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Abstract

Multivariate biomarkers are needed for detecting Alzheimer’s disease (AD), understanding its 

etiology, and quantifying the effect of therapies. Mouse models provide opportunities to study 

characteristics of AD in well-controlled environments that can help facilitate development of early 

interventions. The CVN-AD mouse model replicates multiple AD hallmark pathologies, and we 

identified multivariate biomarkers characterizing a brain circuit disruption predictive of cognitive 

decline. In vivo and ex vivo magnetic resonance imaging (MRI) revealed that CVN-AD mice 

replicate the hippocampal atrophy (6%), characteristic of humans with AD, and also present 

changes in subcortical areas. The largest effect was in the fornix (23% smaller), which connects 

the septum, hippocampus, and hypothalamus. In characterizing the fornix with diffusion tensor 

imaging, fractional anisotropy was most sensitive (20% reduction), followed by radial (15%) and 

axial diffusivity (2%), in detecting pathological changes. These findings were strengthened by 

optical microscopy and ultrastructural analyses. Ultrastructual analysis provided estimates of 

axonal density, diameters, and myelination—through the g-ratio, defined as the ratio between the 

axonal diameter, and the diameter of the axon plus the myelin sheath. The fornix had reduced 

axonal density (47% fewer), axonal degeneration (13% larger axons), and abnormal myelination 

(1.5% smaller g-ratios). CD68 staining showed that white matter pathology could be secondary to 

neuronal degeneration, or due to direct microglial attack. In conclusion, these findings strengthen 
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the hypothesis that the fornix plays a role in AD, and can be used as a disease biomarker and as a 

target for therapy.

Graphical Abstract

One line summary

White matter changes in the fimbria/fornix play a role in the progression of AD, and can be used 

as a biomarker of disease, and as a target for therapy
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Introduction

An estimated 5.3 million Americans, including 11% of people over age 65, are afflicted with 

Alzheimer’s disease (AD) (Alzheimer’s Association, 2015). This number is expected to 

escalate, as the proportion of older Americans continues to increase. Unfortunately, the 

cause of this neurodegenerative disorder is not fully understood, and no therapy has been 

successful in arresting, or reducing the pathology associated with AD.

The hallmarks of AD include cognitive deficits, amyloid plaques, neurofibrillary tangles, 

and neuronal loss (Braak et al., 1993). Morphometric brain changes in the medial temporal 

lobe (in particular the hippocampus) and neocortex are among the early imaging markers 

detected by MRI (Wisniewski et al., 1985; Jack Jr et al., 1997; Jack Jr et al., 1999; 

Yoshiyama et al., 2007). Such MRI-based markers of neurodegeneration have been proposed 

as predictors of conversion from mild cognitive impairment to AD (Kantarci et al., 2009). It 

has been proposed that white matter also plays a role in the progression of pathology, as AD 

patients show myelin degradation (Brun and Englund, 1986; Bartzokis et al., 2003; 

Bartzokis, 2004). Even presymptomatic carriers of familial AD have shown changes in late 

myelinating fibers connecting limbic structures, such as the fornix. These changes can be 

related to memory impairment and have predictive value (Ringman et al., 2007; Parra et al., 

2015).
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Mouse models provide useful tools for dissecting the relationship between white matter 

abnormalities and other pathologies, such as amyloid deposition (Song et al., 2004; Sun et 

al., 2005; Müller et al., 2013; Sun et al., 2014), abnormal tau hyperphosphorylation (Wells et 

al., 2015), vascular damage (Pathak et al., 2011), and the immune response (Tan et al., 1999; 

Frodl and Amico, 2014). To help understand the pathology and progression of AD, we have 

chosen to study the APPSwDI+/+/mNos2−/− (CVN-AD) mouse strain because it recapitulates 

multiple aspects of the human AD pathology, well described in previous publications 

(Wilcock et al., 2008; Colton et al., 2014; Kan et al., 2015). The CVN-AD mouse expresses 

the Swedish, Dutch, and Iowa mutations of the human amyloid precursor protein gene 

(APP) on a murine nitric oxide synthase 2 knockout background (mNos2−/−) (Colton et al., 

2006; Colton et al., 2014). Deletion of the murine Nos2 gene was used to better mimic 

human immunity, where immune-activated NOS2 expression and iNOS production are 

significantly reduced compared to rodents (Weinberg et al., 1995; Guo et al., 2012; Hoos et 

al., 2014). CVN-AD mice show amyloid deposition (beginning at 6 weeks of age, 

particularly around blood vessels); hyperphosphorylated and aggregated mouse tau (24 

weeks); deficits in memory and learning (24 weeks); and neuronal degeneration and loss (36 

weeks) (Wilcock et al., 2008; Colton et al., 2014). Multiple inflammatory changes, including 

altered microglial activity, were also observed in CVN-AD mice (Kan et al., 2015). 

Activated microglia have been implicated in promoting neurodegeneration (Akiyama et al., 

2000; Schott and Revesz, 2013), as well as axonal and myelin damage (di Penta et al., 

2013). We therefore hypothesized that CVN-AD mice replicate the hippocampal atrophy 

observed in humans with AD, as well as the associated reduced white matter integrity.

MRI has been shown to be particularly suitable for quantifying morphometric and 

microstructural changes in mouse models of neurological conditions (Benveniste et al., 

2007), and such changes can be reported using MR-specific reference brain atlases with 

high-resolution anatomical mapping (Kovačević et al., 2005; Badea et al., 2007; Aggarwal et 

al., 2010; Ullmann et al., 2015). Our objective was to quantify the impact of amyloid 

accumulation, vascular changes, and inflammation on the neuroanatomy of the CVN-AD 

mouse, compared to age-matched mNos2−/−controls, using imaging at multiple resolution 

levels. Our hypothesis was that in vivo MRI, and high-resolution diffusion tensor imaging 

(DTI) would locate areas with significant changes in regional volumes and DTI parameters. 

This should identify vulnerable brain regions, as well as the circuits connecting them, and 

we expected that primary candidates would be components of the septo-hippocampal circuit. 

We also sought to understand the underlying causes for DTI changes using histological and 

ultrastructural imaging. The demonstration of white matter abnormalities in the CVN-AD 

mouse model, in tracts relevant to AD, would support that changes in white matter have an 

important role in AD, and potential predictive value, suggesting that white matter protection 

and repair may provide valid therapeutic targets (Oishi and Lyketsos, 2014; Douet and 

Chang, 2015).
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Materials and Methods

Animals

Homozygous APPSwDI/mNos2−/− (CVN-AD) mice were produced by crossing mice 

expressing the Swedish K760N/M671L, Dutch E693Q, and Iowa D694N human APP 
mutations under control of the Thy-1 promoter (Davis et al., 2004) with mNos2−/− (B6 

129P2Nos2tau1Lau/J) mice (Laubach et al., 1998) (Jackson Laboratory stock number 002609, 

Bar Harbor ME). Dr. William Van Nostrand and Judianne Davis at Stony Brook University 

Medical Center generously provided APPSwDI mice used in this study. To reduce litter bias 

as a factor in our analyses, young mice from each genotype used in the experiments were ear 

tagged at weaning, assigned a random number and then placed into cages with 4 other 

weaned mice of the same sex, also designated for the experiments. Raising the mice together 

in this manner, assured that randomly selected cage mates were from different genotypes 

and subjected to the same environmental and social conditions (Shineman et al., 2011). All 

mice were genotyped using standard PCR. Mice were bred through the barrier colonies at 

Duke University, fed standard mouse chow ad libitum, and housed under 12-hour light/12-

hour dark cycles, at 21±3°C.

