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Abstract

Imaging biomarkers for immune activation may be valuable for early-stage detection, therapeutic testing, and research on
neurodegenerative conditions. In the present study, we determined whether diffusion magnetic resonance imaging-derived
free water signal is a sensitive marker for neuroinflammatory effects of interferon-gamma (Ifn-y). Neonatal wild-type mice
were injected in the cerebral ventricles with recombinant adeno-associated viruses expressing the inflammatory cytokine Ifn-
v. Groups of mice expressing Ifn-y and age-matched controls were imaged at 1, 5 and 8 months. Mice deficient in Ifngrl =~
and Stat1™~ were scanned at 5 months as controls for the signaling cascades activated by Ifn-y. The results indicate that
Ifn-y affected fractional anisotropy (FA), mean diffusivity (MD), and free water (FW) in white matter structures, midline
cortical areas, and medial thalamic areas. In these structures, FA and MD decreased progressively from 1 to 8 months of
age, while FW increased significantly. The observed reductions in FA and MD and increased FW with elevated brain Ifn-y
was not observed in Ifngrl ™'~ or Stat1™'~ mice. These results suggest that the observed microstructure changes involve the
Ifn-grl and Statl signaling. Interestingly, increases in FW were observed in midbrain of Ifngrl~'~ mice, which suggests
alternative Ifn-y signaling in midbrain. Although initial evidence is offered in relation to the sensitivity of the FW signal to
neurodegenerative and/or inflammatory patterns specific to Ifn-y, further research is needed to determine applicability and
specificity across animal models of neuroinflammatory and degenerative disorders.
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Introduction

Neurodegenerative diseases are characterized by a non-
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reversible loss of neurons, which significantly contributes
to a range of adverse effects such as impaired cognition and
vital sensorimotor functions. Characterization of in vivo bio-
markers that can measure biological mechanisms involved in
the initial stages of a neurodegenerative disease, particularly
in relation to disease onset, is thus critical to developing
effective and timely therapeutic interventions. For instance,
there is growing evidence that aberrant brain immune activ-
ity precedes neurodegeneration in its earliest stages (Saxena
and Caroni 2011). Therefore, biomarkers for such patho-
genic immune responses may be valuable for early stage
detection and intervention. Inflammatory immune activation
is thought to form part of a temporally definable sequence
of early events contributing to later neurodegeneration
(Schwartz and Deczkowska 2016; Wyss-Coray 2016). Given
the interplay between early inflammatory signaling proteins
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such as interferon-y (Chakrabarty et al. 2011; Castano et al.
2002; Liscovitch and French 2014) in the pathological
loss of neurons, a critical avenue towards developing early
in vivo biomarkers of progression and increasing diagnostic
precision is the characterization of preclinical methods that
capture the deleterious effects of pathogenic immune signal-
ing involved in neurodegenerative disorders.

Magnetic resonance imaging (MRI) provides a safe and
relatively non-invasive means of revealing detailed age-
progressive anatomical and functional changes, along with
various morphometric measures of brain tissue microstruc-
ture (Febo and Foster 2016; Sahara et al. 2014; Colon-Perez
et al. 2019). Measurement of these aspects of brain structure
and function is vital when considering the limited access to
pre-prodromal patient brain tissue for direct assessments.
The translational strengths of diffusion MRI (AMRI) have
provided a platform for in vivo testing of disease-specific
hypotheses in animal models of neurodegenerative diseases
(Sahara et al. 2014; Khairnar et al. 2015; Boska et al. 2007,
Colon-Perez et al. 2019). However, the indirect nature of
widely used proton-based MRI measurements limits meas-
ures of immune substrates and leads to uncertainties with
regards to underlying biological factors when determining
the impact of aberrant immune responses on brain micro-
structure and function. To this end, there have been sig-
nificant advances in the modeling of tissue microstructure
based on the differential displacement of molecular water
in restricted intracellular spaces and hindered extracellular
environments and in more freely diffusing tissues such as
cerebrospinal fluid (CSF) (Assaf and Basser 2005; Pasternak
et al. 2012). The free water index, which attempts to quan-
tify relative fraction of freely diffusing water in the extra-
cellular space, is thought to be affected by neurodegenera-
tive and neuroinflammatory processes (Ofori et al. 2015b,
2017; Pasternak et al. 2014, 2016, 2012; DeSimone et al.
2017; Burciu et al. 2017). Despite the promise of such dMRI
analysis methods, the degree to which neuroinflammation
and neurodegeneration affects the previously reported free
water index (Ofori et al. 2015b, 2017; Pasternak et al. 2014,
2016, 2012; DeSimone et al. 2017; Burciu et al. 2017) is still
poorly understood.

