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Cerebral amyloid angiopathy (CAA), characterized by cerebral vascular amyloid accumulation, neuro-
inflammation, microbleeds, and white matter (WM) degeneration, is a common comorbidity in Alz-
heimer disease and a prominent contributor to vascular cognitive impairment and dementia. WM loss
was recently reported in the corpus callosum (CC) in the rTg-DI rat model of CAA. The current study
shows that the CC exhibits a much lower CAA burden compared with the adjacent cortex. Sequential
Window Acquisition of All Theoretical Mass Spectra tandem mass spectrometry was used to show specific
proteomic changes in the CC with emerging WM loss and compare them with the proteome of adjacent
cortical tissue in rTg-DI rats. In the CC, annexin A3, heat shock protein B1, and cystatin C were elevated
at 4 months (M) before WM loss and at 12M with evident WM loss. Although annexin A3 and cystatin C
were also enhanced in the cortex at 12M, annexin A5 and the leukodystrophy-associated astrocyte
proteins megalencephalic leukoencephalopathy with subcortical cysts 1 and GlialCAM were distinctly
elevated in the CC. Pathway analysis indicated neurodegeneration of axons, reflected by reduced
expression of myelin and neurofilament proteins, was common to the CC and cortex; activation of Tgf-
B1 and F2/thrombin was restricted to the CC. This study provides new insights into the proteomic
changes that accompany WM loss in the CC of rTg-DI rats. (Am J Pathol 2022, 192: 426—440; https://

doi.org/10.1016/j.ajpath.2021.11.010)

Cerebral amyloid angiopathy (CAA), a disease characterized
by accumulation of fibrillar amyloid B-protein (A) in blood
vessels of the brain, is prevalent in the elderly population and
is a common comorbidity of Alzheimer disease.' * There are
two major forms of CAA: CAA type 1, in which amyloid
accumulates along cerebral microvessels and capillaries, and
CAA type 2, in which the AP deposition occurs within the
walls of small arteries and arterioles.” CAA can promote
degeneration of mural and endothelial cells of the vessel
wall, leading to cerebral microbleeds and larger hemor-
rhages, as well as thrombotic occlusions resulting in
ischemic lesions, which collectively can cause white matter
(WM) damage and vascular cognitive impairment and
dementia."*°"® In addition to the apparent loss of myelin
proteins, other changes that occur in the proteome of the WM
in conjunction with CAA are not well understood and may
provide further insight into the pathogenesis of this region.

Prior studies focused on the generation and character-
ization of a transgenic rat model of CAA type 1 known as
1Tg-DI.” The rTg-DI rats produce human AP harboring the
Dutch (E22Q) and Iowa (D23N) familial CAA mutations in
the brain and develop early-onset accumulation of cerebral
microvascular amyloid in the absence of parenchymal pla-
que amyloid deposits. The progressive accumulation of
microvascular CAA in this model promotes robust peri-
vascular neuroinflammation, degeneration of pericytes,
thalamic cerebral microbleeds and occluded microvessels,
and behavioral impairments reminiscent of “cognitive
slowing.””~'? Recently, rTg-DI rats were shown to present
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with diffuse WM loss emerging after 6 months (M) and
progressing to up to 12M."? The WM loss was primarily
observed in the corpus callosum (CC) and in the globus
pallidus and thalamus, as detected by magnetic resonance
imaging. Despite the clear loss of WM, an understanding of
how cerebral microvascular amyloid accumulation in aging
rTg-DI rats affects the CC is unclear.

Liquid chromatography coupled with tandem mass
spectrometry (MS/MS) has provided a means for reliable
and sensitive high-throughput proteomic investigation.'*'”
Data-independent acquisition approaches, such as Sequen-
tial Window Acquisition of All Theoretical Mass Spectra
(SWATH-MS), which perform quantitative analysis of all
detected protein fragments and characterize thousands of
proteins within a single sample, are becoming the standard
for cohort proteomics.'*'*'” Recently, brain regional pro-
teomic alterations were reported in the cortex, hippocampus,
and thalamus of 12M rTg-DI rats using laser microdissec-
tion and SWATH-MS.'? Specific proteomic changes with
regionally distinct pathologies were used to describe
important mechanisms implicated in the development of the
differential pathologic phenotypes.

The current study uses laser microdissection and
SWATH-MS to investigate the role of progressive CAA
type 1 in rTg-DI rats in changing the protein profile of the
CC that exhibits prominent WM loss. These proteomic
changes were compared with recent findings in the cortex of
12M Tg-DI rats.'” Following the proteomics, bioinfor-
matics analysis was conducted using Ingenuity Pathway
Analysis (IPA) (Qiagen Inc., Redwood City, CA) and brain
tissue immunolabeling to connect the proteomic alterations
with specific pathways and cellular responses implicated in
the progressive WM loss.

Materials and Methods
Animals

The rTg-DI transgenic rat model of CAA was generated as
previously described” in which low levels of human
Swedish/Dutch/Iowa mutant AP protein precursor are
expressed in neurons under the control of the Thyl.2 pro-
moter and maintained on a Sprague-Dawley background. In
this model, the accumulation of microvascular amyloid be-
gins at approximately 3M and progresses with advancing
age. In the current study, three male and three female het-
erozygous rTg-DI rats and nontransgenic, littermate wild-
type (WT) rats were collected at 4M, and three male and
two female heterozygous rTg-DI rats and two male and
three female WT rats were collected at 12M. The study was
neither randomized nor blinded.

All rats were housed in a controlled room (22 4 2°C and
40% to 60% humidity) on a standard 12-hour light cycle.
Rat chow and water were available ad libitum. All work
with animals was approved by the University of Rhode Is-
land and Yale University Institutional Animal Care and Use
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Committees, in accordance with the United States Public
Health Service’s Policy on Humane Care and Use of Lab-
oratory Animals, and in compliance with the Animal
Research: Reporting of In Vivo Experiments guidelines.