The AD-like pathological phenotype of the CVN-AD mice include the following 

characteristics: 1) mutated human APP is not overexpressed but is approximately 0.7-fold of 

the normal mouse APP level (Miao et al., 2005); 2) Aβ deposition resulting from expression 

of the SwDI mutations in APP occurs first around blood vessels and an apparent failure to 

clear Aβ from the brain, which is similar to humans with cerebral amyloid angiopathy 

(CAA) (Attems et al., 2010); 3) CVN-AD mice show AT8 antibody immunopositive 

hyperphosphorylated tau (Colton et al., 2014), and the subsequent tau pathology is not 

dependent on mutated human tau genes that do not represent AD (Oddo et al., 2003); 4) the 

mutated human APP (APPSwDI) gene is expressed on a Nos2-deficient background, 

resulting in a pheno-copy of low human immune-based NO production; and 5) significant 

neuronal loss and synaptic changes in the brain are observed beyond 36 weeks of age, but 

not at 12 weeks (Colton et al., 2014). In contrast other studies have observed early on 

differences in the pathology of mouse brains (Allemang-Grand et al., 2015), underlying the 

importance of accounting for developmental confounds.

To establish our MRI analyses as useful for detecting brain pathological parameters, we used 

mice between a lower age limit of 14–15 months and an upper limit of 18 months. These 

ages represent the transition between middle age and senescence, and were chosen to 

represent an age where biomarkers of age and full expression of AD-like pathology were 

evident in each mouse but were not representative of senescence (Fox, 2007). The MRI 

study thus included 9 APPSwDI/mNos2−/− (CVN-AD) and 8 mNos2−/− controls, aged 14–

18 months, of mixed genders (3 CVN-AD males and 6 females; 4 mNos2−/− male controls 

and 4 females). One female mNos2−/− was excluded from the DTI analysis, because of 

anommalous estimates of tensor derived parameters. All animal procedures were conducted 

according to the NIH Guide for the Utilization and Care of Vertebrate Animals Used in 

Testing, Research and Training, and approved by the Institutional Animal Care and Use 

Committee of Duke University Medical Center.
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MR Imaging

In vivo MRI of mouse brains was conducted using a 7T, 20-cm bore magnet (Bruker 

BioSpec 70/20 USR, Billerica, MA) interfaced to an Avance III system. The scanner has 

actively shielded gradients with integrated shims up to 2nd order. We used a 114 mm inner-

diameter insert gradient coil, which can supply 450 mT/m, with a rise time of 110 µs, and a 

quadrature radio frequency (RF) transmit-receive cryogenic coil.

Mice were maintained under isoflurane anesthesia (1.2 ±0.5%) throughout imaging, which 

consisted of a rapid acquisition with relaxation enhancement (RARE) protocol with a 

repetition time (TR) 1.8 s, effective echo time (TE) 28.3 ms, echo spacing 9.4 ms, RARE 

factor 8, field of view 20×15x13 mm, matrix 200×150x130 voxels, bandwidth 50 kHz. 

Images were reconstructed at 100 µm isotropic resolution, and acquisition time was ~1 hour.

For ex vivo, high-resolution diffusion tensor imaging (DTI), we prepared actively stained 

mouse brain specimens, similar to (Johnson et al., 2007). The animals were anesthetized to a 

surgical plane and perfused through the left ventricle, with outflow from the right atrium. 

Saline (0.9%) was used to flush out the blood, at a rate of 8 ml/minute, for 5 minutes. 

Fixation was carried out by perfusing with a 10% solution of neutral buffered formalin 

phosphate containing 10% (50 mM) Gadoteridol (ProHance, Bracco Diagnostics Inc., 

Monroe Township, NJ), at a rate of 8 ml/minute for 5 minutes. Gadoteridol reduced the spin 

lattice relaxation time (T1) of tissue to ~100 ms, providing significant signal enhancement 

(Johnson et al., 2002). Mouse heads were stored in 10% formalin for 24 hours. Finally, the 

fixed specimens were transferred to a 0.01 M solution of phosphate buffered saline (PBS) 

containing 0.5% (2.5 mM) Gadoteridol, at 4 °C for 5 –7 days to rehydrate the tissue. 

Extraneous tissue around the cranium was removed prior to imaging, and specimens were 

placed in MRI-compatible tubes, immersed in perfluoropolyether (Galden Pro, Solvay, NJ) 

for susceptibility matching.

Fixed specimens were scanned on a 9.4 T, 8.9 cm vertical bore Oxford magnet, with 

shielded coils, providing gradients up to 2000 mT/m (Resonance Research, Inc. Billerica, 

MA), and controlled by an Agilent Direct Drive Console (Agilent Technologies, Santa Clara, 

CA). The DTI protocol used 12 diffusion directions, and TE 12 ms, TR 100 ms, b ≈ 1595 

s/mm2, diffusion pulse width 4.04 ms, separation 5 ms, amplitude 90.94 G/cm). Images were 

acquired over a 22×11x9.02 mm field of view, with a matrix 400×200x164, and 

reconstructed at 55 µm isotropic resolution. Specimens were scanned within the cranium to 

avoid tissue damage and distortions. The scan duration was ~12 hours.

Myelin Staining

For myelin staining, we used a separate cohort, including 4 CVN and 4 mNos2−/− mice, 

aged 36.13±1.73 weeks. Mice were perfused with saline, the brains removed, and a 

hemisphere was fixed in formalin for 24 hours. 25 mm thick sections were cut using a 

freezing microtome, and placed on slides to dry overnight. Slides were rinsed in 95% 

ethanol (EtOH) and placed in 1% luxol fast blue (LFB) overnight at 60°C. Slides were then 

rinsed in 95% EtOH, submerged in dH2O for 5 minutes, followed by 0.05% lithium 

carbonate for 1 minute. Staining was differentiated by placing the slides in 70% EtOH for 30 
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seconds, followed by rinsing in dH2O, and dipping in eosin to counterstain for 21 seconds. 