In the present study, we used genetic tools coupled with
high-field dMRI to determine microstructural changes
associated with inflammation and neurodegeneration in the
brains of mice induced to overexpress the inflammatory
cytokine interferon-y (Ifn-y). We previously showed that
recombinant AAV(rAAV)-mediated expression of mouse
Ifn-y in wildtype (WT) mice induces progressive nigros-
triatal degeneration and midbrain calcinosis (Chakrabarty
et al. 2011) in a manner that recapitulates neurodegenera-
tive diseases such as atypical Parkinsonism (Strickland et al.
2017). We report here that the free water signal and to a
lesser degree fractional anisotropy (FA) and mean diffusivity

@ Springer

(MD) are sensitive to age-progressive neuropathological
changes in the AAV-Ifn-y mouse model. Furthermore, using
mice (Ifngrl™~ and Stat1™") that are genetically deficient
of Ifn-y signaling proteins (Huang et al. 1993; Durbin et al.
1996), we demonstrate that the measured Ifn-y-induced free
water alterations are partially linked to a canonical Ifn-y
signaling pathway (Strickland et al. 2017). Thus, the Ifn-y
receptor Ifngrl or its intracellular signaling protein Statl
were shown here to be important contributors to the observe
Ifn-y-induced alterations in the free water index induced in
cortex, white matter, and thalamus of aged mice.

Methods
Mice

Mice were housed in groups of 3—4 in conventional cages
(29x18x 13 cm) at 20-26 °C (lights on from 0700 to
1900 h) with food and water ad libitum. Wildtype (WT)
B6/C3H mice were obtained from Envigo (Indianapolis,
Indiana), Ifngrl ™"~ mice (129-Ifngr1tm1Agt/J) from Jack-
son Labs (Bar Harbor, Maine) and Stat/™'~ mice from the
laboratory of Joan Durbin, PhD (New York University
School of Medicine). Ifngrl~~ and Stat]™'~ mice strains
were maintained as homozygotes, originally derived on the
B6/C3H genetic background. WT mice were imaged at 1,
5 and 8 months (=32 mice total, n =4-6 mice/age/treat-
ment), whereas Ifngrl ™~ (n=10 mice/age/treatment) or
Stat]™"~ (n=" mice/age/treatment) were imaged at 5 months
of age. All groups were gender and age matched. All proce-
dures received prior approval from the Institutional Animal
Care and Use Committee of the University of Florida and
follow all applicable NIH guidelines.

Adeno-associated viral vector (AAV) preparation
and brain delivery

Murine Ifn-y (mIFN-y) and enhanced green fluorescent pro-
tein (EGFP) were packaged in AAV capsid 1 and injected on
neonatal day P2 as previously reported (Ayers et al. 2015).
Details of these methods and the animal model have been
recently reported (Strickland et al. 2017). AAV-EGFP served
as control for AAV-Ifn-y.

Diffusion magnetic resonance imaging

Images were acquired using an 11.1 Tesla MRI scan-
ner (Magnex Scientific Ltd., Oxford, UK) with an Agi-
lent 205/120HD gradient set (maximum gradient strength
600mT/m and rise time of 130 us) controlled by VnmrJ 3.1
console software, as previously reported (Sahara et al. 2014).
An in-house 2.0 2.5 cm quadrature surface transmit/receive
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coil tuned to 470.7 MHz ('H resonance) was used for B1
excitation and signal detection (AMRIS Facility, Gaines-
ville, FL). Anesthesia was initially induced under 2.0-2.5%
isoflurane (0.1-0.15 L/min) delivered in 100% oxygen for
30-60 s. Isoflurane levels were then maintained between 1.0
and 1.25% throughout the entire setup and imaging session
to maintain stable respiration rates. Mice were placed prone
on a custom-made plastic bed with a respiratory pad placed
underneath the abdomen. Respiratory rates were monitored
continuously and maintained between 25—40 beats per min-
ute by adjusting isoflurane levels. Core body temperature
was maintained at 37-38 °C using a warm water recircula-
tion system (SA Instruments, Inc., New York).