Magnetic Resonance Imaging of WM Loss

The composite data presented were previously acquired
from Lee et al.'” Briefly, WT and rTg-DI rats (n = 11 per
group) anesthetized with dexmedetomidine and low-dose
isoflurane underwent proton density—weighted imaging
and were analyzed by using voxel-based morphometry in
studying whole-brain-wide WM morphometry as previously
described.'™'®'? Spatial registration parameters between
tissue probability maps and individual scans were calculated
by using the DARTEL algorithm (Diffeomorphic Anatom-
ical Registration Through Exponentiated Lie Algebra) and
subsequently smoothed by a 0.6-mm Gaussian smoothing
kernel. The resulting smoothed and normalized WM density
images were population averaged for the WT and rTg-DI
cohorts and overlaid on the corresponding proton
density—weighted anatomical template using PMOD
version 3.807 software (PMOD Technologies GmbH, Zur-
ich, Switzerland). Two-dimensional displays at the level of
the CC and striatum were chosen for the comparisons of
WM volume across ages and strains. Additional details are
provided in Lee et al."”

Brain Tissue Collection and Preparation

At the designated ages, anesthetized rats were transcardially
perfused with phosphate-buffered saline. The rat brain was
surgically removed and bisected in the mid-sagittal plane.
One hemisphere was fixed in 4% paraformaldehyde for
immunohistochemical analysis, and the other hemisphere
was snap-frozen in optimal cutting temperature medium
(OCT 4585, Fisher Healthcare, Waltham, MA) directly.

Protein Digest of Collected CC Tissue

The CC region from brain sections of WT and rTg-DI rats
was collected by using laser capture microdissection.
Briefly, 20 sagittal sections (25 pmol/L thick) of fresh
frozen 4M and 12M rat brain hemispheres were prepared on
laser microdissection framed membrane slides (Leica
Microsystems, Buffalo Grove, IL), two sections per slide.
The CC from each tissue section was collected by using
laser capture microdissection and pooled for each rat. Tissue
lysis and sample preparation for MS analysis were per-
formed as previously described.'” Briefly, tissue was lysed
in radioimmunoprecipitation assay buffer via sonication.
Protein was denatured by adding 25 pL dithiothreitol (100
mmol/L) and incubation with shaking (300 rpm) at 95°C for
15 minutes, and samples were alkylated with 25 uL
iodoacetamide (200 mmol/L) and incubated in the dark for
30 minutes at 20°C. Protein was then precipitated and
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concentrated via chloroform-methanol-water (1:2:1) pre-
cipitation and washed with methanol. Samples were resus-
pended in sodium deoxycholate (3% w/v in 50 mmol/L
ammonium bicarbonate). Proteins were digested with
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin at a concentration of 1:20 trypsin:protein
(Sciex, Framingham, MA) in a barocycler (Pressure Bio-
sciences Inc., Easton, MA) as previously described.'?
Deoxycholate was precipitated by the addition of formic
acid (5% vl/v, in 50% v/v acetonitrile in water) for a final
concentration of 0.5% v/v, followed by centrifugation
(15,300 x g, 5 minutes, at room temperature), and the su-
pernatant was collected for liquid chromatography—MS/MS
analysis.

Analysis by Liquid Chromatography Quadrupole
Time-of-Flight/MS

Proteomic experiments were performed on a SCIEX 5600
TripleTOF mass spectrometer in positive ion mode using a
DuoSpray ion source (AB Sciex, Concord, ON, Canada),
coupled to an Acquity UPLC H-Class system (Waters
Corp., Milford, MA) for chromatographic separation as
previously described.'” Peptide separation was achieved by
using an Acquity UPLC Peptide BEH C;g column
(2.1 x 150 mm, 300 A, 1.7 um) preceded by an Acquity
VanGuard pre-column (2.1 x 5 mm, 300 A, 1.7 pm) ac-
cording to the previously described method.'” Trypsin-
digested B-galactosidase was injected every four samples
to monitor time-of-flight mass calibration. Data were ac-
quired by using Analyst TF 1.7.1 software (AB Sciex) in
data-independent acquisition mode. For all data-
independent acquisition experiments, MS settings were
exactly as previously described.'”

Data Processing

Proteins were identified and quantified by using Spectronaut
(release version 13.919110643655, 2019; Biognosys,
Schlieren, Switzerland), referencing our previously formed
spectral library.'” All Spectronaut settings were factory
default, except that “used Biognosys’ iRT kit” and “PTM
localization” were deselected. After Spectronaut analysis,
two samples (one 12M WT and one 12M rTg-DI) were
removed from subsequent analysis because the number of
proteins identified in those samples was substantially lower
(<60% of all identified proteins). Raw protein intensities
from Spectronaut were then converted to molar concentra-
tions (picomoles per milligram total protein) using the total
protein approach.””*" For protein quantities of zero in in-
dividual samples, we imputed a baseline concentration (0.03
pmol/mg tissue) determined as previously described.'”
Differentially expressed proteins were defined as >50%
increase or >30% decrease, and statistical significance
(P < 0.05) was determined via the #-test in Excel (Microsoft
Corporation, Redmond, WA).
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Immunohistochemical Analysis

Sections were cut from frozen paraformaldehyde-fixed brain
hemispheres in the sagittal plane at 20 um thickness using a
cryostat (Leica Microsystems) and placed on slides. Antigen
retrieval was conducted via 5 minutes’ incubation with
proteinase K (0.2 mg/mL) at 22°C. Tissue sections were
then blocked in SuperBlock blocking buffer (37518;
Thermo Fisher Scientific, Waltham, MA) containing 0.3%
Triton X-100 at room temperature for 30 minutes. They
were then incubated with individual primary antibodies at
the following dilutions overnight: rabbit polyclonal anti-
body to collagen IV to identify cerebral blood vessels
(1:250, SD2365885; Invitrogen); goat polyclonal antibodies
to glial fibrillary acidic protein (GFAP; 1:250, ab53554,
Abcam) or ionized calcium-binding adapter molecule 1
(Iba-1; 1:250, NB100-1028, Novus) were used to identify
astrocytes and microglia, respectively; and rabbit polyclonal
antibodies to annexin 5 (1:250, PA578784, Invitrogen),
annexin A3 (Anxa3; 1:250, PA5082483, Invitrogen), meg-
alencephalic leukoencephalopathy with subcortical cysts 1
(MLCI; 1:250, PA541042, Invitrogen), and GlialCAM
(1:250, PA599999, Invitrogen). The primary antibodies
were detected with Alexa Fluor 594— or 488—conjugated
secondary antibodies (1:1000). Deposits of fibrillar vascular
amyloid were detected by staining with either thioflavin S
(123H0598, Sigma Aldrich, St. Louis, MO) or Amylo-Glo
(TR-300-AG, Biosensis Inc., Thebarton, SA, Australia) as
described by the manufacturer. Myelin was stained and
visualized by using the Black Gold II Myelin Staining Kit
according to the manufacturer’s protocol (AG105; Milli-
poreSigma, Burlington, MA). Immunohistologic images
were captured on a Keyence BZ-X710 fluorescence micro-
scope and analyzed with BZ-X Analyzer software version
1.3.1.1 (Keyence, Itasca, IL).

