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Abstract
Objective—The cellular and molecular mechanisms underlying MRI-defined white matter (WM)
changes associated with age-related cognitive decline remain poorly defined. We tested the
hypothesis that WM lesions in older adults, defined by diffusion tensor imaging (DTI), arise in the
setting of vascular brain injury (VBI) and are characterized by increased free radical injury and
aberrant oligodendrocyte lineage (OL) cell response to injury.

Methods—We undertook a multimodal analysis of prefrontal cortex (PFC) WM from twenty-
five autopsies derived from a population-based cohort where VBI and Alzheimer's Disease (AD)
frequently coincide. Ex-vivo high field strength DTI measurements of fractional anisotropy (FA),
apparent diffusion coefficient (ADC), and axial (D∥) and radial (D⊥) diffusivity were measured at
high magnetic field strength (11.7 T) and analyzed relative to quantitative in vivo biomarkers of
free radical injury, an OL-specific marker Olig2, and histologic evaluation of hyaluronan (HA), an
inhibitor of OL maturation.

Results—Coincident AD and VBI showed significant association with lower FA and a robust
relationship between decreasing FA and increasing D⊥. Free radical injury to docosahexaenoate
and adrenate in PFC WM was significantly elevated in cases with VBI independent of AD, and
were inversely correlated with FA. Similarly, increased density of Olig2-immunoreactive cells in
PFC WM was significantly associated with VBI independent of AD and co-localized with regions
enriched in HA.

Interpretation—DTI-defined PFC WM lesions in older individuals are characterized by free
radical injury to myelin and neuro-axonal elements that coincides with pronounced expansion of
the pool of OL cells in HA-rich regions.
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Age-related cognitive decline classically has been associated with decreased synaptic
density and neuron loss. However, growing evidence supports a central role for white matter
(WM) changes in cognitive dysfunction associated with both normative and pathological
aging. Indeed, sixty-five percent of cognitively normal individuals >75 years of age show
WM abnormalities,1,2 including diffuse changes as well as small infarcts,3 and
neuroimaging correlates of cognitive performance in elderly individuals have identified WM
as a primary site of damage.4-8 While the most common location of WM changes in the
adult brain is the periventricular region, some neuroimaging studies of age-related WM
changes have highlighted an apparent specific vulnerability of frontal WM fiber systems
relative to other brain regions.9,10 Correlation of regional WM hyperintensities with
impairment in specific cognitive domains is an area of intense current investigation that is
not in complete agreement; however, several studies have observed an association between
age-related impairment in executive function or complex processing speed and anterior WM
hyperintensities that is either focused on, or at least includes, frontal lobe WM.8,11,12

More recently, WM changes have been investigated using diffusion tensor imaging (DTI),
an MRI technique that provides information about WM integrity through measurements of
water diffusion and its directional dependence.13,14 Several DTI studies, as well as related
MRI measurements of transverse relaxation rates,15 have observed age-associated WM
changes that commonly involve prefrontal cortex (PFC), centrum semiovale, and anterior
callosal regions, and which are associated with impaired cognitive function (reviewed
in 16; 17-22). The disease mechanisms responsible for these WM changes remain elusive, and
this has hampered the development of relevant animal models and therapeutic strategies. In
fact, it is currently unclear if these DTI measures of WM changes result from demyelination,
axonal loss, or other alterations in WM.23

One potential etiology for cerebral WM injury in the elderly is chronic hypoperfusion due to
small vessel disease.24,25 Indeed, a number of vascular changes that result in reduced
cerebral blood flow, including hypoxia-induced capillary loss, reduced cerebrovascular
angiogenesis, and tortuous arterioles, each may contribute to WM damage in older
individuals.26,27 However, how such potential hypoperfusion may damage WM in older
adults is unclear. A mechanism for hypoperfusion-mediated WM damage in preterm infants
has been the recent focus of both experimental models and observational studies using
human tissue. This work has identified maturation-dependent vulnerability of
oligodendrocyte lineage (OL) cells to injury initiated by ischemia and its associated free
radical damage28,29 that results in an initial expansion of the oligodendrocyte precursor pool
and reactive astrogliosis.30 Importantly, chronic WM injury triggers maturation arrest of OL
cells that are especially vulnerable to recurrent ischemic injury,31 and growing evidence
suggests that this OL maturation arrest is linked to the accumulation of the
glycosaminoglycan hyaluronan (HA) generated by reactive astrocytes and other cells in
lesion microenvironments.29,32,33 Interestingly, a previous study of animal models of both
ischemia and Alzheimer's Disease (AD) demonstrated similarly expanded OL cells in adult
animals,34 raising the possibility that similar mechanisms may occur in older humans.