A multi-slice gradient echo sequence with the follow-
ing parameters was used as an anatomical reference scan:
256%x 6 sagittal slices covering midline brain structures,
field of view (FOV) 25 mm?x0.75 mm slice thickness (in
plane resolution 97 um?), flip angle =20°, 8 averages, echo
time (TE)=3.8 ms and repetition time (TR) =100 ms. Ini-
tial test scans in control and Ifn-y showed significant sig-
nal loss and distortion in lateral/temporal cortical regions
near the ear canal of mice, when acquiring coronal brain
slices using an in-house-built mouse quadrature transmit/
receive coil. Thus, we used a sagittal slice orientation which
omitted these lateral regions and allowed us to cover most
of the midline cortical, thalamic, basal ganglia, and white
matter structures previously investigated in the Ifn-y mouse
model (Chakrabarty et al. 2011; Strickland et al. 2017).
Diffusion weighted scans were acquired using a 4-shot spin
echo planar imaging (EPI) sequence with TR =2000 ms,
TE =38 ms, gradient amplitude of 18.47 G/cm, gradient
duration 6 =6 ms, diffusion time A =12 ms, maximum b
value of 900 s/mm?, and 42 gradient directions (icosahedral
shaped sampling scheme) with six additional BO images
interleaved between every seven diffusion-sensitized images.
Diffusion images had the same FOV and slice thickness as
the anatomical reference scan but with a lower resolution
data matrix size of 128 and 6 slices at 0.75 mm each (in
plane resolution, 195 pm2; in the same space as anatomical
scans to facilitate anatomical alignment to an MRI atlas of
the mouse brain).

Image postprocessing

Diffusion MRI scans were processed using tools available
on FMRIB software library—FSL (Smith et al. 2004), as
previously reported for mouse dMRI scans obtained at 11.1
Tesla (Sahara et al. 2014). FSL EDDY_CORRECT program
was used for affine registration of diffusion weighted images
to the first BO. Gradient vectors were rotated according to
the resulting motion correction vectors.

We used the free water elimination algorithm to estimate
the fractional contribution of freely diffusing, hindered water

present in the extracellular space to the overall diffusion sig-
nal per voxel (Pasternak et al. 2012). There is evidence that
such an approach enhances the accuracy of diffusivity and
anisotropy measurements (Pasternak et al. 2012). Diffusion
datasets were processed first by carrying out a voxel-wise
fitting procedure in MATLAB (Natick, MA) using a two-
compartment model of diffusion that includes terms for tis-
sue and extracellular free water diffusivity (Pasternak et al.
2009, 2012; DeSimone et al. 2016). This step produced a
mouse brain image of free water (indexed from O to 1, the
latter meaning highest extracellular free water) and a diffu-
sion tensor with free water fraction removed (free water cor-
rected tensor, or FW). The corrected tensor was processed
using DTIFIT on FSL to produce maps of FA and MD
(called here ‘corrected’ FA, or MD,) (Behrens et al. 2003).

To investigate differences in FW, FA_ or MD, between
WT mice with and without Ifn-y expression, we conducted
whole brain statistical analyses on scalar maps and also
region of interest (ROI)-based analyses in MATLAB (see
following section). To do this, we first used FSL FLIRT soft-
ware to align anatomical scans for each subject to a compos-
ite reference template (higher resolution T2-weighted fast
spin echo scan) used in the creation of a fully segmented
atlas of the mouse brain (Ferris et al. 2014). Prior to sub-
ject to template registration, binary masks outlining the
mouse brain on the anatomical scans were manually gener-
ated using ITKSNAP (Yushkevich et al. 2006). The binary
‘brain-only’ masks were multiplied by anatomical scans to
null voxels outside the brain. The cropped anatomical brain
images were then aligned to a mouse brain template using
12-parameter affine registration, a full 180° search, and a
correlation ratio search cost in FLIRT (Jenkinson et al. 2002)
(Fig. 1a). Registration matrices for each subject were saved
and used to transform post-processed scalar maps (FW, FA_
and MD,) to the template space for analysis.

Statistical analysis

Whole brain analyses were carried out in Analysis of Func-
tional Neuroimages (AFNI) (Cox 1996) using two-factor
Analysis of Variance (ANOVA: age [3 levels] X Ifn-y treat-
ment [2 levels]) computations available in three-dimensional
multi-variate modeling (3dMVM) (Chen et al. 2014). The
groups tested were the following: 1-month/control (n=4),
5-month/control (n=4), 8-month/control (n=6), 1-month/
Ifn-y (n=4), 5-month/ Ifn-y (n=4), 8-month/ Ifn-y (n=35).
In 3dMVM, four general linear tests were carried out, which
created maps for main effect of age, main effect of treatment,
age x treatment, and post hoc ¢ tests comparing WT Ifn-g
vs. WT controls. All maps for FW, FA , and MD, were false
discovery rate (FDR) corrected and thresholded at p values
forg<1to 5%.
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A Structural-to-Atlas Alignment

Structural

B FA (Free Water Uncorrected)