Data Availability

Raw MS data can be found in the MassIVE repository
(project ID# MSV000088077; password: rtgdi2021cc).

Results
Age-Dependent WM Loss in the CC of rTg-DI Rats

rTg-DI rats were recently shown to exhibit significant WM
degeneration compared with WT controls as they age from
6M to approximately 12M with advancing microvascular
CAA burden."” A composite image of this analysis of the
WM loss is shown in Figure 1. In the WT cohort, WM
volume increased in the CC (as well as in the septum) from
3M to 12M secondary to normal brain maturation and
growth. In contrast, in the rTg-DI cohort, the normal growth
trajectory of WM volume from 3M to 12M at the level of
the CC was not evident due to WM loss secondary to the
progression of extensive CAA pathologies. The subsequent

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Proteomics of White Matter Loss in CAA

3 months 12 months

5 mm? B 3 0.004
mm

Figure 1  Significant white matter (WM) loss in the corpus callosum (CC)
is evident in aged rTg-DI rats. Color-coded population-averaged WM volu-
metric maps at the level of the CC from a cohort of WT rats scanned at 3
months (3M) (A) and again at approximately 12 months (12M) (B) of age.
Corresponding color-coded WM volumetric maps from a cohort of rTg-DI
rats scanned at similar 3M (C) and approximately 12M (D) time points
overlaid on the anatomical template. The color-coded map represents WM
volume in each voxel, and blue and red colors indicate high and low WM
volume, respectively. In the WT cohort, WM volume increased in the CC (as
well as in the septum) from 3M to 12M secondary to normal brain matu-
ration and growth. In contrast, in the rTg-DI cohort, the normal growth
trajectory of WM volume from 3M to 12M, at the level of the CC, is not
evident due to WM loss secondary to cerebral amyloid angiopathy pathol-
ogy. The arrows in D identify the CC exhibiting WM loss. n = 11.

studies were designed to further investigate the loss of WM
in the CC of aging rTg-DI rats.

rTg-DI Rats Do Not Exhibit Robust Microvascular
Amyloid Accumulation in the CC

Because the magnetic resonance imaging studies presented
in Figure 1 indicate the prominent loss of WM in the CC of
rTg-DI rats, the presence of CAA was first evaluated in this
region and the adjacent cortical area. Prior studies showed
that rTg-DI rats develop cerebral microvascular fibrillar
amyloid in regions including the cortex, hippocampus, and
thalamus, starting at 3M, and sharply increase with age.”'"
At 4M, very low levels of microvascular CAA (percent
capillary area coverage) were present in both the cortex and
CC but were still significantly higher in the cortex (Figure 2,
A, C, and E). However, as rTg-DI rats aged to 12M, the
levels of vascular amyloid rose in the cortex to nearly 30%
(Figure 2, B and F). In contrast, the adjacent CC region
continued to exhibit scant amyloid capillary coverage
(Figure 2, D and F). These findings indicate that the CC
region develops little CAA accumulation compared with the
adjacent cortical regions.

Proteomic profiling was performed to further understand
the basis for the pronounced WM degeneration in the CC of
aging 1Tg-DI rats. Brain tissue sections from rTg-DI and
WT rats at 4M to 12M were stained for myelin, and the CC
was collected by using laser capture microdissection.
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Supplemental Figure S1 displays representative images of
brain sections that were stained for myelin to identify the
CC region that was subsequently microdissected and
collected from each rat. Similar to the magnetic resonance
images shown in Figure 1, the CC regions of 4M WT and
rTg-DI rats were comparable (Supplemental Figure S1, A
and C, respectively), whereas at 12M, there was a notable
reduction in this region in the rTg-DI rats compared with
WT rats (Supplemental Figure S1, B and D) as previously
reported. '’

Enhanced Proteins in 12M and 4M rTg-DI Rat CC

Proteomic analysis of the laser capture microdissection
collected CC sections was performed with a data-
independent acquisition liquid chromatography—MS/MS
approach as described recently'” and in the Marterials and
Methods. Average molar concentrations from the rTg-DI
and WT rats were compared at 4M and 12M according to
the “total protein approach.””’ Because multiple
testing—corrected false discovery rates are often too
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Figure 2  Progressive accumulation of cerebral microvascular amyloid in

the cortex and corpus callosum (CC) of rTg-DI rat brain. Brain sections from
rTg-DI rats at 4 months (4M) to 12 months (12M) were immunolabeled with
rabbit polyclonal antibody to collagen IV to specifically detect cerebral
microvessels (red) and stained with thioflavin S to identify fibrillar amyloid
(green). The cerebral microvascular fibrillar amyloid deposits in the cortex
and CC at 4M (A and C, respectively) and 12M (B and D). Quantitation of
cerebral microvascular amyloid load in the cortex and CC of rTg-DI rats at
4M (E) and 12M (F). Data points show the results from each rat and the
group mean £+ SD of n = 6 rTg-DI rats at each age. *P < 0.05;
****%P < 0.0001. Scale bars = 50 um (A—D).
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.. . . . 2223
restrictive in small n proteomic studies,”” uncorrected P

values were used for differentially expressed proteins and
effect threshold cutoffs were used to manage false discovery
rates as previously described.'” Nineteen and 73 signifi-
cantly enhanced proteins (>50% increase over WT;
P < 0.05) were identified in the 4M and 12M rTg-DI CC,
respectively. These proteins are listed in Supplemental
Tables S1 and S2. A Venn diagram comparison of the
enhanced proteins at each age is displayed in Figure 3A. Of
these, only six proteins, cystatin C, heat shock protein 1
(HspB1), Anxa3, proteosome activator complex subunit 1,
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clusterin, and amyloid precursor protein, were enhanced
both at 4M and 12M.