To determine whether a similar mechanism is potentially operative, and underlies DTI
changes associated with aging in frontal WM of older adults, we undertook a multimodal
analysis of WM change in human autopsy cases from a population-based cohort where
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Vascular Brain Injury (VBI) and AD are prevalent. Specifically, we determined the
relationships among AD, VBI, DTI-defined changes in WM, free radical injury, and
pathological responses by cells in the OL lineage relative to HA accumulation.

Methods
Study Population and Tissue Collection

We collected twenty-five human right prefrontal cortex (PFC) WM samples from
consecutive autopsies in the Adult Changes in Thought (ACT) study, an ongoing
prospective longitudinal population-based study of brain aging and incident dementia in men
and women35,36 that had: (i) post-mortem interval < 8 hr, (ii) last clinical evaluation < 24
month before death, and (iii) no grossly identified lesion in the frontal lobes. Only three
subjects had a MRI during life as part of their clinical care. PFC WM was collected using
the rostral and caudal tips of the olfactory bulbs as external landmarks. Medial right frontal
cortex that contained the orbito-frontal cortical gray matter (GM) was retained for purposes
of orientation for MRI. The immediately rostral 2-3 mm of WM was flash frozen in liquid
nitrogen and stored at -80°C for quantification of isoprostanoids. The caudal block
(~1cm×1cm×2cm) was immersion fixed in 4% paraformaldehyde (PFA) for 48 h and stored
thereafter at 4°C in PBS with 0.01% sodium azide. For comparison with human samples, we
collected flash frozen PFC WM from rhesus macaques as described previously.37

Neuropathologic Evaluation
Extensive neuropathologic examination of brain was performed according to previously
published methods.38 Microscopic examination for diseases that commonly contribute to
cognitive impairment or dementia was performed using our established protocols.38 These
included evaluation of AD by NIA-Reagan Institute criteria, which employs Consortium to
Establish a Registry for AD (CERAD) neuritic plaque (NP) score and Braak stage for
neurofibrillary tangles (NFTs);39 vascular-based injury (VBI) by cerebral microvascular
infarct (CMI) number;38,40 and Lewy body disease (LBD).41

Quantification of Free Radical Injury
We quantified F2-Isoprostanes (IsoPs), F4-Neuroprostanes (NeuroPs), and F2-
Adrenoprostanes (AdrenoPs) from the same flash frozen PFC WM using a stable isotope
dilution assay with gas chromatography/mass spectrometry and selective ion monitoring
(GC/MS/SIM). Tissue preparation for quantification of all three isoprostanoids has been
described.42 F2-IsoPs derive from arachidonic acid (AA), which is evenly distributed in all
cell types, and thus is an excellent marker to quantify free radical damage to all tissue
components.43,44 F4-NeuroPs derive from docosahexaenoic acid (DHA) and provide highly
specific data on free radical injury to neuronal membranes;45 in WM these are largely
axonal membranes. F2-AdrenoPs derive from adrenic acid (AdA),42 which in humans and
other primates provide a specific marker of free radical damage to myelin.42