Slides were rinsed in 70% EtOH until the desired eosin contrast, ~30 s per slide. Lastly, 

sections were dehydrated with a series of EtOH steps (3 min in 75% EtOH, 3 min in 95% 

EtOH, 3 min in 100% EtOH, 5 min in 100% EtOH, 2 × 5 min xylene), and mounted with 

xylene media.

An LSM 510 Meta microscope (Carl Zeiss Microscopy, LCC, Thornwood, NY) was used 

for imaging slides using a 10× objective (Zeiss W Plan-Apochromat, NA 1.0).

Transmission Electron Microscopy

After MR imaging of actively stained brains, two specimens from each genotype were 

immersed in 4% gluteraldehyde for one week, extracted from the skull, hemisected along the 

mid-sagittal line, and sliced using a vibratome. Sections were treated with 2% osmium 

tetroxide, dehydrated through successive acetone baths, infiltrated with Epoxy 812, flat 

embedded, and polymerized. Corresponding areas of the fornix for each specimen were 

mounted onto resin blocks, to provide horizontal sections. The location for the fornix 

specimens was immediately superior and caudal to the anterior commissure, identified by 

horizontal plane −3.96 mm from bregma, 0.3 mm lateral from the mid-sagittal plane, −0.2 

mm caudal to bregma, and corresponded to plate 145, and its neighbors 144–146 from 

(Paxinos and Franklin, 2013). Ultrathin (70 nm) sections were cut, gathered onto grids, and 

stained with uranyl acetate and lead citrate. Grids were imaged using a Philips CM-12 

system, at 7100 magnification.

Immunohistochemistry

After injection with a lethal mixture of ketamine/xylazine (260 mg/kg ketamine/ 20 mg/kg 

xylazine), mice were intracardially perfused with 25 ml of PBS to remove intravascular 

blood cells. Perfused brains were then rapidly removed, bisected in the mid-sagittal plane, 

and the right hemisphere was placed into 4% paraformaldehyde overnight for fixation. Fixed 

brains were cryoprotected by sequential passage through 10%, 20%, and 30% sucrose for 24 

hours, followed by sectioning using a freezing microtome into 25 µm sagittal sections. 

Sections from CVN-AD and control mice were immunostained with standard techniques 

using either: 1) an anti-CD68 antibody (Clone FA-11; AbD Serotec; Raleigh NC); 2) an anti-

GFAP antibody (13–0300; Zymed-Invitrogen); or 3) an anti-beta amyloid (H31L21; Life 

Technology, Grand Island, NY; specific to Amyloid β1–42; not Amyloid β1–40, Amyloid 

β1–43, Amyloid β1–37 or Amyloid β1–38). Secondary antibodies, ABC, and DAB kits 

were purchased from Vector Laboratories (Burlingame, CA).

Image Analysis and Statistics

Image analysis was similar for both in vivo and ex vivo MRI-based morphometry, with the 

difference that in vivo MRI required reducing the effects due to B1 field inhomogeneities, 

from the cryogenic surface coil. For this purpose, we applied a bias field correction (N4ITK) 

method (Tustison et al., 2010) implemented within the Advanced Normalization Tools 

package (ANTs) (Avants et al., 2008; Avants et al., 2014). While this was not deemed 

necessary for ex vivo images, these data were processed by co-registering individual 

diffusion-weighted images to the B0 image to correct for Eddy distortions, using a 12 
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degrees of freedom (dof) affine transform and ANTs. Subsequent diffusion tensor 

calculation was performed using the Diffusion Toolkit (Wang et al., 2007) (http://

trackvis.org), as in (Calabrese et al., 2013).

To evaluate regional differences in the neuroanatomy and DTI parameters between CVN-AD 

mice and controls, we used a segmentation pipeline (Badea et al., 2012) translated into a 

high-performance computing environment. We wrote Perl modules to parallelize pairwise 

registrations and perform voxel-based analysis on a 7-node cluster, managing SLURM jobs 

using Bright Cluster Manager.

ANTs was used for registration of fractional anisotropy (FA) images, to generate minimum 

deformation templates (MDT), to map all DTI parametric images into the MDT space, and 

to map atlas labels onto individual brains. We used a second-generation atlas (http://

www.civm.duhs.duke.edu/waxholmspace2) of the mouse brain, based on (Johnson et al., 

2010), to provide priors for automated segmentation of 101 regions.

To estimate myelination, we used ImageJ https://imagej.nih.gov/ij/ (Schneider et al., 2012) 

to measure the mean intensity of four regions of interest (ROIs) in LFB-stained slides: the 

anterior commissure (ac), corpus callosum (cc), fimbria (fi) - part of the fimbria-fornix 

system, and cortex (Cx). The ROI manager and the freehand tool were used to define the 

ROIs and measure their mean intensities. To compensate for variations in staining, each 

measurement was normalized relative to a circular region in the cortex of each animal, on a 

per slide basis: 100* (ROI-Cx)/Cx.

Axon numbers and diameters, as well as g-ratio estimates (defined as the ratio between the 

axonal diameter and the diameter of the axon plus the myelin sheath) of axonal myelination, 

were obtained from TEM images. We used in-house developed software and the Neural 

Networks toolbox in MATLAB (MathWorks, Natick, MA), trained to identify axons based 

on 11 morphometric features: area, eccentricity, equivalent diameter, Euler number, extent, 

filled area, major and minor axes length, orientation, perimeter, and solidity. The g-ratios 

were obtained by dividing distances from the axons’ centroids to the nearest edge points in 

the distance maps, and located within 20% of the radius of the equivalent circles.

We used MATLAB to compute ROI statistics for: a) MRI based estimates of volume and 

diffusion tensor parameters; b) LFB contrast estimates; c) electron microscopy (TEM) 

parameters, including axonal numbers, diameters; and g-ratios. Regional statistics used two-

tailed t tests, p<0.05, 15 degrees of freedom for MR measurements, 67 degrees of freedom 

for TEM, and 6 for LFB.

For voxel-wise analysis, all DTI images were mapped into the space of the minimum 

deformation template, and smoothed with a 200 µm kernel. SPM 12 (Worsley et al., 1992; 

Friston et al., 1994) was used for voxel-based statistics, following a two-step approach, 

where uncorrected statistics were considered significant at p<0.05, and the minimum cluster 

size was 200 voxels. Multiple comparison corrections used false discovery rate and 

considered either: a) all voxels contained within the brain mask, or b) voxels with fractional 

anisotropy values >0.3, to focus on white matter. We chose a conservative FDR = 5% 

threshold for the ex vivo data. We relaxed the threshold to 10% for the in vivo data, because 
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the FDR correction becomes more conservative as correlations increases, and for smoother 

data (Genovese et al., 2002).

Avizo (FEI, Burlington, MA) was used for visualization of statistical parametric maps 

overlaid on the average fractional anisotropy image generated by mNos2 −/− controls.

