maintained at ~37°C by a warm water circulation system.

To assess the neural and hemodynamic responses, electrical stimulation of 1 mA, 6 Hz, 0.3 ms pulse duration was delivered to either the left

or the right forepaw by a constant current stimulator (Isostim A320, World Precision Instruments, Florida, USA). A block design of 40 s resting and

20 s stimulation alternately repeated for two times and adding 30 s of resting at the end (2.5 minutes in total) was used.
2.3 | MRI

MRI measurements were performed on a 9.4 T horizontal magnet (BioSpec 94/30 USR, Bruker BioSpin GmbH, Germany). A 72 mm quadrature

volume coil (Bruker) was used for transmission and a 4‐channel mouse brain array coil as the receiver (Bruker). The field homogeneity over the

brain including the cortex and part of the subcortical area was optimized with 2nd order shims using the MAPshim. For functional imaging, 16 axial

slices were acquired using a gradient‐echo echo‐planar imaging (GE‐EPI) with TR = 1 s, TE = 15 ms, thickness = 0.5 mm, gap = 0 mm, matrix

size = 64 × 64, and FOV = 20 × 20 mm2. The rs‐fcMRI was acquired at ~45 minutes after the medetomidine bolus injection and lasted for

10 min (600 volumes). To correct for the geometric distortion, a reversed phase GE‐EPI was acquired with four average. Several runs of forepaw

stimulation fMRI were acquired with 150 repetitions using the same GE‐EPI parameters. Two anatomical images were acquired by T2‐weighted

fast spin‐echo (FSE) with TR/TE = 4000/32 ms, echo train = 8, matrix = 256 × 256, FOV = 20 × 20 mm2, and average = 2. One had the same

geometry as the fMRI scans and another FSE image had higher resolution 0.098x0.098x0.3 mm3 for better co‐registration to the mouse brain tem-

plate and for structural covariance measurement.
2.4 | Image processing

MRI data was processed using in‐house MATLAB codes (Mathworks, MA, USA), FSL (version 5, FMRIB Software Library, Oxford, UK), SPM (ver-

sion 8, Statistical Parametric Mapping, WellcomeTrust Centre for Neuroimaging, UCL, UK), MIPAV (Medical Image Processing, Analysis, and Visu-

alization, NIH, USA), circos24 and ANTS (Advanced Normalization Tools 2.1.0, http://picsl.upenn.edu/software/ants). A summary of activity and

connectivity metrics are list in Supplementary Table 1.

1 Functional image preprocessing: The processing pipeline is depicted in Supplementary Figure 1. Motion correction was done by SPM. A mask

of ventricle, muscle and skin was created using a region‐growing function in MIPAV followed by manual editing to avoid partial volume effect.

All the voxel time‐courses in the ventricle, muscle and skin, the six motion parameters, and the top 10 voxels with the highest temporal var-

iation were selected as potential nuisances.25 Instead of using all of them as nuisance regressors, the principal components of these time

courses that showed high correlation in the brain (voxel‐wise and cluster‐wise p < 0.01) were used as the nuisance regressors (Supplementary

Figure 1A). To correct severe geometric and intensity distortions of EPI, FSL TOPUP with additional reversed phase‐encoding EPI was

applied.26 Afterward, the resting‐state data was bandpass filtered from 0.01 to 0.1 Hz.

The second‐level data processing included co‐registration, spatial smoothing, and group analysis (Supplementary Figure 1B). Nonlinear trans-

formation (using ‘fnirt’ in FSL) was used to co‐register the distortion‐corrected EPI to the individual FSE image and then to a study‐specific tem-

plate created based on 8 untreated YAC128 and 8 wild‐type mice in the Australian Mouse Brain Mapping Consortium (AMBMC) atlas space

(http://www.imaging.org.au/AMBMC/).27 Gaussian smoothing with full width at half maximum of 0.424 mm was applied.

2 Structural MRI morphometry: A Jacobian matrix field was derived from the gradients of the deformation field that aligned individual high‐res-

olution T2‐weighted FSE images to the template brain using FSL.28 The determinant of the local Jacobian matrix, derived from the forward

deformation field, was used to represent volumetric change in each voxel with a determinant that was larger than 1 indicated volume

expansion.

3 Anatomical labels for network analysis: A total of 84 labeled regions with 42 in each hemisphere were defined based on the AMBMC atlas and

the labeled atlas from the John Hopkins Medical Institute (http://cmrm.med.jhmi.edu/). To account for residual mis‐registration, any labeled

region below 95% covered by any of the individual brain mask was excluded. Four network modules that are potentially affected by Hunting-

ton disease were defined: sensorimotor, basal ganglia, hippocampal and default mode networks (Supplementary Figure 2A and Supplementary

Table 2). Considering that CPu is preferentially affected in Huntington disease and the connectivity varies across the CPu, it was further

divided into 10 subregions per hemisphere. Each of the subregions is associated with a tracer injection site obtained from the Mouse Brain

Connectivity Atlas and defined based on the shortest distance to the tracer injection sites.

http://picsl.upenn.edu/software/ants)
http://www.imaging.org.au/AMBMC/)
http://cmrm.med.jhmi.edu
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4 Functional connectivity analysis: Pearson's correlation coefficient between the mean time courses of two labeled regions was calculated as the

connectivity strength to form the correlation matrix. A connectivity map was constructed using the mean time course from a labeled region as

the seed to correlate with all the voxel time courses in the brain. These values were all transformed to z by Fisher's z‐transformation. The rsFC

of each network module was averaging the over the module in each subject before group analysis.