Diffusion Tensor Ex-vivo Magnetic Resonance Imaging
Tissue was immersed in PBS within a 2.5-cm diameter tube alongside a parietal tissue block
from the same hemisphere, or PFC from the left hemisphere. A 3.5-cm diameter, 3.5-cm in
length, single-turn solenoidal coil was utilized for radiofrequency transmission and
reception. Experiments were performed using a 11.7 T magnet interfaced with a 9-cm inner
diameter magnetic field gradient coil (Bruker, Rheinstetten, Germany). Procedures generally
followed the previously published strategy that used DTI to characterize postmortem tissue
from non-human primates.46-48 A Stejskal-Tanner multi-slice spin-echo pulse sequence with
parameters δ = 12 ms, Δ = 21 ms, and G = 11.6 G/cm (resulting in b = 2.5 ms/μm2) was
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used to perform DTI measurements. The b-value for this study was selected to provide an
approximate match in diffusion sensitization to a typical in vivo measurement in which b = 1
ms/μm2 (the water apparent diffusion coefficient is approximately 2.5-fold smaller in post-
mortem tissue than in vivo.49 Diffusion anisotropy measurements were made using a 25-
direction, icosahedral sampling scheme50 in combination with two measurements in which b
= 0. Other pulse sequence settings were TR = 6.6 s, TE = 42 ms, NEX (the number of
averaged transients) = 1, and image resolution was isotropic, with voxel dimensions of (0.5
mm)3 and a 32 mm (phase-encode) by 64 mm (readout) by 30 mm (slice-select) field of
view.

Standard procedures50 were followed to determine eigenvalues (λ1, λ2, and λ3, listed from
smallest to largest) and corresponding eigenvectors of the diffusion tensor, as well as the
signal amplitude in the absence of diffusion weighting, for each voxel from the set of 27 3D
images. The apparent diffusion coefficient (ADC = (λ1 + λ2 + λ3)/3), fractional anisotropy
(FA, defined in 51), axial diffusivity (D∥ = λ3), and radial diffusivity (D⊥ = (λ1 + λ2)/2) were
calculated from the eigenvalues for each voxel. The image consisting of signal amplitude in
the absence of diffusion weighting exhibits contrast characteristic of a T2-weighted image.
Voxels for each tissue block were manually classified by an individual who was blinded to
neuropathologic classification as either GM or WM using the derived T2-weighted image,
and standard functionalities of the ITK-snap program52

(http://www.itksnap.org/pmwiki/pmwiki.php). Mean values for DTI-derived parameters
within WM reported herein for a given case are computed as means over the set of voxels
classified as WM.

Histochemical or Immunohistochemical Studies and Quantification of OL lineage cells
After MRI studies were completed, tissue blocks were serially sectioned free-floating (50
μm) in PBS with a Leica VTS-1000 vibrating microtome. Luxol fast blue (LFB)
histochemistry for myelin and 2F11 (Dako, Carpinteria, CA) immunohistochemistry for
neurofilament protein (an axonal marker) were performed on sections from each block.
Scoring of LFB stain for myelin and 2F11 immunohistochemistry were performed as
previously described.61 To visualize total OL lineage cells, sections were first treated for
antigen retrieval by incubation for 10 min at 95°C in 10 mM sodium citrate buffer, pH 6.0.
Tissue was incubated with a rabbit polyclonal antiserum (1:10,000 in PBS with 0.1% triton
X-100) raised against the nuclear transcription factor Olig2 (generous gift of Dr. John
Alberta, Dana Farber Cancer Institute, Boston). The primary antiserum was visualized with
a goat anti-rabbit biotinylated secondary antibody (1:200, 111-065-046; Jackson
ImmunoResearch, WestGrove, PA) and a peroxidase-immunoperoxidase staining protocol
with nickel silver enhancement (SK-4100; Vector Laboratories, Burlingame, CA). For
double-labeling to visualize Olig2 and HA, sections were stained first for Olig2 as described
above. Then, following the final wash after incubation with nickel silver enhancement
reagent, sections were incubated with an HA-binding protein (HABP; 1:200; Seikagaku,
Japan) as previously described.29 HA was then visualized following incubation with avidin-
peroxidase and a VIP substrate kit for peroxidase according to the manufacturer's
instructions (SK-4600, Vector Laboratories). Within each section, high HA areas could be
distinguished easily from low HA areas by staining intensity of the biotinylated-HABP (e.g.,
Fig. 5). Counts of olig2+ cells were made only in areas that could be clearly delineated with
intense HABP staining vs. weak staining. Mean cell densities were calculated and compared
using a Student's t test.