Results

In-vivo MR-based morphometry

In vivo MRI voxel-based analysis detected volume loss (FDR 10%, cluster size threshold 

200 voxels) in top candidate areas including the septofimbrial complex, fornix, and 

hippocampus; in the ventral tegmental area, substantia nigra, and retorubral field; as well as 

the accessory olfactory areas, thalamic nuclei (anterior ventral, ventro-lateral, and reuniens), 

superior colliculus, and basal ganglia, with clusters extending over the internal capsule. 

Conversely, the lateral ventricles, and specific areas of the cortex and cerebellum were 

expanded (Fig. 1). A statistical threshold relaxed to p< 0.01 revealed more areas where 

CVN-AD mice were different than controls. Extended regions of atrophy were found in the 

hippocampus, the medio-prefrontal cortex (areas 24a/b, which project to entorhinal cortex), 

the paraventricular and interanteromedial thalamic nuclei, and the area 29 of the 

retrosplenial cortex. This latter region shows the earliest metabolic decline in AD, as 

measured with PET (Minoshima et al., 1997; Villain et al., 2008). On the other hand, the 

lateral ventricles were enlarged – indicating potential loss of tissue around the ventricles, 

while additional areas showed increased volume (S1 areas, amygdala (basomedial), and 

cerebellum) (Supplementary Fig 1).

Ex-vivo MR-based morphometry

To overcome limitations imposed by in vivo imaging onto resolution and contrast, we 

imaged the CVN-AD mouse ex vivo using Gadoteridol to enhance the MRI signal. The 

voxel-wise statistics for the deformation fields (Fig. 2 A) revealed significant volume loss in 

CVN-AD mouse brains in the hippocampal formation, including the stratum lacunosum 

moleculare and radiatum of CA1, the dentate gyrus (dorsal hippocampus), and CA3 in 

ventral hippocampus. Decreased volumes were also seen in the subiculum, the (ventral) 

hippocampal commissure, the olfactory areas, preoptic hypothalamus, lateral amygdala, 

lateral and triangular septum, septofimbrial nucleus, ventral thalamic nuclei, superior 

colliculus, and pons. Among white matter tracts, reduced volume was noted in the fornix 

and internal capsule. Enlarged volumes were found in areas of the neocortex, including the 

somatosensory cortex, corpus callosum (medially, and periventricular), dorsal thalamus, 

basomedial amygdala, cerebellum, and the lateral reticular nucleus. Thus, the CVN-AD 

mouse replicates the reduced hippocampus and subiculum seen in human AD (Bateman et 

al., 2012), and supports the hypothesis that the fornix plays an important role in AD.

A region-of-interest analysis showed that the difference in overall brain volumes between 

CVN-AD mice and age-matched mNos2−/− controls averaged 5.7%, CVN-AD 

(493.72±23.50 mm3) being larger than controls (467.07±16.42 mm3), p=0.03. But this 

difference did not survive a 5% FDR correction. After normalizing to total brain volume, 
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multiple gray matter regions presented significant volume differences (Supplementary Table 

1, Fig. 2 B). CVN-AD mice showed significant regional volume loss in the: hippocampus, 

piriform cortex, hypothalamus, preoptic areas, as well as thalamic nuclei (subthalamic, 

reticular, and ventral nuclei, and zona incerta). Beyond the forebrain, significant volume 

reductions were localized in the superior colliculus, deep mesencephalic nuclei (red 

nucleus), vestibular nuclei, raphe nuclei, pons, and even deep cerebellar nuclei (dentate and 

interposed). Gray matter loss in CVN-AD mice ranged from 16.9% for the trigeminal motor 

nuclei, 9.6% for the raphe nuclei, ~8% for the dentate and interposed cerebellar nuclei, 7% 

for the piriform, >6% for hippocampus and subthalamic nucleus, and 5% for hypothalamus. 

The most significant white matter volume reductions occurred in the fornix (−23%). Other 

white matter tracts with reduced volume included the mamillothalamic tract (−11%), the 

fasciculus retroflexus, brachium of the superior colliculus (−9%), cerebral peduncle (−5%), 

and the ventral hippocampal commissure (−7%). Substantia nigra, the bed nucleus of stria 

terminalis, and the internal capsule showed a trend (p<0.1). On the other hand, volume 

increases were noted in the nucleus accumbens (9.8%), cortex (5.2%), ventral pallidum 

(7.8%), and corpus callosum (7.9%). Supplementary Fig 2 shows regions where volume 

differences between CVN-AD and control mice reached significance. In general, the pattern 

of atrophy in CVN-AD mice resembled that observed in humans with AD, particularly in the 

hippocampus (Jack et al., 1999; Xu et al., 2000), and its associated fornix (Copenhaver et al., 

2006).

DTI identifies multiple microstructural alterations in CVN-AD

The fractional anisotropy (FA) statistical maps revealed that the regions surviving FDR 

corrections (5%) were restricted to the fornix and ventral thalamic nuclei when all brain 

voxels were included in the analysis (Fig. 3 A). However, when we asked the question 

“where does white matter change?” constraining a priori the analysis to voxels where 

FA>0.3, then areas of the corpus callosum, internal capsule (ic), cerebral peduncle (cp), and 

middle cerebellar peduncle (mcp) were also detected to change. Importantly, the regional 

analysis for DTI parameters showed that most white matter tracts (except for stria 

terminalis) had reduced FA in CVN-AD mice (Fig. 3 B), indicating reduced white matter 

integrity. Regional analysis identified the largest effect in the fornix, where FA was 20% 

lower. FA reduction was also observed in the ventral hippocampal commissure (−9.3%), 

internal capsule (−10.2%,), cerebral peduncle (−6%,), as well as the pyramids (−11.4%), 

corpus callosum (−5.4%), anterior commissure, and middle cerebellar peduncle (−3%). Gray 

matter areas with reduced FA included the ventral thalamic nuclei (−13.4%), the pontine 

nuclei (−6%) and hypothalamus (−9.5) (Fig. 3 C).

Uncorrected voxel-wise changes (Supplementary Fig 3) in diffusion tensor parameters, 

including axial diffusivity (or primary eigenvalue, E1), and fractional anisotropy (FA), 

showed reductions in CVN-AD mice; while radial diffusivity (RD) and apparent diffusion 

coefficient (ADC) were increased. E1 was reduced in the dorsal fornix, hippocampal 

commissure; as well as the internal capsule, cerebral peduncles, lateral lemniscus, middle 

cerebellar peduncles, and deep cerebellar white mater. FA was reduced in the corpus 

callosum, hippocampal commissure, internal capsule, external medullary lamina (lateral to 

the ventral thalamic nuclei, and medial to the reticular thalamic nuclei), the longitudinal 
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fasciculus of pons, fornix, anterior commissure, cerebral peduncles, and pyramids. Voxel-

wise changes in axial diffusivity (E1) showed similar reduction patterns with FA. The 

secondary eigenvalue (E2), radial diffusivity (RD), and apparent diffusion coefficient (ADC) 

were increased in CVN-AD mice in areas of the corpus callosum (genu), septofimbrial 

nucleus, lateral septal nucleus, fimbria, and fornix, ventral hippocampal commissure, fornix 

(RD only), and pyramids (RD).