Relative expression of these proteins is depicted in the
heat map in Figure 3C. Sixty-seven proteins were enhanced
only at 12M and not at 4M. Relative expression of the 25
displaying the greatest percent increase is depicted by the
heat map in Figure 3C, along with corresponding relative
expression of those proteins in the 4M rTg-DI CC, with red
shading indicating enhanced expression, green indicating
decreased expression, and color intensity indicating degree
of change in expression. Notable among these proteins are

B > 30% Decrease

N E

D [ »#h

12M Nefh
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PtrycIS'
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Significantly enhanced and reduced proteins in the rTg-DI corpus callosum (CC) at 12 months (12M) and 4 months (4M). A: Venn diagram

comparing significantly enhanced proteins by >50% of the wild-type concentration in the CC of rTg-DI rats at 12M and 4M. B: Venn diagram comparing
significantly reduced proteins by >30% of the wild-type concentration in the CC of rTg-DI rats at 12M and 4M. C: Heat map depicting relative expression of
most enhanced proteins at 12M only (top), at both 12M and 4M (middle), and at 4M only (bottom), along with the corresponding expression in the other age
group, with red indicating enhanced expression, green representing reduced expression, and color intensity correlating with degree of change. D: Heat map
depicting relative expression of most reduced proteins arranged as in C with color shading asin C. n = 5, 6 (A and B). P < 0.05 (A and B). Anxa3, annexin A3;
ApoE, apolipoprotein E; App, amyloid precursor protein; Clu, clusterin; Cp, ceruloplasmin; Cst3, cystatin C; GFAP, glial fibrillary acidic protein; HTRA1, high-
temperature requirement A serine peptidase 1; HSPB1, heat shock protein B1; Krt8, keratin 8; Mag, myelin-associated glycoprotein; Mbp, myelin basic protein;
MLC1, megalencephalic leukoencephalopathy with subcortical cysts 1; Mog, myelin-oligodendrocyte glycoprotein; Nefh, neurofilament heavy chain; Nefl,
neurofilament light polypeptide; Nefm, neurofilament medium polypeptide; Plp1, proteolipid protein; Psmel, proteosome activator complex subunit 1;
S$100a4, S100 calcium binding protein A4; S100A13, S100 calcium binding protein A13; Slcl4al, solute carrier family 14 member 1.
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S100 calcium binding protein A4, high-temperature
requirement A serine peptidase 1 (HTRA1), GFAP,
MLC1, and ceruloplasmin, as enhanced expression of these
proteins was recently reported in other brain regions of 12M
rTg-DI rats.'? Thus, despite a relatively low CAA burden,
the rTg-DI CC displays enhancement of multiple proteins in
common with other rTg-DI brain regions with a much
higher CAA burden. Thirteen proteins were elevated in the
4M rTg-DI CC that were not at 12M, and relative expres-
sion of these proteins is similarly depicted in Figure 3C. Of
these proteins, only thymopoietin was previously reported
as enhanced in other brain regions of rTg-DI rats. However,
the six proteins commonly enhanced in the rTg-DI CC at
4M and 12M were among those reported as enhanced in
other regions of rTg-DI rats. Therefore, before emergence of
robust CAA pathology in other brain regions, many of the
rTg-DI specifically enhanced proteins are already enhanced
at 4M in the CC. Interestingly, despite the lack of robust
CAA in the rTg-DI CC (Figure 2), significant increases in
GFAP, a common astrocyte marker, were observed in both
the 12M and 4M 1Tg-DI CC.”**°

Decreased Proteins in 12M and 4M rTg-DI Rat CC

Fourteen and 10 significantly decreased proteins (>30%
decrease, WT expression >2 pmol/mg; P < 0.05) were
identified in the 12M and 4M rTg-DI CC, respectively, and
are listed in Supplemental Tables S3 and S4. A Venn di-
agram comparing the significantly down-regulated proteins
at each age is depicted in Figure 3B, revealing no proteins
shared between the two age groups. Expression of these
proteins relative to WT are depicted in the heat map in
Figure 3D, alongside corresponding relative expression
from the other rTg-DI CC age group. Of particular interest
in this study are the significant reductions in the myelin
related proteins and the neurofilament proteins. For
example, myelin basic protein (Mbp) was reduced by 30%
(one-tailed t-test, P = 0.033), consistent with recent re-
ported findings via quantitative immunoblotting.'® Dysre-
gulation of neurofilament proteins is a hallmark of
neurodegenerative diseases,”’ whereas myelin-associated
glycoprotein (Mag), Mbp, and myelin proteolipid protein
(Plpl) are all important for axonal myelination, and re-
ductions in their expression could lead to demyelination
and disrupted axonal integrity.”® " These results are
consistent with the previously reported age-dependent WM
degeneration,]3 and shown in Figure 1, as these dramatic
decreases in protein expression are only seen in the 12M
rTg-DI CC.

Differentially Expressed CC Proteins Compared with
Those in Cortex

Regional pathologic characteristics and proteomic changes
in the cortex, hippocampus, and thalamus of rTg-DI rats
were reported recently.'” Although neuroinflammation was

The American Journal of Pathology m ajp.amjpathol.org

present in each region, CAA load in the cortex was mod-
erate compared with higher levels of CAA present in the
other two regions. Also, pathway analysis revealed that
neurodegeneration of axons was implicated both in the
cortex and hippocampus of rTg-DI rats.'” The dramatic loss
of WM (Figure 1) and the differential expression of proteins
associated with neurodegeneration despite minimal CAA
load in rTg-DI CC could indicate an impact of the pathology
of neighboring regions on the CC. For example, Wallerian
degeneration, or the progressive degeneration of distal
portions of an injured axon,”' could account for degenera-
tion of axons in the CC of nerves originating and damaged
in other brain regions. Therefore, the enhanced proteins in
the CC were compared with those in the cortex of 12M 1Tg-
DI rats, as these neighboring regions share characteristics of
neurodegeneration, whereas the higher CAA load is
restricted to the cortex. Of the 73 significantly enhanced
proteins in the CC, 18 were also elevated in the cortex
(Figure 4A). Fifty-five proteins were uniquely elevated in
the CC, whereas 42 proteins were elevated in the cortex, but
not in the CC.