5 Structural covariance analysis: The pattern of regional morphology across subjects was used to determine the covariation of gray matter

change between brain regions. First, the morphology, measured as the Jacobian determinant, of each individual, was normalized by his/her

own brain volume. Then regional morphology was calculated by averaging the normalized Jacobian determinants over each labeled brain

region. The morphology of a region across subjects formed a vector. Structural covariance was calculated as the Fisher's z‐transformed

Pearson's correlation coefficient between morphology vectors of a pair of regions.

6 ALFF and its covariance: Both ALFF and fractional ALFF (fALFF) have been widely used to calculate the amplitude of BOLD oscillation. As

ALFF is more reliable than fALFF,29 the label‐based ALFF was calculated using the mean time course of rs‐fcMRI data within one labeled

region. In order to avoid the bias towards the signal intensity variation across individuals, the individual data was normalized by the global

mean of that individual. After Fourier transformation, the spectral power within the 0.01–0.1 Hz was summed up.

Similar to structural covariance, the ALFF covariance (ALFFC) was determined as the Pearson's correlation coefficient between the normalized

ALFF over populations of two labeled regions. The normalized ALFF was defined as the ALFF divided by the summation of ALFF over the brain.

7 Axonal projection: The monosynaptic axonal projection data was downloaded from http://connectivity.brain‐map.org/ (Allen Institute for

Brain Science, Seattle, Washington, USA). The histological image was coregistered onto our study‐specific template using ANTS and the trans-

formation was applied to the axonal projection maps. Due to the variation of injection volumes across experiments, the projection map was

thresholded by the median and then normalized by 90th percentile of the data.

The projection strength between source and target regions was estimated as the number of projected voxels within the labeled region of target,

normalized by the total number of the projecting voxels within the labeled region of source. Each labeled region is associated with the injection

site with maximum projected voxels in that region. Then a brain‐wide connectivity matrix of projection strength (see Supplementary Figure 3) was

created using a similar way described in.22

8 Comparison between connectivity measures: The linear relationship between rsFC, SC and ALFFC were evaluated over all connections and over

the most pathologically and pharmaceutically affected connections. The pathologically affected connections were defined as the connections

with significant change between the HD and WT groups, and the pharmaceutically affected ones were defined as the connections with sig-

nificant change between the MMT and HD groups. The top 30 connections showing significant between‐group difference were selected for

rsFC. Since the between‐group differences of structural and ALFF covariance were highly significant in general and mostly around the basal

ganglia and hippocampal modules, to avoid significant connections all coming from similar network module, the 30 connections at the 100th,

96.7th, 93.3th, … 3.3th, 0th percentile of the significant ones (p < 0.001) were selected for structural and ALFF covariance. Since different con-

nectivity measures detected different sets of connections, the union of them (with maximum 60 connections) was compared. Selecting such

number of connections ensures significant relationship to have moderate correlation coefficient (e.g., r > 0.3 with p < 0.01). All the connec-

tivity measures were Fisher's z‐transformed before the calculation of correlation.

To examine the relationships with underlying axonal projections, the selected connections were compared with the corresponding axonal projec-

tion strength estimated from the connectivity atlas. Considering that strong connectivity, regardless of whether it is positive (e.g., excitatory) or

negative (e.g., inhibitory), would likely depend on dense axonal projection, the correlation was calculated between the absolute value of each con-

nectivity measure and the axonal projection strength. Besides, as the connectivity measures do not have directionality, the mean axonal projection

strengths to and from two regions was used.
2.5 | Behavioral tests

The climbing test was performed as described previously.30 Briefly, mice were allowed to acclimatize to the testing room for at least 30 minutes

before testing. Mice were then placed at the bottom end of a closed‐top wire mesh cylinder (10x15 cm) on the tabletop and recorded with a video

camera for 5 minutes. The latency at which each mouse started to climb (latency to climb) and the time spent on climbing within a 5‐minute trial

were manually scored. The time spent on climbing was defined as the time from when a mouse's fourth paws left the tabletop to the time when

the first paw was placed back on the tabletop. The sum of climbing time over the 5‐minute trials is the total time spent on climbing. Test sessions

and manual scoring were performed blinded for treatment and genotype.