We examined separately the orthogonal E1 and E2 eigenvalues, as well as RD. The brain 

regions showing significant differences are included in Fig. 4 and in Supplementary Table 2. 

Reductions in E1, suggestive of lower axonal density, were found in the optic tract (−7.5%,), 

cerebral peduncle, the 8th nerve (−6%), middle cerebellar penduncle (−6.8%), and ventro-

spino-cerebellar tract (−4.7%). The reverse was noted for stria terminalis (7%). Increases in 

RD, suggestive of damaged myelin, were found in the fornix (14%), ventral hippocampal 

commissure (11%), as well as the pyramids (18%) and pontine nuclei (5%). A trend was 

found for the corpus callosum, brachium of the superior colliculus (>7%), the anterior 

commissure, and fimbria (>10%). E2 was significantly larger in the fimbria and ventral 

hippocampal commissure (>10%,). ADC differences were found in the ventral hippocampal 

commissure (6.9%) and stria terminalis (7.4), while fimbria and fornix (>6%) showed a 

trend. By identifying anatomical structures that showed significant changes in multiple 

parameters (volume and DTI), we have defined a set of vulnerable regions of interest in 

CVN-AD mice that include the fornix, ventral hippocampal commissure, fimbria, corpus 

callosum, and cerebral peduncle.

A salient feature in CVN-AD mice based on MR imaging was related to the fornix, 

characterized by decreased volume, and altered DTI properties. We fitted a linear model of 

the fornix FA as a function of the hippocampal volume, and found that hippocampal volume 

predicts the fornix FA, R2 = 0.6, F=22.7, p=0.00025, versus a constant model (T=4.76 for 

fornix FA coefficient, df=15).

Reduced myelination

To better understand the biological underpinning for the microstructural changes estimated 

through DTI parameters (such as fractional anisotropy, FA) we used bright field microscopy 

to image LFB stained brain slices from CVN-AD and age-matched mNos2−/− control mice. 

The contrast between white matter and cortex was reduced in CVN-AD mice for all regions 

measured (anterior commissure, corpus callosum, and fimbria), but only the fimbria reached 

significance at p<0.05, and 8.3% lower contrast (Fig. 5). MR images through similar 

sections indicated areas of reduced fractional anisotropy in the corpus callosum, the fimbria-

fornix, and the peripheral area of the anterior commissure (p<0.05). The LFB thus detected 

reduced myelin in the fornix, which is consistent with the FA decrease detected by DTI.

Ultrastructural alterations

We used electron microscopy to further examine white matter areas with the most prominent 

changes identified using DTI and LFB (Fig. 6). The ultrastructural images of the fornix 

showed: a) lower density of myelinated axons (49±14 axons/field, or 0.59±0.17 axons/µm2 

in CVN-AD mice; versus 94±20 axons/field, or 1.12±0.24 axons/µm2 in mNos2−/− mice, 
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p=5.5*10−16, CI=[-52.83, −36.10] (see Supplementary Fig 4); b) increased variation in size 

and shape (average axon diameters 702±86 µm in CVN-AD mice, versus 620.26±44.01 µm 

in controls, p=4.6*10−5, ci=[12.65; 34.05]; c) features of degeneration (lysosomal material, 

dark axoplasm, vacuolation). G-ratios were different than the ideal 0.6 in both genotypes, 

averaging 0.80±0.02 in CVN-AD mice, versus 0.78±0.02 in mNos2−/− in controls—a small, 

but significant difference, p<0.01, ci=[0.003,0.021]. This differences is possibly due to the 

old age of these mice.

We noted the presence of swollen, dystrophic axons, and distorted myelin sheets, myelin 

balloons and vacuole, as well as dark or lucent inclusions, and lipid deposits. Some 

inclusions were lamellar, probably myelin residues. These were observed predominantly in 

CVN-AD mice, and to a lesser extent in mNos2−/− mice. Microglia were also noted in both 

animals, with a larger presence in CVN-AD mice. The most prominent features for fornix 

were reduced axonal density and nonuniform axon sizes.

Microglial involvement in SHH circuit pathology

To better understand the involvement of microglia in the apparent damage to the 

hippocampus and its connecting fibers in CVN-AD mice, we immunostained fixed brain 

sections with CD68 antibodies, to identify phagocytic processes and the uptake of oxidized 

lipoproteins (Ottnad et al., 1995; Ramprasad et al., 1996). Prominent CD68 positive cells 

were observed in the subiculum, hippocampus, and fimbria in CVN-AD mice (Fig. 7 A), but 

not in mNos2−/− controls (Fig. 7 B). In addition to microglia, GFAP- positive astrocytes 

were also located in and around myelinated regions in both CVN-AD and mNos2−/− brain 

sections, with more staining in CVN-AD mice (Fig. 7 C and D). An increase in GFAP 

immunostaining and levels of GFAP protein with age in the hippocampus and cortex of 

CVN-AD mice compared to control mice has been previously noted (Hoos et al., 2013). 

Thus, astrocytes as well as microglia may contribute to the pathological changes in these 

brain areas. In contrast, Ab immunostaining using the H31L21 antibody (Life Technology, 

Grand Island, NY) was localized primarily in gray matter areas (Fig. 7 E). Together, these 

findings suggest active involvement in phagocytic processes within myelinated areas of the 

septo-hippocampal-hypothalamic circuit in CVN-AD mice (Fig. 7 F).

Summary

We identified significant neuroanatomical differences in the CVN-AD mouse model relative 

to age-matched mNos2−/− controls, using techniques spanning multiple resolution scales, 

including MRI, DTI, histological staining, immunohistochemistry, and transmission electron 

microscopy (TEM). MR/DTI atlas-based regional segmentation and voxel-wise analyses 

identified vulnerable regions, in both gray and white matter, based on differences in 

morphometry and water diffusion properties. White matter specific differences, detected by 

MR and multiple DTI parameters, were significant in the fimbria/fornix myelinated axons, 

and were explained by histological (luxol fast blue and immunohistochemistry), and 

ultrastructural imaging findings. We conclude that the most prominent image based 

phenotypes, for the CVN-AD mouse, involved a brain circuit that includes the septum, 

hippocampus, fimbria and fornix, as they connect to the hypothalamus (Fig. 7 F).
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Discussion

Longitudinal studies in presymptomatic carriers of high genetic risk mutations have revealed 

evidence of biomarker changes which may precede clinical AD symptoms by more than a 

decade (Sperling et al., 2011). These changes include brain atrophy (Jack et al., 2015), fMRI 

abnormalities (Dickerson et al., 2005) (Sperling, 2007), FDG PET hypometabolism 

(Gallivanone et al., 2016), and Aβ accumulation (Vos et al., 2016). Preventive strategies and 

pharmacological approaches targeting circuits at such early stages will provide unique 

opportunities to test interventions when the window of opportunity is optimal for success.