FA (Free Water Uncorrected)

Fig.1 Steps used in image preprocessing. a Alignment of anatomi-
cal scans to a structural reference scan and segmented atlas. b Com-
parison of fractional anisotropy images, before and after free water
elimination. ¢ FA maps with color encoded directionality (sphere
with red green blue indicates direction). d FA and e mean diffusiv-

For ROI analyses, FW, FA , and MD,, values per each ROI
were exported in spreadsheet form and imported into MAT-
LAB for analysis using two-way ANOVA and Tukey’s post
hoc test. Mean ROI data were extracted from each subjects’
FW, FA_, and MD, scalar maps using ROI masks generated
using the inverse of the subject-to-atlas registration matrices.
Nineteen ROIs were included in the ANOVA comparisons.
Family-wise error correction (Sidak’s multiple comparison
correction) was used and, therefore, significant differences
were considered for p <0.003.
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ity values (mm?/s) for grey matter (frontal cortex) and white matter
(corpus callosum) of eight control WT mice. Data presented as Tukey
box and whisker plots (median, 25-75th percentile and 1.5 interquar-
tile range). **Significantly different from uncorrected values (Tukey’s
post hoc test)

Results

Elevated brain Ifn-y is associated
with age-progressive alterations in free water,
fractional anisotropy and mean diffusivity

We investigated whether the free water signal can detect
age-progressive alterations that are consistent with previ-
ously reported neuroinflammatory and neurodegenerative
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effects of Ifn-y in WT mice (Strickland et al. 2017,
Chakrabarty et al. 2011). These alterations include dys-
trophic calcification in the basal ganglia and a nigrostri-
atal degenerative phenotype (Strickland et al. 2017). A
major prediction was that the free water index in the brain
varied as a function inflammatory and neurodegenerative
status resulting from brain-specific Ifn-y overexpression.
Although the free water elimination processing of dMRI
scans did not induce any appreciable changes in FA or
directionality maps (Fig. 1b, c¢), we confirmed that free
water elimination adjusted FA and MD values in the mouse
brain. Free water elimination increased white matter FA
and reduced MD values relative to uncorrected diffusion

A

Control

scans (Fig. 1d, e; FA: F| ,3=79 p<0.0001; MD: F| ,4=26
p <0.0001). Grey matter measurements showed similar,
albeit non-significant trends for FA and MD (Fig. 1d, e).
The anatomical scans of 5-8-month-old Ifn-y WT mice
showed highly consistent signs of pathology in the mid-
brain and thalamic areas, not present in WT controls of
any age. This was present in all scans for these groups. The
lesion-like dark areas are first noted in Ifn-y wildtype (WT)
mice at 3 months (not shown) and increases in severity by
5-8 months (mo) of age (Fig. 2a). Lesions similar to these
are observed in radiographic images of patients with idi-
opathic basal ganglia calcification (IBGC) (Zaitout et al.
2014). In the calculated free water maps of Ifn-y WT mice,

Anisotropy  Anatomical

Fractional

Free Water
Index

Control

Ifn-y

DARPP32

Tyrosine
Hydroxylase

Fig.2 Elevated Ifn-y expression produces age-progressive increases
in free water signal in brain regions with coincident reductions in
fractional anisotropy and inflammation-induced lesions. a Repre-
sentative structural, fractional anisotropy and free water maps of con-
trol mice and mice overexpressing Ifn-y, shown at different ages. b

Reduced nigral DARPP32 and Th immunostaining demonstrate age-
progressive degeneration in the midbrain of Ifn-y mice compared to
control mice. Arrow in immunohistochemical panels denotes dys-
trophic calcinosis
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we observed hyperintense areas corresponding to areas of
increased volume of extracellular free water and these areas
included and extended beyond CSF ventricular regions in
Ifn-y but not in control WT mice (Fig. 2a). The extent of the
spreading of these hyperintense high free water regions is
observed as early as 1 month of age in Ifn-y mice (compared
to age-matched control mice) and expands progressively
with age (Fig. 2a). Consistent with previous histopathologi-
cal assessments (Strickland et al. 2017), Ifn-y mice showed
significant age-progressive loss of dopaminergic neurons
in substantia nigra pars compacta (Fig. 2b). Therefore, the
pathological effects of Ifn-y treatment are consistent with
the previous two studies using this model.

For FA,, ANOVA revealed a significant main effect
of Ifn-y treatment, but not of age, in the corpus callo-
sum (F,;=17.6, p=0.0004) and fimbria (F| ,; =21.9,
p=0.0001) (Figs. 3 and 4, top). In the corpus callosum,
Tukey’s post hoc test indicated a significantly greater FA_
in 8-month control vs 5- or 8-month Ifn-y (p <0.05). We
also observed a significantly greater FA_ in 8-month Ifn-y
mice vs any WT control group and 1-month Ifn-y (p <0.05).