The density of nuclei labeled with Olig2 was determined by an investigator blinded to
pathological diagnosis from a minimum of 10 digitized bright-field images that were
acquired in at least 3 near adjacent sections with a Leica DMRA upright microscope coupled
to a Leica DFC 290 digital color camera. Digitized images were randomly but
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systematically acquired by another investigator blinded to pathological diagnosis with a 40x
objective within the boundaries of the cerebral WM or with a 20x objective within the
boundaries of the cerebral cortex. Boundaries were defined with the aid of a methyl green
counterstain.

Data and Analysis
All neuropathologic data were collected by certified neuropathologists without knowledge
of clinical or laboratory results, all laboratory data were collected by scientists without
knowledge of the clinical or neuropathologic diagnosis, and all laboratory groups generated
their results without knowledge of results from each other's laboratories until all samples had
been analyzed. After completing all data collection, results were analyzed as described using
GraphPad Prism (San Diego, CA). The analytical strategy for comparison among the four
pathologic groups (Figures 2G, 2H, 3B, 3C, and 4E) was two-way ANOVA for VBI, AD,
and interaction between VBI and AD, followed by Bonferroni-corrected repeated paired
comparisons; an identical approach was used for the four group data in Figure 4C.
Comparison of two group data (Figure 5C and human vs. monkey isoprostanoid
comparisons) used t test. Discontinuous rankings of morphological changes obtained by
histochemical or immunohistochemical methods were correlated with MRI or isoprostanoid
data using Spearman's ranked correlation. Continuous data were displayed by scatter plots,
Pearson's correlation coefficient (r) calculated, or linear regression used to calculate the best-
fit line (Figures 2F, 3A, and 4D). Alpha was set to 0.05.

RESULTS
Co-morbid AD and VBI is Common in Community-Derived Autopsy Brains

Our previous work with the ACT cohort has shown that AD and VBI are highly prevalent
and commonly co-morbid, even in individuals who were not diagnosed with dementia
during life.38 Here, we studied a series of twenty-five consecutive ACT cases. Nine
individuals were diagnosed with dementia, either probable AD (n=5) or mixed dementia
(n=4) by DSM-IV criteria. Average ± SD last Cognitive Assessment Screening Instrument
(CASI) score for subjects with dementia was 72 ± 12. The remaining sixteen Control
individuals who did not meet these criteria for a diagnosis of dementia had last average
CASI = 93 ± 3. In Figure 1, we have plotted a cumulative neuropathology score for each of
the twenty-five cases and indicated (*) those who were diagnosed with dementia. We used
the Braak stage for neurofibrillary tangles (NFTs, stages none to VI converted to 0 to 6) as a
measure of the burden of AD and the total number of cerebral microinfarcts (CMIs) and
cerebral lacunar infarcts as a measure of small vessel VBI burden, similar to how we have
presented co-morbid diseases previously.53 VBI was identified in 17 out of 25 cases.
Territorial cerebral infarcts in regions other than the PFC were present in four individuals
who also showed evidence of small vessel VBI. Consistent with our previous observations
from hundreds of individuals in this cohort, those diagnosed with dementia within two years
of death were over-represented among those with the greatest burden of VBI and AD. Table
1 presents data on these twenty-five individuals now stratified by presence or absence of
VBI and high (Braak stages IV to VI) vs. low (Braak stages none to III) AD. Neuritic plaque
density was not used to categorize cases; however, the most common CERAD score in the
Low AD group was “sparse” and in the High AD group was “frequent”. No case had
cerebral cortical Lewy body disease. The four pathologic groups did not differ significantly
by age, proportion that was women, post mortem interval, or brain weight.
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Co-morbid AD and VBI was Significantly Associated with Reduced Fractional Anisotropy
(FA)

We next employed DTI to define the relative contributions of AD and VBI burden to
changes in FA or ADC in each case. The effects of low or high AD and VBI burden are
illustrated by representative cases in Figure 2. First, we generated 3-D surface models of the
fixed tissue (Fig. 2A). T2-weighted images were used to classify image voxels as GM (used
to aid in orientation) or WM (Fig. 2B). Fractional anisotropy (FA, Fig. 2C) and apparent
diffusion coefficient (ADC, Fig. 2D) in individual slices are shown as parameter maps.
Comparison to the sample from the Low AD/No VBI group demonstrates increased ADC
and decreased FA in the case of severe damage from the High AD/VBI group.