It is thus critical to develop sensitive methods for early detection of changes in AD 

biomarkers, both for understanding the pathogenesis of AD, and for monitoring disease-

modifying interventions. MRI has been used to detect early atrophy throughout the brains of 

AD patients, in particular in the medial temporal lobe gray matter (Jack et al., 1997; 

Eskildsen et al., 2015). White matter changes have also been described in AD (Brun and 

Englund, 1986; Bozzali et al., 2002; Ihara et al., 2010). The fornix, connecting the medial 

temporal lobe to the hypothalamus, is particularly susceptible and shows early changes in 

AD. Moreover, fornix integrity has been associated with diagnostic classification, cognitive 

changes, and response to therapy (Nowrangi and Rosenberg, 2015).

We have used MR-DTI, as a sensitive diagnostic tool, to detect neuroanatomical and 

microstructural changes in a mouse model of AD, under the hypothesis that mouse models, 

although controversial, provide unique opportunities to study aspects of AD pathology. Our 

goal has been to quantify structural changes, and we found salient features in the septo-

hippocampal-hypothalamic (SHH) circuitry of the CVN-AD mouse using a multi-scale, 

multi-modal imaging approach. We identified volumetric changes using in vivo MRI, then 

confirmed and expanded these findings using ex vivo DTI, which added orthogonal 

perspectives on tissue microstructure. DTI revealed that gray matter changes are 

accompanied by alterations in white matter connecting the SHH circuitry. Differences were 

most prominent in the fimbria/fornix and the hippocampal commissure, and linked to 

abnormal axonal density and myelination through histological and ultrastructural imaging. 

In addition, we noticed changes in radial diffusivity and the apparent diffusion coefficient 

(Suppl. Fig 3, A and C) in periventricular regions (where microglia are also observed to 

accumulate, data not shown), and in the corpus callosum.

Our results confirmed that CVN-AD mice model neuropathological aspects of AD, and in 

particular, show changes in the SHH circuit linked by the fornix. Despite the low resolution 

of in vivo MRI, the fornix emerged as having a strong phenotype, being smaller in CVN-AD 

mice. MR-based morphometry from ex vivo, Gadolinium stained brain specimens, 

strengthened the in vivo finding, and provided higher precision and significance (FDR 5%). 

The olfactory areas, hippocampus, septofimbrial nucleus, anteroventral thalamus, substantia 

nigra, and ventral tegmental areas, as well as the striatum were reduced. As shown 

previously for other amyloid mouse models, we found enlarged volumes in some areas of 

the brain, for example the somatosensory cortex, cerebellum, and areas of the corpus 

callosum. This type of change has been observed in multiple mouse models of AD including 

the TgCRND8 (Allemang-Grand et al.), APPJ20 (Grand’Maison et al.), PSAPP and ArcAβ 
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(Grandjean et al., 2016), and are generally in contrast to the pathology commonly observed 

in AD patients. AD is associated with cortical thinning and cortical volume loss (Ewers et 

al., 2011). However, heterogeneity has been demonstrated in human studies. Non-linear 

volume changes are observed in APOE4 positive AD patients where increased volumes can 

be observed particularly early in disease (Gispert et al., 2015). Whole brain, cortical, and 

hippocampal volume increases due to APP or PS1 transgenes have been reported in humans 

and have been attributed to amyloid deposition (Fortea et al., 2010), gliosis (Beach et al., 

1989), increased extracellular space, cellular swelling in response to toxicity, or to a 

compensatory mechanism (Iacono et al., 2008). Clearly, the heterogeneity of differences in 

pathway complexity and timing of pathological events between mouse models of AD and 

humans with AD makes us well aware that mouse models, as many other approaches used to 

understanding the underlying mechanisms of AD, have limitations.

While morphometric results in mouse models of AD have been mixed, possibly because of 

competing effects between neurodegeneration, amyloid deposition, and astrogliosis 

(Ka¨rkka¨inen et al., 2015), our results fit an emerging pattern of early damage to white 

matter and regional circuitry resembling human AD pathological changes. Using voxel-wise 

analysis, we have now identified additional susceptible areas, including the olfactory areas, 

anterior hypothalamus, lateral amygdala, and ventral thalamic nuclei, as well as dorsal 

subiculum, CA1 and CA3 hippocampal areas. The hippocampal volume reduction is 

consistent with findings in APP/TTA (Jankowsky et al. 2005) (Badea et al. 2010), APP/PS1 

mice (Lau et al. 2008), APP/SOD1 (Borg and Chereul 2008), and Tg4510 (Yang et al. 2011) 

(Wells et al. 2015) mice. But hippocampal atrophy is not a universal finding in mouse 

models of AD, and multiple models including APP/PS1, E22ΔAβ and ArcAβ show either no 

change or increased volume in this critical brain region (Grandjean et al., 2016). In addition 

to hippocampal volume changes, CVN-AD mice presented MRI atrophy of white matter 

tracts including the fornix, hippocampal commissure, and internal capsule in both in vivo 
and ex vivo conditions. To better understand the substrate for white matter changes we 

adopted a multivariate approach, including DTI parametric analysis, knowing that high FA 

and E1, but low ADC and RD are associated with healthy white matter. The DTI analysis 

revealed substantial effects in CVN-AD mice. FA decreased and RD increased in the fornix 

and hippocampal commissure while increased secondary eigenvalue (E2) of the diffusion 

tensor further established deficits in the fimbria. Our investigation of the ability of 

multivariate DTI parameters to locate areas with altered microstructure found the largest 

effect for the fornix where a 20% decrease in FA, followed by a 15% increase in RD, were 

observed. Smaller changes in E2 (8%) and E1 (2%) were not significant in these brain 

regions. E2, however, captured changes in the fimbria and hippocampal commissure (~10%), 

while E1 detected a 7% decrease for fimbria. We observed a 9% decrease in FA for the 

hippocampal commissure. These differences may indicate different sensitivities of DTI 

parameters to microstructural alterations, as well as limitations in detecting focal changes 

using regional measures.