For FW, ANOVA revealed a significant age X Ifn-y
treatment interaction in the corpus callosum (Ifn-y treat-
ment: F 5, =86.4, p<0.00001; age: F,,;=9.1, p=0.001;
interaction: F,,;=7.9, p=0.0027), and significant main
effect of Ifn-y treatment in the cingulate gyrus (F ,; =39.5,
p<0.00001), fimbria (F ,; =48.9, p <0.00001), rostral ret-
rosplenial cortex (F ,; =24.1, p=0.0001) and mediodorsal
thalamus (F ,; =14.5, p=0.001) (Figs. 3 and 4, middle).
In the corpus callosum, Tukey’s post hoc test indicated sig-
nificantly greater FW values in 8-month WT mice treated
with Ifn-y relative to any WT control group and 1-month
Ifn-y mice (p <0.05). In the cingulate cortex and mediodor-
sal thalamus, there was significantly greater FW values in
8-month Ifn-y mice relative to any WT control group and
I-month Ifn-y mice (p <0.05). In fimbria and restrosple-
nium, there was significantly greater FW values in 8-month
Ifn-y relative to all other groups (p <0.05).

For MD_,, ANOVA revealed a significant main effect
of Ifn-y treatment, but not of age, in the corpus callosum
(F12,=14.0, p=0.001) and fimbria (¥, ,; =17.8, p=0.0004)
(Figs. 3 and 4, bottom). In both these white matter struc-
tures, Tukey’s post hoc test indicated a significantly greater
FA_ in 8-month control vs 5- or 8-month Ifn-y (p <0.05).

Ifn-y receptor-1 or Stat1 signaling proteins are
important in mediating the effects of Ifn-y on free
water, fractional anisotropy and mean diffusivity

It was recently reported that the pathogenic effects of Ifn-y
in WT mice are abrogated in mice lacking Ifngrl or Statl
(Strickland et al. 2017). In the present study, we wanted
to further examine whether Ifngrl and Statl are necessary
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for brain Ifn-y expression to cause the above-mentioned
alterations on the free water index, FA_ and MD, (Fig. 5).
First, the midbrain/thalamic hypointense areas observed in
anatomical reference scans of 5-month and 8-month Ifn-y
mice were no longer observed in age-matched Ifngrl ™'~ or
Stat]™'~ mice induced to express Ifn-y (Fig. 5). The lack
of effect of Ifn-y in producing these MR lesions is consist-
ent with previous histopathological assessments indicating
that neither Ifngrl '~ nor Stat1~'~ mice develop any basal
ganglia calcinosis in the presence of Ifn-y (Strickland et al.
2017). Conversely, hyperintense areas on free water maps
of Ifn-y Ifngrl™'~ or Stat]~"~ mice were not distinct from
5-month WT control mice and much lower than in age-
matched Ifn-y mice (Fig. 5).

We analyzed the effect of Ifn-y in Ifngrli=~ or
Stat]™'~ mice. We predicted that if in WT mice Ifn-y pro-
duced changes in FW and other microstructure measures,
these would be absent in mice lacking either the Ifn-y
receptor-1 or Statl signaling protein. Results are shown in
Fig. 6. We conducted comparisons only between 5-month-
old mice, which included WT controls, WT Ifn-y, and
Ifngrl™= or Stat]~'~ mice with elevated Ifn-y. We used a
one-way ANOVA with Ifn-y vs control as the main factor.

For FA_, ANOVA revealed a significant main effect
of Ifn-y treatment, but not of age, in fimbria (F;,,=7.2,
p=0.002) (Fig. 6, top). Tukey’s post hoc test indicated a
significantly reduced FA_ with Ifn-y treatment in WT and
in Ifngrl™'~ mice relative to WT controls (p <0.05).