FA and ADC were highly negatively correlated to each other (r = -0.71, P<0.0001) for the
entire cohort. FA was more strongly correlated with D⊥ (r = -0.79, P < 0.0001) than D∥ (r =
-0.49, P < 0.05). However, inspection of the scatter plot of D⊥ and D∥ vs. FA (Fig. 2E,
asterisk) showed two cases with especially low FA that appeared to dominate the
relationship between FA and ADC, particularly for D∥. The two cases with very low PFC
FA are marked in Figure 1. These were the two cases with highest VBI from among those
with isocortical NFTs (Braak Stage V or VI), although there were other cases with similar
levels of each pathologic change. We examined the other twenty-three PFC WM samples
separately in an effort to unmask more subtle relationships among those with less heavily
damaged PFC WM. D∥ was not significantly associated with FA in this set of twenty-three
cases. In contrast, D⊥ continued to be negatively associated with FA in this large subset of
cases with less extensively damaged WM (Fig. 2F). Analysis of mean FA or ADC for the
groups described in Table 1 showed complementary changes in these DTI measures that
were significant for FA in the High AD/VBI group but not for ADC (Figs. 2G,H). Although
there are limitations to stratifying continuous MRI data into discrete pathologic categories,
these results, nevertheless, suggest that DTI measures of PFC WM damage occur over a
wide range and are most extensively altered by the combined presence of VBI and AD.
Moreover, our results demonstrate a robust relationship between decreasing FA and
increasing D⊥ (usually interpreted as WM injury)54 in post mortem PFC WM samples, and
a more complex relationship between FA and D∥ that may be especially sensitive to extreme
WM injury.

WM Change Defined by DTI was Significantly Associated with Free Radical Injury
Since DTI changes were strongly related to VBI and one consequence of VBI is free radical
injury, we tested the hypothesis that changes in DTI were correlated with quantitative in vivo
measures of free radical injury. We determined isoprostanoid concentrations in flash frozen
tissue blocks adjacent to those from which WM changes were measured by DTI. All
samples were assayed twice. The average difference of replicates was 3.8%. F2-IsoP (r =
-0.56, P < 0.01), F4-NeuroP (r = -0.80, P < 0.0001), and F2-AdrenoP (r = -0.84, P < 0.0001)
levels were negatively correlated with FA (Fig. 3A). ADC also was significantly correlated
with F4-NeuroP levels (r = -0.55, P<0.01) and F2-AdrenoP levels (r = -0.67, P<0.001) across
all twenty-five PFC WM samples. F2-IsoP concentrations were not significantly correlated
with ADC. Elimination of the two cases with lowest FA from these analyses did not alter the
significance of the above relationships (not shown). There was not a statistically significant
correlation between isoprostanoids and either D⊥ or D∥.

Isoprostanoid data were next stratified among the four pathologic groups. It is important to
emphasize that there were no infarcts in the samples analyzed. Rather, classification of VBI
was based on the presence of CMIs or lacunes in other cerebral regions. The average
(±SEM) values for F2-IsoPs and F4-NeuroPs for the Low AD/No VBI and High AD/No VBI
groups were similar to each other and to what we observed for F2-IsoPs and F4-NeuroPs in
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normal cerebral WM from human neonates.55 F4-NeuroPs (Fig. 3B, P < 0.01) and F2-
AdrenoPs (Fig. 3C, P < 0.05) were significantly elevated in the VBI group, but not for Low
vs. High AD or for interactions between VBI and AD; F2-IsoPs were not significant among
any of the groups. Corrected post-tests also showed that presence of VBI was associated
with significantly increased F4-NeuroPs and F2-AdrenoPs in PFC WM regardless of the
burden of AD pathologic changes in hippocampus or isocortical structures, although both
indices of free radical injury were greatest in the combined High AD/VBI group, similar to
DTI measures. These data indicate that free radical injury to PFC WM (i) was associated
with VBI elsewhere in cerebrum, and (ii) was significantly linearly related to MRI-defined
WM changes in adjacent tissue.