Our results herein not only complement but also add to the existing literature. A limited 

number of AD mouse models have been characterized with DTI, and most have used a 

region of interest (ROI) approach and models of cerebral amyloidosis (Song et al., 2004; 

Sun et al., 2005; Harms et al., 2006; Qin et al., 2013); while others have used whole brain 
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voxel-based analysis to study models of tau pathology (Wells et al., 2015). A recent 

comparative study (Grandjean et al., 2016) showed significant increased FA in the minor 

forceps of the ArcAβ model with no similar changes in the PSAPP or E22ΔAβ strains and 

decreased FA in the external capsule of PSAPP mice with no change in the corresponding 

regions from E22ΔAβ or ArcAβ models. DTI changes due to basal forebrain cholinergic 

neuron loss (Kerbler et al., 2013), or to a direct intracranial infusion of Aβ1–42 (Sun et al., 

2014) have also been shown. In general, these studies found reduced fractional anisotropy 

and increased mean and radial diffisivity in white matter, but also the reverse pattern has 

been presented, suggesting that different mechanisms can contribute opposite effects, or that 

sampling different time points can illustrate different stages of pathology. The observed 

heterogeneity may also be produced, in part, by abnomal brain maturation of the different 

mouse models (Qin et al., 2013; Grandjean et al., 2016). The most studied white matter 

tracts have been the corpus callosum, internal capsule (Müller et al., 2013; Qin et al., 2013), 

anterior commissure (Qin et al., 2013), and more rarely optic tracts (Sun et al., 2014). We 

also found lower FA in the internal capsule, and lower E1 in the optic tracts; and because we 

analyzed the whole brain, we identified several other tracts with altered diffusion properties, 

most prominently the fornix and hippocampus commissure, but also the cerebral and middle 

cerebellar peduncles. Compared to ROI-based approaches (Harms et al., 2006), our approach 

is hypothesis-free and has the potential to reveal morphometric and DTI changes throughout 

the brain, using high-resolution, isotropic imaging.

To further understand the underlying substrate for abnormalities detected by MR in the 

CVN-AD mouse, we used histology (LFB) and ultrastructural imaging (transmission 

electron microscopy [TEM]), and found them to support the evidence from DTI. Among the 

white matter tracts measured using light microscopy (LFB), only the fimbria showed 

reduced myelin content. TEM of the fornix provided striking evidence of white matter 

differences in CVN-AD mice. Our quantitative analysis revealed that the fornix had a lower 

density of myelinated axons, increased variability in diameter, and increased g-ratio, also 

indicative of myelin abnormalities. The presence of degenerating axoplasm, as well as 

lipofuscin, can be attributed to cellular death and neurodegeneration, while the presence of 

lysosomal bodies does not exclude direct glial attacks on myelin. This argument is supported 

by the observation of CD68-stained cells not only within the gray matter of the subiculum, 

hippocampus, and in proximity of the alveus, but also within the fimbria. While an exact 

mechanism cannot be determined by these techniques, the presence of highly phagocytic 

microglia in the same affected regions implies that microglia may be active participants in 

the removal of debris and perhaps, in the neurodegenerative process itself.

Together, our findings support the hypothesis that white mater dysfunction plays a role in 

AD, and we quantified differences in a mouse model of AD using multiple imaging 

methods, at different resolution scales, and in multivariate parameters within one modality 

(volume and DTI; or axonal density, diameters, and g-ratios). We demonstrated that 

morphometric and diffusion tensor parameters can detect white matter deficiencies, and 

conceivably, can be used to detect reversal/prevention of these disease-based parameters 

with treatment. Fiber tract disintegration and loss of connectivity has now been identified as 

a critical pathology in AD brain by multiple groups (Zhou et al., 2008; Damoiseaux et al., 

2009; Cavedo et al., 2014; Cai et al., 2015; Mallio et al., 2015; Remy et al., 2015). Thus, 
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detecting the degree and extent of fiber tract disintegration using these non-invasive MRI 

techniques is likely to facilitate identification of early disease and progression and has been 

suggested as a reasonable functional biomarker of disease. However, the functional plasticity 

of the brain, the exact timing of pathological changes and the locations of affected tracts 

provide justifiable caution in the application of MRI tractography as an absolute indicator of 

onset or progression of AD pathology.

It is clear, however, that using this technique to model human disease has distinct 

limitations. Mice cannot perfectly model human AD, but can be used to help understand 

disease mechanisms. For example, CVN-AD mice aged 14–18 months model both Braak 

stages III to VI representative of AD, as well as a human age transitioning from advanced 

middle age towards senescence. Using CVN-AD mice at an approximately equivalent age 

and stage of disease, we were able to detect morphometric and microstructural changes in 

the hippocampus and its connecting fibers. Of particular interest was the septo-hippocampal 

circuit (the major cholinergic input to the hippocampus), because it plays a significant role 

in memory function, and is impaired in AD (Kasa et al., 1997). The fornix is a heavily 

myelinated tract, which connects the hippocampal formation with the septum, anterior 

thalamus, and hypothalamus. The precommissural fibers connect to interstitial nucleus of 

stria teminalis, accumbens, anterior olfactory nucleus, nucleus of the diagonal band, and 

preoptic areas, while postcommissural fibers connect to thalamus, hypothalamus, and 

midbrain (Insausti and Amaral 2004). Lesions of the fornix have disruptive effects on the 

connectivity of the hippocampus, and result in deficits in memory formation (Gupta et al., 

2014; Dumont et al., 2015). We showed that structures along the SHH pathway have 

morphometric and microstructural alteration in the CVN-AD model, notably reduced FA, 

and that the fornix FA could be predicted by the hippocampal volume (R2 ~0.6). Since 

microglia were present in the connecting fibers—the alveus and fimbria, which later feed 

into the fornix. The observed pathway changes can be explained, in part, by the interaction 

of reactive microglia with subicular and hippocampal gray matter. While not final proof, the 

combined histological and electron microscopy data strongly suggest that microglia in this 

region are phagocytic and contribute to the neuronal degeneration that accompanies the loss 

of myelin, and the changes in FA and RD. Further investigations are warranted to better 

understand the role of astrocytes in maintaining/repairing myelin (Nash et al., 2011; Barnett 

and Linington, 2013) in this mouse.

Although DTI provides great contrast for white matter fibers in FA images, further 

limitations to its use must be considered. For example, severe white matter pathology can 

reduce the accuracy of registration. The presence of enlarged axons and myelin debris can 

further bias the registration, leading to overestimating the volume of the corpus callosum, 

despite lower FA. While major phenotypes could be retrieved both from in vivo and ex vivo 
morphometry, there were also substantial differences. Both image sets identified atrophy of 

the olfactory areas, septum, hippocampus, and fornix, and hypertrophy of the isocortex and 

cerebellum. Two main differences come from the superior contrast (2.8 times higher contrast 

to noise between FA and T2 signal for the anterior commissure relative to septum) and 

resolution (6 times higher) in the ex vivo images compared to in vivo. These factors 

corroborate to increase the accuracy of definition for major gray matter structures, most of 

which are white matter bound. The strong image features help drive a more accurate 
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registration based on DTI, relative to our RARE in vivo images. However, fixation can cause 

shrinkage, or nonuniform filling of cerebrospinal fluid areas. We believe this later potential 

source of variability, leads to the loss of significance for the hypertrophy of the lateral 

ventricles in DTI images, which is however detected in vivo.