For FW, ANOVA revealed a significant main effect
of Ifn-y treatment in anterior thalamic area (F;,; =6.4,
p=0.003), corpus callosum (F3,1=52.1, p<0.000001),
cingulate cortex (F3,,=22.2, p<0.00001), fimbria
(F3,,=13.9, p=0.00003), substantia nigra (F3,;=11.0,
p=0.0001) and ventral tegmental area (F;,, =8.4,
p=0.0007) (Fig. 6, middle). With the exception of the two
midbrain ROI’s, these brain regions had an increased FW
in WT mice expressing Ifn-y and this was not observed in
Ifngrl™= or Stat1~~ mice. The Ifn-y receptor-1 or Statl
signaling protein may have been necessary for Ifn-y to pro-
duce increases in FW. Thus, Tukey’s post hoc test indicated
that there were greater FW values in WT Ifn-y compared
to WT controls and Ifngrl ™'~ or Stat]™'~ mice expressing
Ifn-y (p <0.05). In the midbrain areas, we observed that
while Ifn-y did not increase FW values in WT mice, it did
in Ifngrl~'~ mice (Tukey’s post hoc test p <0.05 compared
to WT control, WT Ifn-y and Statl™'~ mice).

For MD_, ANOVA revealed a significant main effect
of Ifn-y treatment in the hippocampal CA3 (F;,;=6.6,
p=0.0026), corpus callosum (F5,,=7.9, p=0.001), and
fimbria (F3,,=9.6, p=0.0003). In these regions, Ifn-y in
WT mice, but not Ifngr! ™'~ or Stat]~~ mice, reduced MD
values (Tukey’s post hoc test, p <0.05).
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Fractional Anisotropy
Ifn-y Effect

Age Effect

FDR Corrected (q<0.05)

Free Water
Age Effect

FDR Corrected (q<0.01)

Mean Diffusivity
Age Effect

Fig.3 Composite statistical maps indicate that Ifn-y produced sig-
nificant changes in fractional anisotropy (FA), free water (FW) and
mean diffusivity (MD) in white matter and surrounding regions of the
mouse brain. Shown are significant voxels in left (L) and right (R)

Ifn-y > Control

Ifn-y Effect

hemispheres (arrows note significantly different voxels). All images
are false discovery rate (FDR) corrected with a p value correspond-
ing to a FDRq threshold < 1-5%. Ifn-y produced reductions in FA and
MD and increases in FW relative to WT control mice
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*
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0.0002

Mean Diffusivity (mmzls)

0.0000
ATA CA1

mm 1 mo./Control
3 1 mo./lfn-y

—— 5 mo./Control
m 5 mo./lIfn-y

Fig.4 Ifn-y reduced fractional anisotropy and mean diffusivity
and increased free water in white matter, midline cortical and tha-
lamic areas. Two-factor ANOVA and Bonferroni post hoc multi-
ple comparison test. *main effect of Ifn-y treatment, **main effect
of age, and ***treatment x age interaction (Bonferroni corrected
p<0.003; n=4-5 mice/group). Error bars are standard deviation.
Symbols above bars are significantly different from: a=1-month
control, b=1-month Ifn-y, c=5-month control, d=5-month Ifn-y,

Discussion

Using dMRI and the free water correction method (Ofori
et al. 2015b; Pasternak et al. 2014, 2016, 2012; DeSimone
et al. 2017), we show that free water index values are sig-
nificantly elevated in white matter of 8-month AAV-Ifn-y
mice relative to controls or younger 1-month Ifn-y cohorts.
The effect of Ifn-y is consistent with gliosis and neurode-
generative changes reported in a previous study using the
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8 mo./Ifn-y
=3 8 mo./Control

e=28-month control, f=8-month Ifn-y. AH anterior hypothalamus,
ATA anterior thalamic area, CA1/3 cornus Ammonis 1/3, cc corpus
callosum, CPu caudate-putamen, fi fimbria, ic internal capsule, MD
mediodorsal thalamus, MPA medial preoptic area, MS medial septum,
PH posterior hypothalamus, Po posterior thalamus, PrL prelimbic
cortex, RSC/R retrosplenial cortex-caudal/rostral, SN substantia nigra,
VTA ventral tegmental area

same animal model (Chakrabarty et al. 2011; Strickland
et al. 2017). Overall, our data support the notion that along
with FA and MD values from dMRI scans, free water also
provides a somewhat sensitive measure of microstruc-
tural changes previously reported to occur in the AAV-
Ifn-y mouse (Strickland et al. 2017). A significant finding
of the present work are data demonstrating that in some
brain areas, the free water index in Ifn-y-overexpressing
Ifngrl™~ mice and Stat]~'~ mice are comparable to control
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mAAV-IFNy

Control

Anisotropy Anatomical

Fractional

Free Water
Index

i

IFNGR1 -/-

STAT1 -/-

Fig.5 Ifn-y induced increases in free water, reduced fractional anisotropy, and inflammation-induced lesions are not observed in Ifngrl and