These proteins were ranked according to increased
expression over WT, and the relative expression for the top
25 proteins uniquely enhanced in the CC and in the cortex,
along with all proteins commonly enhanced in those re-
gions, is depicted in a heat map in Figure 4C. Of the
commonly elevated proteins, GFAP, S100 calcium binding
protein A4, apolipoprotein E, keratin 8, and amyloid pre-
cursor protein were more robustly increased in the cortex
and could reflect responses to the higher CAA burden in this
region. However, in the CC, S100 calcium binding protein
A13, solute carrier family 14 member 1, and ceruloplasmin
were more strongly elevated than in the cortex and could
reflect responses unique to this region. Also of note is the
dramatic increase in HspB1 observed in the CC. Signifi-
cantly increased HspB1 expression was recently reported in
the hippocampus and thalamus but not in the cortex of rTg-
DI rats.'” Here in the CC, HspB1 represents a >500% in-
crease over WT expression. In addition, the common
enhancement of HTRA1 in the CC and cortex is intriguing.
Proteomic analysis in human CAA cases has also revealed
elevated expression of HTRA1.?* Furthermore, mutations in
the HTRA1 gene and loss of HTRA1 function cause cerebral
autosomal recessive arteriopathy with subcortical infarcts
and leukoencephalopathy, an inherited non-amyloidal ce-
rebral small vessel disease also associated with intracerebral
hemorrhage and vascular cognitive impairment and
dementia.””> > Therefore, the increases in HTRA1 observed
here are noteworthy, as is the potential impact on CAA
pathologies in the rTg-DI model.

The two regions displayed less commonality in proteins
with significantly reduced expression. Six proteins were
reduced in both regions (Figure 4B). A heat map comparing
the relative expression of proteins specifically decreased in
the CC or the cortex, and those common to both regions, is
displayed in Figure 4D. Commonly decreased proteins
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significantly reduced proteins by >30% of the wild-type concentration in the CC and cortex of 12M rTg-DI rats. C: Heat map depicting relative expression of
most enhanced proteins in the CC only (top), both CC and cortex (middle), and cortex only (bottom), along with the corresponding expression in the other
region, with red indicating enhanced expression, green representing reduced expression, and color intensity representing the degree of expression change. D:
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annexin A11; other abbreviations are as indicated in Figure 3.

included Mbp, Plpl, Mag, neurofilament light polypeptide,
neurofilament medium polypeptide, and neurofilament
heavy chain. As discussed in Decreased Proteins in 12M
and 4M rTg-DI Rat CC, down-regulation of these proteins
can be an indication of neurodegeneration, demyelination,
and damaged axonal integrity. In addition, myelin-
oligodendrocyte glycoprotein was decreased in the cortex
by 41%, and, although it did not meet the effect cutoff, it
was reduced 23% in the CC. Myelin-oligodendrocyte
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glycoprotein is also important for myelination and axonal
integrity,’® and thus its reduced expression has implications
similar to the other commonly down-regulated proteins.

IPA Upstream Regulators and Causal Networks

Bioinformatics analysis was performed with IPA to provide
disease function and pathway context to the proteomic
changes. Differentially expressed proteins from the rTg-DI
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CC were analyzed both individually and comparatively with
those from the cortex. Proteins with >50% increases or
>30% decreases over WT expression were included. Based
on directional differential expression of downstream target
molecules, IPA predicts activation (z score > 2) or inhibi-
tion (z score less than —2) states of upstream regulators.”’
Comparative analysis of the CC and cortex indicated the
anti-inflammatory transforming growth factor-B1 (TGF-B1)
as activated (z score = 2.065) in the CC but not in the
cortex. However, it is worth noting that although they did
not meet the threshold for predicted activation (z score > 2),
many of the affiliated proteins are indeed significantly
enhanced in the cortex. A heat map with the relative
changes in marker expression in each region is depicted in
Figure 5A, with increased expression indicated in red,
decreased expression indicated in green, and color intensity
based on degree of change from the WT expression.
TGF-B1 mRNA expression was recently shown to be
significantly enhanced in 12M rTg-DI rats and IPA analysis
of brain regional proteomics identified TGF-B1 as an acti-
vated upstream regulator in the hippocampus and thalamus
of 12M rTg-DI rats,'*'? consistent with the current findings.
Notable among these proteins is HspBl. HspBl can
reportedly inhibit induced endothelial to mesenchymal
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transition, and preserve endothelial cell integrity.”® Treat-
ment with TGF-B1 has been reported to enhance HspB1
mRNA expression in astrocytes in vitro.”” Furthermore,
astrocytes release HspB1 when treated with AB in vitro."
Thus, TGF-Bl—regulated HspB1 may be an important
component of the astrocyte-mediated inflammatory response
in the CC, while also serving protective functions against
degeneration of the BBB.

A “causal network analysis” was conducted within IPA
that connects differentially expressed downstream target
proteins via direct and indirect relationships to predict
activation states of causative networks.”’ It revealed sig-
nificant activation (z score = 4.158) of the thrombin (F2)
network in the CC but not the cortex (Figure 5B). Twenty-
eight downstream target molecules in the F2 causal network
were differentially expressed in the CC, only seven of which
were altered in the cortex. IPA activates the F2 network
specifically in the thalamus of 12M rTg-DI rats, a region
that uniquely exhibits numerous thrombotic events,
including small vessel occlusions and microbleeds.'” None
of these events has been observed in the CC of 1Tg-DI rats
(data not shown). However, thrombin has also been reported
to induce neurodegeneration after activation of astrocytes,
microglia, and neuroinflammatory responses.’'~*’ Thus,
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thrombin signaling could mediate activation of microglia
and astrocytes in the rTg-DI CC and induce neuro-
inflammatory responses that contribute to the degeneration
of WM observed in this region.