White matter integrity also depends on age, and TEM images revealed age-related 

abnormalities in both genotypes. Despite this, CVN-AD mice showed prevalence for 

disease. CVN-AD mice showed clear disease processes that were different from control 

mice within the same age groupings used in our experiments. However, we recognize that a 

tighter control over the age range may have reduced the variability in our measurements. 

Future efforts will be undertaken to separate normal aging from disease-associated changes, 

including using mice at younger ages. These additional studies should also allow us to better 

understand how age itself, is a major risk factor for Alzheimer’s disease.

One limitation comes from the fact that our sample was small, and thus we could not 

examine gender effects. Such larger studies will become possible with the help of 

streamlined image analysis, implemented into a high-performance computing environment. 

Efficient pipelines will ensure reproducible procedures for animals of different ages, 

genders, or different models to help identify sensitive biomarkers, and assess their ability to 

track changes over time in imaging parameters, and their associations with behavior (Mielke 

et al., 2009). It will be interesting to follow not just disease progression, but also track the 

effectiveness of potential therapies targeting white matter (Holroyd et al., 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vivo MRI identified focal volume changes, including reduced fornix and 
septohippocampal areas (t maps of the log Jacobian for deformation fields, thresholded at 
FDR=10%, unitless)
Regions of the neocortex (S1/S2) and cerebellum were enlarged, whereas olfactory regions, 

basal ganglia, thalamus, ventral tegmentum, and superior colliculus were reduced. Lateral 

ventricles appeared enlarged. Abbreviations: AO: accessory olfactory; CPu: caudate 

putamen; Cblm: cerebellum; Hc: hippocampus; Olf: olfactory; Re: reuniens thalamic 

nucleus; RRF: retrorubral field; SFi: septofimbrial nucleus; SC: superior colliculus; SN: 

substantia nigra; VTA: ventral tegmental area; VThal: ventral thalamus; f: fornix; ic: internal 

capsule; cc: corpus callosum.
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Figure 2. Ex vivo DTI identified significant local volume differences in CVN-AD mice relative to 
controls (t maps, thresholded at FDR= 5%, unitless)
Atrophy was observed in the olfactory areas, preoptic, hypothalamus, lateral amygdala, 

hippocampal commissure, septofimbrial nucleus, triangular septum, hippocampus, 

subiculum, ventral thalamic nuclei, superior colliculus, and pons, as well as the fornix and 

internal capsule. Areas of hypertrophy included the somatosensory cortex, corpus callosum 

(medially, and periventricular), dorsal thalamus, baso-medial amygdala, cerebellum (lobule 

10), and the lateral reticular nucleus. (B) Volumes for selected regions of interest in both 

genotypes. Data are presented as medians (line), mean (circle), quantile (box, 25–75% of 

data range), range (whiskers). Abbreviations: AD: anterodorsal thalamic nuclei; AO: anterior 

olfactory; DEnt: dorsolateral entorhinal cortex; DS: dorsal subiculum; Ect: ectorhinal cortex; 

HcDG: dentate gyrus of hippocampus; LDDM: latero-dorsal thalamic nucleus 

(dorsomedial); LA: lateral amygdala; LRt: lateral reticular nucleus; LSI: lateral septal 

nucleus, intermediate part; LMol: lacunosum moleculare layer of the hippocampus; Olf: 

olfactory; Pn: pons; SC: superior colliculus; SFi: septofimbrial nucleus; cc: corpus callosum; 

f: fornix; ic: internal capsule.
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Figure 3. Fractional anisotropy (FA) differences between CVN-AD and mNos2−/− controls (t 
statistics, thresholded at FDR=5%, unitless)
(A) For a mask including the whole brain we observed a strong effect for the fornix, and 

within the thalamus only. (B) Restricting the mask to white matter (FA > 0.3), we found 

significant reductions in the fornix, corpus callosum, and internal capsule, as well as in 

cerebral peduncle, and middle cerebellar peduncle. (C) ROI based differences in FA. 

Abbreviations: cc: corpus callosum; cp: cerebral peduncle; dhc (vhc): dorsal (ventral) 

hippocampal commissure; ic: internal capsule; f: fornix; mcp: middle cerebellar peduncle.
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Figure 4. DTI multiparameter changes in CVN-AD mice (t statistics thresholded at p<0.05)
A) Axial diffusivity changes (E1, associated with axonal density) were significantly 

decreased in the optic tract, cerebral peduncle, vestibulocochlear nerve (n8), ventral 

spinocerebellar tract, and middle cerebellar peduncle (~7%), and increased in stria terminalis 

(which did not survive permutation corrections). B) Radial diffusivity (RD) associated with 

myelination) was significantly increased in several white mater tracts and pontine areas 

(p<0.05). The fornix, and hippocampal commissure were >10% increased. The difference 

for fimbria, corpus callosum, anterior commissure and brachium of the superior colliculus 
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showed a trend (p<0.1). c) Secondary eigenvalues changes and ADC point to the ventral 

hippocampal commissure and fimbria.
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Figure 5. Decreased myelin content in the fimbria of CVN-AD mice was detected through luxol 
fast blue image contrast relative to the cortex for three regions of interest (fi: fimbria, cc: corpus 
callosum, ac: anterior commissure) indicated (d=-3.6, 8% contrast difference, p<0.01).
Data are presented in contrast to similar sections through the MR, where FA reductions are 

shown in blue; and as mean ± standard error of the mean. N = 4 animals/group.
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Figure 6. Representative transmission electron microscopy images through the fornix are 
indicative of abnormal white matter in CVN-AD mice (7100 x magnification)
Lower density of myelinated axons, increased variability in axonal size and shape, as well as 

enlarged G ratios, were found in CVN-AD mice compared to mNos2−/− control mice. 

Abnormalities of myelination were more frequently seen in CVN mice, and included 

ballooning, abnormal lamellation, and myelin figures in degenerated axons.
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Figure 7. Several vulnerable areas identified by morphometric and/or DTI changes also stained 
for reactive microglia in CVN-AD mice, but not in controls
In particular areas of the hippocampus (CA1, CA3), as well as its connections - fimbria and 

alveus (A) stained for CD 68 (phagocytic marker) in CVN-AD mice (A), but not in controls 

(B). GFAP staining also revealed higher density and darker staining for reactive astrocytes in 

CVN mice (C) than in controls (D). In contrast Abeta staining was mostly found in gray 

matter areas, and not in the fimbria white matter, and only in CVN mice (E), but not on 

Badea et al. Page 30

Neuroimage. Author manuscript; available in PMC 2017 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



controls. The structures involved are part of a circuitry known to be involved in human AD 

(fx: fornix, fi: fimbria, Hc: hippocampus; Hyp: hypothalamus) (F).
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