The novel object preference (NOR) test was used to evaluate learning and memory function in mice by assessing the ability of animals to

recognize a familiar object from a novel object in a familiar environment. The novel object preference test was performed at 8 months of age.

http://connectivity.brain-map.org/
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To assess the preference of a novel object, mice were habituated to an open field arena (50x50x20 cm) for 5 min. After a 5 min inter‐trial

interval (ITI), they were exposed for 5 min to two novel objects placed in the upper corners of the arena (familiarization phase). Mice were

removed from the arena for another 5 min ITI and then mice were re‐introduced for another 5 min in the arena where the object in the

top left corner was replaced by a different, unfamiliar object (novel) in the same location (test phase). The number of investigations events

and percentage of time investigating the novel object was recorded by Ethovision XT 7 (Noldus Information Technology, Netherlands) and

scored manually while blinded for treatment and genotype. Investigation of the target object involved the mouse facing the objects in close

proximity and sniffing.
2.6 | Statistical analysis

The group differences were assessed by two‐sample t test on correlation matrix, functional module and connectivity map. The relationship

between two different measures was assessed by linear regression. The intra‐module connectivity was determined as the mean z‐transformed

correlation coefficient over the connections within each of the 4 modules defined above. Likewise, the inter‐module connectivity was calculated

as the grand mean of the connectivity from a source module to each of the other 3 modules. For rsFC analysis, the mean temporal signal‐to‐noise

ratio (tSNR) of the whole brain was controlled as a covariate to avoid group‐level bias by image quality. To control for multiple comparison in the

stimulus evoked activation and resting‐state connectivity maps, the voxel‐wise and cluster‐wise p values of the maps of evoked response, rsFC

and ALFF were determined by ‘easythresh’ in FSL.31

Due to the lack of population dimension of structural/ALFF covariance measures, the between‐group difference was tested by random per-

mutation considering that the connections may not be independent from each other. The connectivity measures from two groups were mixed

together and randomly assigned into different groups. The permutation was repeated for 10000 times. The p value was defined as the number

of times that the permuted group difference exceeded the actual group difference, divided by the number of repetitions.
3 | RESULTS

3.1 | Physiology were comparable among the groups

The information of animals, isoflurane dose, physiology and image quality (tSNR) during the rs‐fcMRI scan are shown in Table 1. All the measures

showed no difference between groups.
3.2 | Somatosensory activation was not changed by disease or treatment

Strong and consistent activation can be seen at the contralateral S1 forelimb area (S1FL) under electrical stimulations in all the groups with com-

parable activated area (Figure 1). This shows good physiological condition and proper neurovascular coupling in these mice under the anesthesia.

Although there was a trend of reduced BOLD signal change in the HD and MMT groups, it was not significant. It suggested that HD and the

memantine treatment do not alter the excitatory neurotransmission of the thalamocortical pathway involved in the somatosensory evoked

response.
3.3 | HD reduced sensorimotor and striatal functional connectivity whereas memantine enhanced DMN

The rsFC correlation matrices show that HD generally reduced rsFC whereas MMT increased it (Figure 2A,B). The most significant decreases in

HD were between somatosensory cortices and CPu, such as between left S1 jaw area and right lateral (p = 0.0001) and dorsolateral CPu

(p = 0.0003), right S1 jaw area and left infralimbic area (p = 0.0002), right S1 forelimb area and S1 upper lip area (p = 0.0005), and right S1

dysgranular zone and right ventral CPu (p = 0.0006). Among them, 71.7% involved sensorimotor module, 63.3% involved BGN and 25% involved

DMN whereas hippocampal connectivity was not affected.

Memantine treatment increased rsFC in different connections, including those between left ventral retrosplenial (RSP) and left medial parietal

association cortex (p = 0.0004), left ventral RSP area and anterior medial CPu (p = 0.0026), left S1 jaw area and right lateral CPu (p = 0.0028), left

CA1 and left lateral CPu (p = 0.0039), and so on. Among the increased rsFC, 21.4% involved sensorimotor module, 50% involved BGN and 64.3%
TABLE 1 Animal physiology during the rs‐fcMRI scan. The number represents mean ± standard deviation. tSNR: temporal signal‐to‐noise ratio

N (male) Age (month) Isoflurane (%) Respiration rate (bpm) tSNR

WT 12 (7) 10.6 ± 0.3 0.38 ± 0.2 116.7 ± 32.3 27.7 ± 5.8

HD 8 (6) 10.6 ± 0.5 0.33 ± 0.1 123.0 ± 39.0 25.2 ± 4.7

MMT 10 (6) 10.5 ± 0.2 0.34 ± 0.1 124.4 ± 30.4 28.8 ± 2.6



FIGURE 1 Evoked BOLD responses to
electrical stimulation to the left forepaw. (A)
The group BOLD activation maps at the S1
forelimb area (S1FL, left column) and S2 (right
column) thresholded with voxel‐wise p < 0.01
and cluster‐wise p < 0.001. (B) The BOLD
signal changes at the right S1FL and S2 areas.
The colored regions in the inset highlight the
S1FL and S2 areas, respectively. (C) The
proportional activated area within the S1FL.
The errorbars indicate the standard error of
the mean (SEM)
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involved DMN. Moreover, the HD group had lower rsFC (p = 0.022) compared to the WT within the sensorimotor module but not others (Figure 2