Downstream Effects Analysis of IPA

IPA also identifies specific processes and functions causally
affected by differentially expressed proteins via downstream
effects analysis. IPA provides activation scores for diseases
and functions when causal reference information is avail-
able.”” Comparative downstream effects analysis revealed
that neurodegeneration of axons was enhanced in both the
CC and cortex, with activation z scores of 2.217 and 2.783,
respectively. It is important to note that although IPA did
not include Mbp in the network, it was appropriate to add it
in the analysis, as loss of Mbp reportedly can lead to axon
demyelination. Additionally, Mbp expression is reduced in
the CC of rTg-DI rats exhibiting dramatic WM loss.'**
Relative expression compared with WT in the CC and
cortex was mostly similar for the WM-associated proteins
Plp1, Mag, and Mbp (Figure 5C). The considerable losses in
Plpl, Mbp, and Mag, all with reported roles in myelination
and axon integrity, could therefore contribute to the dra-
matic WM loss characterized in the rTg-DI CC.

Glial Cell Densities in the Cortex and CC

In rTg-DI rats, the presence of cerebral microvascular am-
yloid drives strong neuroinflammation, as evidenced by a
marked elevation of reactive perivascular glial cells.'”'?
Many of the differentially expressed proteins in this study
can be expressed in both astrocytes and microglia. There-
fore, the impact of astrocyte and microglia numbers on the
proteomic changes observed in the CC was investigated. In
the cortex or CC of 12M WT rats, there was a normal
distribution of astrocytes (Figure 6, A and B). In contrast, in
the presence of abundant cortical CAA in the 1Tg-DI rats,
there was a large increase in perivascular activated astro-
cytes (Figure 6, C and E). However, although the CC of
rTg-DI rats lacks appreciable microvascular CAA
(Figure 2), there was a highly significant increase
(P < 0.001) in astrocyte numbers in this region (Figure 6, D
and E).

Similar observations were made in the evaluation of
activated microglia. In the presence of cortical microvas-
cular CAA, there was a striking increase in the number and
activation of perivascular microglia (Figure 7, A—E).
Again, in the CC of rTg-DI rats, with small amounts of
microvascular amyloid, there was a strong elevation of
microglia (Figure 7, D and E). Together, these findings
indicate that even with minimal presence of microvascular
amyloid, there are robust perivascular glial cell responses
that accompany the WM degeneration which occurs in
the CC.
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Figure 6  Increased astrocytes in the cortex and corpus callosum (CC) of
rTg-DI rats. Brain sections from wild-type (WT) rats (A and B) and rTg-DI
rats (C and D) at 12 months were labeled with Amylo-Glo to detect
microvascular fibrillar amyloid (blue), goat polyclonal antibody to collagen
IV to detect cerebral microvessels (red), and rabbit polyclonal antibody to
glial fibrillary acidic protein to detect astrocytes (green). E: Quantitation of
astrocyte numbers from rTg-DI rats (red circles) and WT rats (black circles)
at 12 months in the cortex and CC. Data points show the results from each
rat and the group mean & SD of n = 6 rTg-DI rats and n = 6 WT rats.
Compared with WT rats, the astrocyte numbers were significantly elevated
in the cortex and CC of the rTg-DI rats. ***P < 0.001; ****P < 0.0001.
Scale bars = 50 um (A—D).

Validation of Proteomic Analysis and Regional Marker
Distribution

To gain further insight into the cellular responses associated
with these proteomic changes, regional immunolabeling was
conducted for selected proteins of interest. Anxa3 and
specific expression in microglia is enhanced in various brain
regions of 12M rTg-DI rats.'” Here, despite minimal CAA
burden (Figure 2) and lower microglia density (Figure 7) in
the CC compared with the cortex, proteomic results indi-
cated higher total protein concentration (Supplemental
Tables S1 and S3) and greater increase in Anxa3
(Figure 4C) in the CC than in the cortex. Interestingly,
Anxa3 displayed strong co-localization with the microglia
marker Ibal in both the cortex and CC (Figure 8, A—C),
indicating its expression in microglia. After normalizing the
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Figure 7  Increased microglia in the cortex and corpus callosum (CC) of
rTg-DI rats. Brain sections from wild-type (WT) rats (A and B) and rTg-DI
rats (C and D) at 12 months were labeled with Amylo-Glo to detect
microvascular fibrillar amyloid (blue), rabbit polyclonal antibody to
collagen IV to detect cerebral microvessels (red), and goat polyclonal
antibody ionized calcium-binding adapter molecule 1 to identify microglia
(green). E: Quantitation at 12 months of microglia in rTg-DI rats
(red circles) and WT rats (black circles) in the cortex and CC. Data points
show the results from each rat and the group mean + SD of n = 6 rTg-DI
rats and n = 6 WT rats. Compared with WT rats, the microglia were
significantly elevated in the cortex and CC of rTg-DI rats. Microglia were
elevated more in the cortex compared with the CC of rTg-DI rats.
***P < 0.001; ****P < 0.0001. Scale bars = 50 um (A—D).

total protein concentration (picomoles per milligram total
protein) by the microglia density (10° cells/mm?), Anxa3
levels per microglia number in the CC were nearly double
that in the cortex. This finding suggests that the more robust
increase in Anxa3 in the CC is not merely a function of
microgliosis in the presence of vascular amyloid but likely a
specific microglial response to WM degeneration.

Annexin A5 (Anxa5), whose expression was recently
reported in WM-associated and -activated microglia using
single-cell RNA-sequencing,’® was up-regulated in the CC
(Supplemental Table S1) but not in the cortex of rTg-DI
rats. Anxa5 has also been reported to prevent athero-
thrombosis and reverse Ap-induced toxicity in choroid
plexus cell cultures.””** Based on the reported expression
and function of Anxa$5, its unique elevation in the CC of
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rTg-DI rats, and the suggested activation of thrombin in the
CC by IPA, the regional distribution of Anxa5 via immu-
nolabeling (Figure 8, D—F) was investigated further.
Consistent with the proteomic results, Anxa5 displayed
specific enhancement in the CC of rTg-DI rats but not in the
cortex (Figure 8, D and E), while double-labeling revealed
its expression in astrocytes rather than microglia
(Figure 8F).