Statl null mice

mice, suggesting that Ifn-y-induced free water changes entail
a mechanistic link with this canonical inflammatory path-
way. Furthermore, the observed effects of Ifn-y in elevating
the free water index in aged mice demonstrates a degree of
specificity with regards to the necessary presence of Ifngrl
and Stat! transignaling proteins. The results thus establish
a novel link between this dMRI measure and inflammation
in an animal model shown previously to sustain significant
nigrostriatal neuronal loss (Strickland et al. 2017).
Pasternak et al (2012) were the first to show evidence
that extracellular free water volume is a surrogate measure
for neuroinflammation by distinguishing neurodegenera-
tive axonal white matter changes from free water changes
in grey and white matter regions in schizophrenics (Pas-
ternak et al. 2012). This method has also been applied to
research on white matter degeneration in Alzheimer’s dis-
ease (AD), cerebrovascular disease contributions to demen-
tia and in healthy aging (Maier-Hein et al. 2015; Albi et al.
2017; Hoy et al. 2017; Ji et al. 2017). Compared to non-
cerebrovascular disease healthy controls, AD subjects had
higher free water index values in white matter structures,
which was worse in AD with cerebrovascular damage (Ji
et al. 2017). The extent of cerebrovascular damage, white
matter pathology and free water correlated with severity of
cognitive impairment and this in turn was associated with
pathological changes in frontal cortical and occipital lobe
structures (Ji et al. 2017). Free water imaging has also been
recently used in Parkinsonism to delineate how free water
corrected dMRI signals track neuropathological alterations
in a spectrum of patients with Parkinson’s disease, multiple

system atrophy, and progressive supranuclear palsy. Ofori
and colleagues showed in two datasets of Parkinson’s disease
from multisite studies that free water increases specifically
in the posterior substantia nigra in these patients with no
differences observed in FA (Ofori et al. 2015a). Free water
signal increases further in patients re-scanned a year after
their first measurement, supporting the use of free water
imaging as a biomarker for progression (Ofori et al. 2015a).
A second study showed a similar trend in free water val-
ues in atypical Parkinsonian patients, although in this case,
increased free water was also observed outside the posterior
substantia nigra, a result similar to what we report here using
a mouse model recapitulating aspects of atypical Parkinson-
ism (Strickland et al. 2017). The regions showing increased
free water in these atypical patients included corpus callo-
sum, cerebellum, caudate, putamen, and thalamus (Planetta
et al. 2016). While the above-cited clinical studies indicate
that changes in the free water index could be associated
with cell loss, inflammation and/or cerebrovascular damage,
direct causal links have not been investigated. The present
study represents initial attempts to understand the underly-
ing links between the free water index and inflammatory and
neurodegenerative processes in a previously studied animal
model (Strickland et al. 2017).

When expressing Ifn-y in the absence of Statl, we previ-
ously observed elevated signs of neuroinflammation (Strick-
land et al. 2017), which included increased astrogliosis. The
observed neuroinflammatory state in Ifn-y mice preceded
and was thought to drive nigrostriatal cell loss (Strick-
land et al. 2017), a result consistent with our previous data
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Fig.6 Ifn-y induced changes in fractional anisotropy, mean diffusiv-
ity and free water were largely absent in Ifngrl/ ™'~ and StatI~~ mice.
Two-factor ANOVA and Bonferroni post hoc multiple compari-
son test. *main effect of Ifn-y treatment, **main effect of age, and

(Chakrabarty et al. 2011), as the nigro-striatal degenerative
feature was not observed in Statl-/- mice despite increased
inflammation. Interestingly, in the current imaging study,
we did not observe elevated free water index in the brain
of Stat]™~ mice in spite of increased astrogliosis (Strick-
land et al. 2017). One possible explanation is that this index
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***treatment X age interaction (Bonferroni corrected p<0.003;
n=4-10 mice/group). Error bars are standard deviation. Symbols
above bars are as in Fig. 4. Abbreviations are as in Fig. 4

of free water is more sensitive to neurodegenerative pro-
cesses than to inflammatory signaling-induced changes in
activated glial cells. Future studies are needed to address
this possibility by directly distinguishing between inflamma-
tory state, in the presence or absence of neurodegeneration.
Another possible explanation is that extracted free water
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index values are only partially sensitive to one or a few of a
broader range of brain immune cell inflammatory responses
to Ifn-y. Alternative in-depth dMRI microstructure models
capturing more details or specificity of potential effects of
underlying inflammation, cellular morphological alterations
or cell loss might be more useful in this regard (Assaf and
Basser 2005; Zhang et al. 2012).