C). The intra‐module rsFC after memantine treatment did not show significant difference.
3.4 | HD enhanced fluctuation amplitude in subcortical areas and was reverted by memantine

The regional power spectra of resting‐state BOLD activity within 0.01 and 0.1 Hz show the strongest power in the DMN in all the groups

(Figure 3A), consistent with what was reported in human studies.21 The power was generally reduced in all modules under memantine treatment

(p = 0.043, 0.064, 0.029 and 0.029 in sensorimotor, BGN, hippocampal network and DMN respectively). Voxel‐wise comparisons between groups

(Figure 3B) show significantly increased ALFF at the ACA, CPu, lateral globus pallidus (GPe) and thalamus in the HD group. With memantine treat-

ment, the ALFF at the ACA, S1, M1, and CPu was decreased.
3.5 | HD reduced covaried fluctuation amplitudes in sensorimotor and striatal networks which were alleviated
by memantine

To understand whether the ALFF changed in a covariated network pattern across the brain, we calculated the ALFFC in a way similar to the struc-

tural covariance (Figure 3C). Different from the increase seen in the ALFF, pronounced reduction of ALFFC was found in the HD group, whereas

the memantine treatment alleviated that partly. Module‐wise, the reduction in the HD group was most significant in the intra‐BGN and inter‐sen-

sorimotor modules (p < 0.001) (Figure 3D). The memantine treatment increased not only these two modules (p < 0.05) but also intra‐DMN

(p < 0.001). Interestingly, the inter‐DMN ALFFC in all the groups were negative (p < 0.001), echoing the finding that DMN and task‐positive net-

works are anti‐correlated.32 The covariance was less negative in the HD group (p < 0.001) and became more negative again with memantine treat-

ment (p < 0.001).
3.6 | HD reduced structural covariance that was partially alleviated by memantine

In general, strong structural covariance was found in the WT but largely diminished in the HD group, and the memantine treatment alleviated

that partly (Figure 4A). Between group comparisons (Figure 4B) show that the HD group had the largest reduction in regions between the sen-

sorimotor and BGN (9 out of 13), between DMN and BGN (2 out of 13), and within BGN (1 out of 13) and DMN (1 out of 13) modules.

Memantine treatment increased the structural covariance between several regions in the BGN, hippocampal and DMN models while unilater-

ally decreased between some regions in the sensorimotor and DMN modules. At the network module level (Figure 4C), all the intra‐ and inter‐

module structural covariance were reduced by HD while memantine treatment increased most of them except the intra‐ and inter‐sensorimo-

tor ones.
3.7 | Structure–function relationship disrupted by HD and partially recovered by memantine

To understand whether the three connectivity measures – rsFC, SC and ALFFC, which probed a certain aspect of the brain structural and func-

tional networks – are inter‐related, correlation among them was calculated. Over all the connections, these connectivity measures are highly cor-

related (supplementary Figure 4). To further understand how the disease and memantine treatment affects their coupling, the significant

connections that were detected in the HD pathology (e.g., HD vs WT; denoted as pathologically affected) or MMT treatment (e.g., MMT vs



FIGURE 2 The matrices of rsFC and the between‐group comparisons. (A) The z‐transformed correlation matrices of the wild‐type (WT),
YAC128 (HD) and YAC128 treated with memantine (MMT) groups (from the left to right panels). The solid lines in the matrices separate
different functional modules, including the sensorimotor, basal ganglia, hippocampal and default mode networks. The dotted lines separate
the right and left hemispheres. The label descriptions within single hemisphere are listed in Supplementary Table 1 following the order
along the matrix dimension. (B) The circular representations of the change of rsFC between the HD and WT (left), and between the MMT
and HD groups (right) (p < 0.01 uncorrected, two‐sample t test). Positive t value is indicated as hot color, and negative t value indicated as
cold color with darker colors representing p < 0.001. The line thickness is proportional to the absolute t value. (C) The average z‐values of
intra‐module (left) and inter‐module (right) rsFC of the WT (blue), HD (red) and MMT (green) groups. The errorbar represents the SEM. #:
p < 0.05
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HD; denoted as pharmacologically affected) were compared. Among the pathologically affected connections, the rsFC and SC was highly corre-

lated in the WT group (r = 0.58, p < 0.001), disrupted in HD (r = 0.21, p = 0.10) and restored with memantine treatment (r = 0.52, p < 0.001)

(Figure 5A). For the pharmaceutically affected connections, on the other hand, the relationship was strong in both the WT (r = 0.60, p < 0.001)

and HD (r = 0.50, p < 0.001) groups but decreased by memantine treatment (r = 0.09, p = 0.50).

The ALFFC and rsFC were also highly correlated in the WT group in both pathologically (r = 0.64, p < 0.001) and pharmaceutically

(r = 0.41, p = 0.002) affected connections (Figure 5B). Although such correlation remained high in the HD (r = 0.58, p < 0.001) and MMT

(r = 0.45, p < 0.001) groups over the pathologically affected connections, they were disrupted over the pharmaceutically affected connections.