IPA indication of the F2 network and diffuse WM loss in
the thalamus of 12M 1Tg-DI rats,'>!'® both share charac-
teristics in the CC, but in no other investigated regions in the
rTg-DI rats. However, the CC does not share extensive
CAA load (Figure 2), nor occluded small vessels/micro-
bleeds with the thalamus. It is possible that based on the
reported functions of Anxa5, in the context of athero-
thrombosis and AP toxicity, it harbors protective effects in
the CC.

Another protein of interest is MLCI1, which displayed
dramatic increases (>400% over WT) in the rTg-DI CC
and only modest changes (<50% over WT) in the cortex
(Figure 4B). Missense mutations in the MLCI gene lead
to the development of MLC, a leukodystrophy charac-
terized by myelin vacuolation, brain edema, and macro-
cephaly.””  Although these phenotypic changes are
different from the diffuse WM loss observed in rTg-DI
rats, the distinct association of MLC1 with leukodystro-
phy prompted further investigation of the regional distri-
bution of MLCI. Consistent with the SWATH-MS
analysis, immunolabeling revealed extensive up-regulation
of MLC1 in the CC, but not in the cortex of rTg-DI rats
(Figure 8, G and H). MLCI is reportedly expressed
specifically in astrocytes,”” ' and double-immunolabeling
with GFAP confirmed strong astrocytic localization in the
CC of rTg-DI rats (Figure 8I). MLC can also be caused
by missense mutations in GlialCAM, a cell adhesion
molecule expressed primarily in glial cells but also found
in hepatocytes.”’ Furthermore, GlialCAM and MLCI
bind one another and co-localize in the astrocytic end
feet  surrounding  cerebral blood  vessels and
astrocyte—astrocyte contacts.”’ > Interestingly, proteomic
analysis revealed an approximately 40% increase in
GlialCAM expression in the CC of rTg-DI rats, with no
change in the cortex (data not shown). Although this
increase was below the 50% threshold cutoff, because of
the increase in GlialCAM protein expression and close
association with MLCI, its regional distribution was
investigated further. Immunolabeling revealed dramatic
enhancements of GlialCAM in the CC of rTg-DI rats but
not in the cortex, which was co-localized with astrocytic
endfeet (Figure 8, J—L).

Discussion

CAA is a prevalent feature in most patients with Alzheimer
disease, a common cause of cerebral small vessel disease in
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Figure 8

Increased immunolabeling for glial markers in the corpus callosum (CC) of rTg-DI rats. Brain sections at 12 months from the current cohort of

rTg-DI rats were immunolabeled with antibodies to annexin A3 (Anxa3) (A—C), annexin A5 (Anxa5) (D—F), megalencephalic leukoencephalopathy with
subcortical cysts 1 (MLC1) (G—I), or GlialCAM (3—L) (red) and ionized calcium-binding adapter molecule 1 (Iba-1) (C, green), or glial fibrillary acidic protein
(GFAP) (F, I, and L, green). Representative images show increased Anxa3 labeling in microglia in the cortex and CC and increased Anxa5, MLC1, and GlialCAM

labeling of astrocytes only in the CC of rTg-DI rats. Scale bars = 50 um.

the elderly, and a prominent cause of vascular cognitive
impairment and dementia.'~*%’ Furthermore, the associa-
tion between CAA and significant diffuse WM loss and
WM hypersensitivities has been well documented.'**>?
Although the link between the accumulation of vascular
amyloid in the brain and resultant neurodegenerative pa-
thologies remains poorly understood, proteomic analysis
can provide further mechanistic insight.

Proteomic approaches in human CAA cases have been
reported.”””®?" However, a challenge in investigating
human CAA cases is that they originate from diverse
backgrounds, including numerous environmental, lifestyle,
and genetic differences, thus potentially confounding CAA-
specific investigation. Preclinical rodent models provide an
advantageous avenue for more uniform population studies,
as genetic backgrounds and environmental conditions can
be tightly maintained. The rTg-DI model is particularly
beneficial because it develops consistent and progressive
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microvascular CAA, occluded microvessels, and micro-
bleeds.” In addition, rTg-DI rats develop significant peri-
vascular neuroinflammation, disruption of axonal integrity,
diffuse WM loss, and behavioral deficits.”'""13 Recently,
regional proteomic changes in the cortex, hippocampus, and
thalamus of rTg-DI rats were shown to exhibit both similar
and distinct differentially expressed proteins reflecting the
common and distinguishing pathologic features observed in
each region.'” Therefore, this approach of regional isolation
and SWATH-MS proteomics is an effective method for
reporting on specific regional proteomic alterations associ-
ated with common and distinct pathologic features of CAA
type 1.

The aim of the current study was to identify proteomic
changes within the CC of rTg-DI rats that could provide
mechanistic insight into the WM loss associated with CAA
type 1. Moreover, by isolating and analyzing CC from 4M
to 12M rTg-DI rats, progressive proteomic changes in
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animals at early stages of CAA accumulation with no WM
loss (4M) were compared to those with extensive CAA,
vascular pathologies, and diffuse WM loss (12M).

Several of the decreased proteins identified at 12M in
rTg-DI CC, including Plp1, Mag, Mbp, neurofilament light
polypeptide, neurofilament medium polypeptide, and neu-
rofilament heavy chain, are important for myelination of
axons, axonal integrity, and WM homeostasis. Notably, all
six of these proteins were also decreased in the cortex
(Figure 4D), and neurodegeneration of axons was indicated
by IPA analysis in both regions (Figure 5C). Although the
observed fold decrease of these proteins was similar be-
tween the two regions, the concentrations of these proteins
ranged from 2.5 to 20x higher in the CC (Supplemental
Table S4). Thus, in terms of total protein, these decreased
levels represent much more dramatic changes in the CC
versus the cortex, which is consistent with the significant
diffuse WM loss observed in the CC (Figure 1).]3

Activation of thrombin in the CC, indicated by IPA
(Figure 5B), could also be a contributing factor to demye-
lination/neurodegeneration of axons. Although no overt
signs of microbleeds or vessel occlusions were observed in
the CC (data not shown) thrombin can promote neuro-
inflammation, astrocytosis, and mic:rogliosis.d"_45 Recently,
it was reported that proteolysis of neurofascin 155, an
adhesion protein responsible for the attachment of myelin to
axons, is thrombin-dependent and occurs through direct
binding of thrombin.”®”? In addition, myelin structure/sta-
bility can be maintained by paranodal astrocytes through the
release of thrombin inhibitors, and blockade of these in-
hibitors results in df:myelination.58 Furthermore, deletion of
the thrombin receptor protease activated receptor 1 in mice
results in enhanced myelination and increased numbers of
oligodendrocytes, and blockade of protease activated re-
ceptor 1 can promote myelin regeneration in demyelinated
lesions.®®~°% Thus, thrombin could directly contribute to the
neurodegeneration, demyelination, and diffuse WM loss
observed in the CC and thalamus of rTg-DI rats."”