We used an AAV-Ifn-y mouse model to provide us with a
mechanistic basis linking neuroinflammation, neurodegen-
eration, and a dMRI metric with potential clinical relevance.
Initial examination of uncorrected FA and MD revealed
changes consistent with the inflammatory or degenerative
phenotypes in these mice. However, after free water correc-
tion, many of the observed changes in FA and MD were no
longer significant and instead we observed that free water
signal tracked changes in the brain that were consistent with
previously reported Ifn-y-induced astrogliosis (Strickland
et al. 2017) and could thus serve as a measure of Ifn-y-
induced neuroinflammation or neurodegenerative pathol-
ogy. This also suggests that careful consideration should be
taken when interpreting FA/MD metrics from dMRI data
and it also supports the use of alternate tissue microstructure
methods that can provide a more detailed account of under-
lying geometric features of the tissue in health and disease
(Metzler-Baddeley et al. 2012; Ofori et al. 2015a; Planetta
et al. 2016). A limitation of using uncorrected FA as a meas-
ure of diffusion and neurodegeneration is that free water
in the extracellular space can lead to spurious FA aliasing
of extracellular and intracellular/axonal water signals and
as a result, true FA changes are masked (Bergamino et al.
2016). However, it should be pointed out that the free water
index also has limitations in terms of interpretability, which
requires further experimentation beyond that conducted in
the present work. The volume of the extracellular space,
its viscosity, intermembrane gaps, and other factors such
as composition and tortuosity of the extracellular matrix
might affect diffusion relative to compartments permissive
of free unhindered diffusion (Rusakov and Kullmann 1998;
Chen and Nicholson 2000; Vorisek et al. 2002). It is unclear
whether increased Ifn-y expression directly modifies one or
all of these extracellular factors. Given that Ifn-y expression
triggers the production of immune signaling proteins that
alter vascular permeability (such as Timpl and SerpinGl),
astroglial proliferation and lymphocyte rolling (in response
to chemokines such as Ccl8 and Cxcl10), axonal/dendritic
deterioration, dystrophic calcinosis and cellular death, it is
possible that Ifn-y expression can potentially alter the extra-
cellular volume contributing to the free water index through
multiple mechanisms.

We should note several important limitations of the
present study. The enlargement of cerebral ventricles in
8-month Ifn-y mice can likely have an influence on the free
water values for surrounding ROIs through partial volume

averaging. We have previously reported cerebroventricular
enlargement in mice overexpressing inflammatory inter-
leukin-6 (Colon-Perez et al. 2019). This would make sense
given the large free water values obtained from the areas
affected by Ifn-y, which were in the range of 0.4-0.8 similar
to CSF regions. Another possibility is infiltration of CSF
into tissue parenchymal spaces during a severe chronic
inflammatory response. Because these changes were not
observed in Ifngrl ™~ and Stat] ™~ mice, it is concluded here
that these alterations potentially involving CSF water/partial
volume averaging is still important as a potential marker
of the effects of inflammatory signaling on tissue micro-
structure. Another limitation is that we did not offer direct
experimental evidence that the free water imaging method is
superior to other conventional (clinical) methods in detect-
ing signs of neuroinflammation or neurodegeneration. We
did not include comparisons with other methods, such as
fluid-attenuated inversion recovery. This will be considered
in future work.

Relevant to the present work are also two important cave-
ats of the bi-tensor fitting using the regularization method
that were previously summarized by Pasternak and col-
leagues (Pasternak et al. 2009). One of the main concerns
that could arise is the effect of water exchange between
compartments. The tensor approach does not take this into
account and, therefore, in the present Ifn-y mouse model,
there may be biasing of free water values (and FA) as a
result of conditions that alter cellular or structural perme-
ability, as might occur in areas near cerebroventricles in the
present study. Another potential pitfall relates to restrictions
in the use of the bi-tensor model in a single-shell diffusion
sequence which omits more complicated (non-Gaussian)
aspects of diffusion attenuation. The non-Gaussian diffusion
decay at larger shells perhaps more appropriately incorporate
extracellular cellular presence in immune active conditions.

In conclusion, the present data suggest that free water
index to map extracellular volume should be considered in
further experimentation to understand early ‘trigger’ fac-
tors that lead to neurodegenerative cell loss or increases in
inflammatory signaling. Artificially elevating brain levels of
Ifn-y promotes a chronic inflammatory environment, which
with age causes significant loss of dopaminergic neurons
(Chakrabarty et al. 2011). This neurodegenerative phenotype
induced through inflammatory signaling was detected in WT
mice as early as 1-3 months. In addition, the prevention of
Ifn-y effects on brain free water changes in Ifngr!/ '~ and
Stat]™~ mice hint at the potential specificity of the changes
in free water index induced by Ifn-y.
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