Interestingly, the SC and ALFFC did not correlate in the WT group but became correlated in the HD group (r = 0.31, p = 0.016) and main-

tained high with memantine treatment (r = 0.46, p < 0.001) (Figure 5C). For the connections affected by memantine treatment, the correlation

remained low.



FIGURE 3 Power spectra of resting‐state BOLD activity, ALFF and ALFF covariance. (A) The regional power spectra of resting‐state BOLD
activity of the WT, HD and MMT groups (from the top to bottom). The warmer color represents higher power. (B) The two‐sample t‐test of
ALFF maps between the HD and WT groups (upper row) and between MMT and HD groups (lower row), thresholded at voxel‐wise p < 0.01
and cluster‐wise p < 0.001. The abbreviations are: ACA: anterior cingulated area, CPu: caudate putamen, GPe: lateral globus pallidus, M1:
primary motor area, S1: primary somatosensory area. (C) The matrices of ALFF covariance of WT, HD and MMT groups (from left to right).
What the lines and labels represent are as described in Figure 2A. (D) The average z‐values of intra‐module (left) and inter‐module (right)
ALFF covariance of the WT (blue), HD (red) and MMT (green) groups. The error bar represents the SEM. #: p < 0.05, ##: p < 0.01, ###:
p < 0.001
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3.8 | Functional but not structural measures correlated with axonal projection

To further elucidate whether this coupling is dependent on the underlying axonal connectivity, the connectivity measures in the WT group were

compared with the axonal connectivity strength (Figure 5D). Comparing rsFC maps with monosynaptic projection maps using the tracer injection

sites as seed points, high overlap was seen in the cortical networks but not in the subcortical network like CPu (supplementary Figure 5). Consis-

tently, the rsFC was strongly correlated with axonal projection strength over both pathologically (r = 0.69, p < 0.001) and pharmacologically

(r = 0.52, p < 0.01) affected connections. Although measured from rsfMRI signal, the ALFFC did not correlate with axonal projection. Interestingly,

the SC did not correlate with projection strength in the disease‐affected connections but was lightly coupled over connections affected by

memantine treatment (r = 0.40, p < 0.05). These indicate that, in healthy animals, functional connectivity but not covariated activity or volume

changes depend on axonal connectivity.
3.9 | HD impaired motor function but not cognition

For the climbing test, the latency to climb was significantly longer in the HD group (p < 0.01), but memantine treatment did not improve it

(Figure 6A). For the NOR test, although the HD and MMT groups showed a decreasing trend of percentage time on novel object, there was

no statistical difference compared to the WT group (Figure 6B). The results indicate that Huntington disease impaired the motor function more



FIGURE 4 The matrices of structural covariance and the between‐group comparisons. (A) The z‐transformed structural covariance matrices of
the WT, HD and MMT groups (from the left to right panels). What the lines and labels represent are as described in Figure 2A. (B) The circular
representations of the change of structural covariance between the HD and WT (left), and between the MMT and HD groups (right) (p < 10−6

uncorrected, two‐sample t test). The darker color represents p < 10−8. (C) The average z‐values of intra‐module (left) and inter‐module (right)
structural covariance of theWT (blue), HD (red) and MMT (green) groups. The errorbar represents the SEM. #: p < 0.05, ##: p < 0.01, ###: p < 0.001
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than the recognition memory, which is in line with the depressed sensorimotor rsFC but preserved hippocampal and DMN connectivity

(Figure 2).
4 | DISCUSSION

We report the first investigation of brain activity and connectivity in a mouse model of Huntington disease and the effects of long‐term memantine

treatment. We found increased amplitude of spontaneous activity in the thalamus and striatum but unaltered somatosensory activation by the dis-

ease, suggesting that hyper‐excitability wasmore pronounced in subcortical areas but less in the cortex. At the network level, the reduced rsFC in the

sensorimotor network but intact DMN by the disease is consistent with the impaired motor function but less pronounced deficits in cognitive func-

tion. The ALFFC showed reduction of coordinated spontaneous activity amplitude in BGN and the loss of anti‐correlation with respect to DMN. The

globally reduced structural covariance indicates disrupted coordinated neural growth in nearly all the networks. Furthermore, we found that the

strong rsFC‐SC coupling was diminished by the disease. While the rsFC‐ALFFC coupling was unchanged, their strengths were reduced. Particularly,

rsFC, but not ALFFC or SC, showed strong correlation with axonal projection strength, suggesting a dependence of functional networks on direct



FIGURE 6 The behavioral results. (A) The latency to climb (left) and climbing time (right) of the climbing test. (B) The percentage of time spent
on the novel object (left) and number of events exploring the novel object (right) of the NOR test. The error bar represents the SEM. #: p < 0.05,
##: p < 0.01 and ###: p < 0.001