The common enhancement of HTRAL1 in the cortex and
CC is also an important observation. Enhancement of
HTRAI has been reported in human CAA cases,”” whereas
mutations in the HTRA1 gene and loss of HTRA1 function
reported causes cerebral autosomal recessive arteriopathy
with subcortical infarcts and leukoencephalopathy.’”
Thus, HTRA1 is implicated in both amyloidal and non-
amyloidal forms of cerebral small vessel disease associ-
ated with leukodystrophies. IPA analysis linked HTRA1 to
both the TGF-B1 and thrombin networks (Figure 5, A and
B). HTRAT1 has been reported to regulate TGF-B1 signaling,
and enhanced HTRA1 mRNA expression can be induced by
TGF-B1.7>%*%*  Furthermore, dysregulation of TGF-BI
signaling as a result of dysfunctional HTRA1 has been
suggested as an underlying mechanism of cerebral auto-
somal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy pathologies.”> IPA’s indicated asso-
ciation of HTRA1 to thrombin is indirect and based on

The American Journal of Pathology m ajp.amjpathol.org

reported links between thrombin and TGF-B1. Thrombin
can alter TGF-B1 signaling in epithelial cells, whereas
thrombin injections in the cerebrospinal fluid induced TGF-
Bl pathway-dependent inflammatory responses in rats.®”%°
Hence, HTRA1 may be an important factor in CAA pa-
thology, possibly related to thrombin and TGF-B1 signaling,
although its exact role will require further investigation.

Anxa3 was identified as a novel marker for microglia and
was implicated in proliferation and migration.®” We recently
reported enhanced microglial expression of Anxa3 in
several brain regions of 12M rTg-DI rats.'” Here, despite the
significantly lower number of microglia in the CC compared
with the cortex (Figure 7), Anxa3 expression/microglia
number in the CC was double compared with that in the
cortex. Furthermore, Anxa3 was elevated in the CC of 4M
rTg-DI rats, when CAA burden is minimal (Figure 2).
Therefore, Anxa3 may indicate a distinct population of
activated microglia in the CC compared with the cortex,
with specific roles in areas of WM degeneration that is not
affected by CAA burden.

Anxa5 was specifically elevated in the CC of 12M
rTg-DI rats and not in the cortex (Supplemental Table S2
and Figure 8E). Up-regulation of Anxa5 has been reported
in the choroid plexus of patients with Alzheimer disease,’®
can prevent AP aggregation,”””’" and has been implicated
as an inflammatory marker in Ap-treated microglia.71 In
the rTg-DI CC, however, AnxaS expression was observed
primarily in astrocytes (Figure 8E). There was no increased
Anxa5 expression observed in the cortex, and we did not
find Anxa5 up-regulation in other rTg-DI rat brain
regions.'” Based on its reported direct interactions with
AB, its specific up-regulation in the rTg-DI CC, and its
localization in astrocytes, it is possible that Anxa5 repre-
sents a component of a WM-specific astrocyte response to
degeneration and CAA pathology. Alternatively, Anxa5
has been reported as a marker of Wallerian degeneration,”’
and its presence in the CC could indicate occurrence of
this process.

The up-regulation of MLC1 and GlialCAM and their
relevance to leukodystrophies is also of keen interest. Mu-
tations in the MLC1 and GlialCAM genes are uniquely
linked to the incidence of MLC, a leukodystrophy charac-
terized by WM vacuolization, swelling, and brain edema.*’
MLC1 and GlialCAM bind one another, and GlialCAM
serves as a chaperone for membrane localization of MLC1
in astrocytic endfeet contacting blood vessels and other glial
cells, #1972 Furthermore, MLC1 and GlialCAM maintain
volume-regulated anion currents through interaction with
the chloride channel CIC-2.7? However, previous studies
have solely focused on effects of MLC1 and GlialCAM
knockout or missense mutations, and conditions of
increased expression have not been reported. Based on their
prominent role in other leukodystrophies, it is possible that
MLCI1 and GlialCAM up-regulation is linked to the diffuse
WM loss and myelin degeneration; however, this relation-
ship in the rTg-DI CC requires further investigation.
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Limitations of the Study

First, the current study focused on proteomic changes that
occurred in the CC region of the rTg-DI rat model of
microvascular CAA. Because the CC exhibited a combi-
nation of WM loss and low levels of CAA, the reported
proteomic changes in this specific region could result from a
combination of these localized pathologic events. Second,
because larger vessel CAA was largely absent in the rTg-DI
rats, it is unclear if this form of vascular amyloid may
promote different proteomic changes. Third, due to the large
number of proteins changed in the CC, only a subset was
confirmed by immunohistochemical analysis. Fourth, this
study is limited in its ability to report sex-specific proteomic
changes due to the small number of female and male ani-
mals used. Although no significant differences in protein
expression were observed between male and female rTg-DI
rats, and their microvascular amyloid loads remained
consistent, determination of definitive sex-specific changes
in the rTg-DI model will require larger studies with a greater
number of male and female rats.

Conclusions

The current study reveals novel information on proteomic
changes that uniquely occur in the CC of rTg-DI rats with
emerging WM degeneration. These findings provide new
information on potential pathogenic mechanisms that occur
in the CC subsequent to the onset and progression of robust
microvascular CAA in adjacent regions of the brain and
warrant further systematic investigation in future studies.
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