FIGURE 5 The inter‐relationship between rsFC, SC, ALFFC and axonal projection strength. The (A) rsFC‐SC, (B) rsFC‐ALFFC, and (C) SC‐ALFFC
correlations over the pathologically (left) and pharmaceutically (right) affected connections. The x and y axes represent the Fisher's Z values of the
connectivity measures. (D) The correlations between connectivity measures with respect to the axonal projection strength over the pathologically
(left) and pharmaceutically (right) affected connections. Statistical significance of the correlation coefficient, r, is indicated as *: p < 0.05, **:
p < 0.01 and ***: p < 0.001. Statistical significance between groups is indicated as #: p < 0.05 and ##: p < 0.01
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axonal projection. While memantine treatment could normalize several of the deficient connectivity, it did not improve motor function as assessed

by the climbing test. These together indicate that hyper‐excitability in the basal ganglia disrupted functional networks involved in motor function and

the coordinated activity and neural growth, which could partly be alleviated bymemantine. The results are consistent with various human and rodent

studies (see summary in Supplementary Table 3) and are discussed in the following sections.
4.1 | Excitability

An imbalance in synaptic versus extrasynaptic NMDA receptor activity is considered one of the key mechanisms of neurodegeneration and cell

loss in the striatum in Huntington disease. This study found unchanged somatosensory BOLD activation in the S1FL area. The unchanged cortical

BOLD activation is consistent with the comparable motor BOLD activation reported in human HD patients, pre‐HD and health control subjects,33

despite the abnormal excitability in the motor and somatosensory cortices that has been reported in HD patients.34,35 Further study would be
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needed to understand the relationship between cortical excitability and BOLD signal change. With memantine treatment, the evoked response in

the S1FL area was comparable to the HD group. This is consistent with rodent studies that showed a low dose of memantine to have minimal

effect on the auditory evoked potential36 and with human studies which showed comparable but slightly lower evoked potential under memantine

treatment in healthy subjects.37 Therefore, the memantine treatment did not affect excitability.

By measuring the amplitude of spontaneous activity, ALFF may reflect the altered excitability in the disease and treatment. Indeed, we

found ALFF was increased by Huntington disease but reduced by memantine treatment. Increased ALFF in the HD group supports the hypoth-

esis that an imbalance in NMDA receptors leads to the hyperactivity of neurons and triggers cell death.38,39 The decreased ALFF by memantine

is consistent with an inhibitory effect on NMDA receptors and consequently reduced NMDA activity.20,40 Recently a study on early stage Hun-

tington disease patients reported increased ALFF in bilateral inferior temporal gyrus and left superior frontal gyrus.41 Although the disease stage

and the altered regions are different from this study, these results suggest that ALFF may be a biomarker for the detection of pathology and

treatment effect.
4.2 | Resting‐state functional connectivity

The HD group showed pronounced decreases of rsFC between the sensorimotor and BGN modules, whereas the hippocampal and DMN connec-

tivity were relatively preserved. At the network module level, only the HD group showed significant reduction of rsFC in the sensorimotor module.

These are consistent with the majority of human studies reporting altered corticostriatal connectivity,11,42,43 reduced sensorimotor network con-

nectivity13,44 but preserved DMN12,45 in Huntington disease patients.

Most studies of memantine effects on brain circuitry are from patients with Alzheimer's disease (AD). An fMRI study on patients with mod-

erate to severe AD showed increased DMN activity in the precuneus region after 6 months of memantine treatment.46 We found that the

memantine treatment enhanced the rsFC involving DMN, which has important roles in cognition, rather than the corticostriatal network that is

directly involved in motor function. Interestingly, memantine treatment in healthy rats decreased cingulate, a key hub of rodent DMN, connectiv-

ity to hippocampus and prelimbic cortex, without affecting the striatum connectivity.47 The difference may be because MMT acted as a neuropro-

tective agent in hyper‐excitable diseased brain but inhibited neurotransmission in normal brain. This also suggests that memantine may affect

DMN broadly in multiple disease conditions and warrants further investigations on the mechanism and functional outcome.
4.3 | Covariance network of fluctuation amplitude

While the ALFF may partly reflect the local metabolism in the brain,48 the ALFFC is suggested to reflect the influences of the networks as a whole

rather than due to local and independent activities.49 We found that ALFFC was reduced in the HD group, indicating that although ALFF was

increased, the inter‐regional coordinated activity was disrupted. The impaired ALFFC appears to be partly increased and alleviated by memantine

treatment. We also observed anti‐correlation between DMN and sensorimotor network and BGN in the WT group, similar to what was reported

in humans.50 Additionally, we found that the anti‐correlation became weaker in the HD group but strengthened after memantine treatment, sug-

gesting that Huntington disease pathology altered the coordination between high‐ and low‐level systems and that memantine could normalize it.

Since anti‐correlation may be due to the suppression of other neural processes with competing representation,32 the weakened anti‐correlation

with the sensorimotor and basal ganglia networks may be associated with movement disorders, like chorea, in Huntington disease and will need

further investigation.
4.4 | Covariance network of gray matter volume

Structural covariance network analysis provides another angle of brain network change by examining the inter‐regional co‐variation of brain vol-

ume across the population.15,51 Altered patterns of structural covariance have been found in many brain disorders, such as AD, schizophrenia, epi-

lepsy and autism 52-56 but to a lesser extent in Huntington disease.10,33 We found that Huntington disease greatly reduced the structural

covariance in almost all the networks and memantine treatment ameliorated this reduction. Moreover, the effect of memantine was stronger in

the BGN and hippocampal network than in the sensorimotor network and DMN. This is consistent with human studies which showed reduced

structural covariance in sensorimotor, hippocampus, BGN and DMN.10 Nevertheless, it is noteworthy that the increase of structural covariance

by memantine did not alleviate brain atrophy.57 In other words, memantine enhanced the coordinated volumetric change between regions but

failed to ameliorate the cortical and striatal cell loss.
4.5 | Relationships between structural and functional network measures

Growing evidence suggests that functional connectivity measures are highly correlated with the underlying structural connectivity (e.g., axonal

connectivity)58 and structural change (e.g., structural covariance).15 To understand the relationships between structural and functional network

measures and how they may be influenced by Huntington disease and memantine treatment, we compared rsFC with axonal connectivity and

the interrelationship among the three connectivity measures ‐‐ rsFC, SC and ALFFC. We confirmed the coupled rsFC and structural covariance

in the WT group which became decoupled in either HD or MMT group depending on the connections. Memantine treatment showed an opposite



12 of 16 CHANG ET AL.
effect: for connections that were strongly impaired by the disease it can restore the rsFC‐SC coupling; but for connections strongly affected by the

drug, the originally coupled rsFC and SC in the disease was reduced. The rsFC‐SC decoupling by memantine treatment was also observed over the

entire connections (see Supplementary Figure 4A). Although the dosage of memantine used could reduce the imbalance in synaptic activity in

regions impaired by the disease and hence restore the normal rsFC‐SC coupling, it may be too high for regions not impaired by the disease

and hence lead to altered neural activity. Further dosage optimization would be needed and the rsFC‐SC coupling would be a good biomarker

to determine the optimal treatment.

The mechanism of rsFC‐SC coupling is not clear. It is known that rsFC implies the synchronous neural activity between regions. Although

what structural covariance represents at cellular level is to be elucidated, it is usually interpreted as synchronous firing, shared genetic influences,

environmental factors and so on.59,60 Hence, Huntington disease may represent a genetic influence causing impaired brain connectivity in a

region‐specific manner. This contrasts with the general effect of memantine on suppressing neural excitability and inter‐regional neural synchro-

nization, which leads to differential decoupling between rsFC and structural covariance.

Previous studies on healthy populations have demonstrated large overlap between ALFFC and rsFC.49,50,61 Our results echoed the findings in

humans and showed that ALFFC and rsFC were correlated in all the groups over the connections affected by the disease. However, the ALFFC

and rsFC were either weakly coupled (in the WT) or not coupled (in HD and MMT groups) over the connections affected by the memantine treat-

ment, indicating that such coupling could be region dependent and regions with weaker ALFFC‐rsFC coupling may be more susceptible to the dis-

ease. Nevertheless, memantine treatment was not able to alter the relationship globally (see also Supplementary Figure 4B), indicating that the

improved ALFFC after memantine treatment did not lead to more synchronous activity.

Coordinated network activity has been suggested as a mechanism for the structural covariance. Therefore, it was expected that ALFFC and

SC may be highly correlated. However, we did not find such coupling in the WT group. Instead, Huntington disease increased the SC‐ALFFC

correlation over the pathologically affected connections as the SC‐ALFFC correlation decreased globally (see Supplementary Figure 4C), indicat-

ing a facilitated pattern of covariated gray matter volume and oscillation amplitude changes by the disease. Although the underlying mechanism

of that alternation is yet to be clarified, the lack of correlation in the WT group indicated that ALFFC and SC may manifest very different net-

work organization. Previous studies also reported that the resting‐state network is elucidated more by rsFC parameters than by non‐rsFC

parameters.49

The comparison between the axonal projection and rsFC was explored recently in selected regions particularly around DMN,62 in the cortical

networks63 and the whole brain.58 Consistent with previous study,58 high overlap between rsFC and axonal projection was found with seeds in

cortical areas but was much lower in subcortical areas like CPu, suggesting involvement of multisynaptic projection for subcortical rsFC. In addition

to comparing the overlap between axonal projection area and rsFC map, we provided a quantitative assessment between axonal projection

strength and rsFC strength in healthy population. Furthermore, we extended the comparison to structural covariance and ALFF covariance. Among

the three connectivity measures, rsFC showed the strongest correlation with axonal projection strength. This study adds further support to the

findings in human that showed strong association between rsFC and structural connectivity estimated by diffusion tensor imaging (DTI).64,65

Because the axonal projection measures the anatomical connectivity less ambiguously than DTI, our results support the axonal connectivity basis

of resting‐state networks. Moreover, the significant but lower correlations with structural and ALFF covariance suggested that the developmental

factors behind the structural covariance and the regulation of spontaneous activity behind ALFFC did not necessarily rely on direct axonal con-

nections. Further study will be needed to elucidate the relationship between axonal projection and these connectivity measures in diseased state

so as to provide more mechanistic understanding of the impaired connectivity.
4.6 | Behavioral correlation

The HD group showed declined motor functions but maintained recognition memory. The degradation of motor function was supported by

the reduction of rsFC in intra‐sensorimotor network module. The less pronounced deficit in cognitive function was supported by the largely

unaltered rsFC in the hippocampal network and DMN. Surprisingly, the memantine treatment did not improve either aspect of the behavior.

The insignificant behavioral improvement by memantine was supported by the insignificant alternation of rsFC at network module level

whereas the large improvement in structural covariance and ALLFC didn't match with the behavior. Although memantine has been shown

to reduce cognitive decline in patients with moderate‐to‐severe Alzheimer's disease patients66 and alleviate motor deficits in a mouse model

of Huntington disease, the lack of therapeutic effect in this study may be due to the dichotomy effects on different brain networks and the

dosage used.
4.7 | Potential confounds and limitations

There are a number of potential confounds in rs‐fcMRI that should be noted. First, the comparison of rsFC between WT, HD and MMT groups

was based on the assumption that the neurovascular coupling remains unaltered. However, the mutant huntingtin protein has been shown to

aggregate not only in neurons but also in cell types controlling blood vessels, such as astrocytes,67,68 pericyte and smooth muscle cells.69 This

may lead to impairment of cerebrovasculature, increase in blood vessel density, reduction in blood vessel diameter, as well as leakage of the

blood–brain barrier.70 The aberrant astrocytes may also cause the death of pericytes and consequently impair vascular reactivity in Huntington
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disease,71 which in turn alters the hemodynamic response measured by BOLD fMRI. Although previous study showed that rsFC is not sensitive to

the hypercapnic challenge in normal rats,72 further investigation would be needed to evaluate that in disease models.

Besides, drug treatment itself may alter vascular response in addition to neural activity. As BOLD signal is highly dependent on the cerebral

blood flow (CBF), such a vascular effect may confound the measured rsFC, ALFF and ALFFC. Previously, we compared BOLD, CBF and electro-

physiology under mild hypercapnia,72 GABAA receptor antagonist,73 or adrenoceptor agonist/antagonist,74,75 and found that rsFC measured by

BOLD could reflect underlying neural oscillation despite vasodilatory and vasoconstrictive effects of the manipulations. Although CBF and elec-

trophysiology were not measured in this study, the neural vs vascular effects of MMT could be observed in human studies. For example, a study

in Alzheimer's patients found that MMT increased glucose metabolism across the brain with sparse change in CBF.76 Another study in Parkinson's

patients showed decreased CBF by MMT in basal ganglia and frontal lobe without changing the metabolic rate of oxygen,77 whereas a study on

Parkinson's dementia found MMT treatment did not change CBF.78 Although a study in Huntington patients showed that MMT did not change

glucose metabolism, no CBF was measured.79 It seems that MMT may have focal or no effect on CBF but broader effects on neural activity as

reflected by glucose metabolism.

Another potential confound is from the anesthesia. The medetomidine has been shown to provide stable anesthesia in the C57BL/6 mouse.74

However, in our pilot study, the FVB/N strain that YAC128 and the wild‐type mice are based on was highly unresponsive to the medetomidine

(data not shown). Therefore, the combination with low level of isoflurane was adopted. It is known that medetomidine, a specific α2 adrenergic

agonist, can affect rsFC among regions with high receptor density74,75 whereas isoflurane may attenuate neural activity in general. Therefore,

the anesthesia may affect the detection of rsFC and the measurement of ALFF in certain regions (such as the thalamus) as well as the functional

changes in the disease and treatment. Although awake rat fMRI has been feasible, awake mouse fMRI remains challenging and requires further

development and optimization.

An additional limitation is that the behavior and imaging were not conducted at the same time point nor on the same animal. Previously we

showed that behavior can induce ongoing and lasting change in the resting‐state networks.23 Therefore, we prepared a separate cohort of animals

for behavior studies to avoid the behavior‐dependent plasticity of rsFC. However due to the time needed to transfer and acclimate animals

between facilities, the imaging was conducted several weeks after the behavior and hence more behavioral declines may occur at the age of imag-

ing. Finally, the sample size is a bit small and hence may limit the sensitivity in detecting pathological and pharmacological changes in measurement

of smaller effect size, such as rsFC.

4.8 | Summary

This study identified various connectivity changes by Huntington disease and memantine treatment and the inter‐relationships between the con-

nectivity measures. The findings in this study provided novel macroscopic perspectives which may be informative for elucidating the underlying

mechanism of system‐level neuropathology in Huntington disease.
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