A potential limitation of biochemical measurements from human postmortem tissue are that
changes of oxidative injury may occur during the agonal state or during the postmortem
interval (PMI) between death and autopsy. While it is possible to correct statistically for
effects of PMI, the much larger challenge is agonal state, which potentially can introduce
artifacts and for which there is no adequate means of statistical correction. Therefore, we
quantified these three isoprostanoids in PFC WM from 9 rhesus macaques aged 5-26 years
(median=17) sacrificed for culling with no post mortem delay and no agonal state. The mean
levels (± SEM) for macaque PFC WM were 3.1±0.1 for F2-IsoPs, 16.4±2.2 for F4-NeuroPs,
and 16.5±1.9 ng/g for F2-AdrenoPs. Hence, F2-IsoPs in rhesus macaque PFC WM were
significantly greater than Low AD/No VBI human PFC WM (P<0.05). Moreover, there was
no difference between macaque and Low AD/no VBI human PFC WM F4-NeuroPs or F2-
AdrenoPs (P>0.40 for both). These findings support that our observed differences in free
radical damage to human PFC WM were not significantly confounded by conditions
surrounding death or delay between death and autopsy.

Morphologic studies of myelin and axonal markers
Standard morphologic studies for myelin and the axonal marker neurofilament protein can
be informative with respect to WM injury but are challenging to quantify and do not point to
specific mechanisms of injury. With these limitations in mind, we performed LFB
histochemistry to assess myelin and 2F11 immunohistochemistry to assess axons on each
sample; each case was ranked by a blinded neuropathologist as not damaged (0), mildly (1),
moderately (2), or severely (3) damaged, as judged by decreased staining intensity and
structural disruption. Myelin damage rankings using LFB correlated with ADC (P < 0.05)
but not FA. Axon damage ranking trended with F4-NeuroPs (P =0.07) but not with F2-IsoPs,
F2-AdrenoPs, ADC, or FA.

OL Lineage Cells were Significantly Increased in Cases with VBI and AD
Studies in animal models have demonstrated that both focal ischemia and amyloid β
deposition can cause an accumulation of cells that express the olig2 transcription factor.34 In
the adult brain, the olig2 transcription factor is typically expressed by OL cells and by NG2+
glial progenitor cells that differentiate into myelin-forming oligodendrocytes following
demyelinating insults.56-58

We hypothesized a reactive OL response in WM following free radical injury. We
determined in triplicate the density of OL cells with Olig2-immunoreactive nuclei (Olig2+)
in PFC WM in each of the 25 cases described above (Figure 4). Whereas the isoprostanoid
measurements were made from tissue adjacent to the block that underwent MRI, all
immunohistochemical studies were performed on the same tissue block that was examined
by MRI. The density of Olig2+ cells observed in the WM varied widely among cases from
low (Fig. 4A) to high (Fig. 4B), with the latter indicative of a pronounced reaction. The
density of Olig2+ cells typically was much greater in WM than the corresponding cortical
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GM in our PFC samples (P < 0.001, Fig. 4C). Stratification by presence or absence of VBI
showed increased Olig2+ cell density in WM (P < 0.01) but not in the overlying GM.
Hence, nuclear Olig2 immunoreactivity identified a subset of cells that was greatly over-
represented in WM relative to GM, and whose density in WM increased with VBI.

Among the twenty-three cases with less extreme WM injury, Olig2+ cell density had a
negative linear relationship with FA (P < 0.05) and a positive linear relationship with ADC
(P < 0.05). The latter was largely explained by D⊥ and Olig2+ cell density (P < 0.01), but
not D∥ (P > 0.15), suggesting an association between WM injury and increased density of
Olig2+ cells (Fig. 4D). Stratification of WM Olig2+ cell density into the four pathologic
groups showed that increased Olig2+ cell density was associated with VBI (P<0.05) and not
AD (Fig. 4E), as observed with isoprostanoids.

Previous studies demonstrated that HA accumulates in areas of WM damage and
demyelination and that HA blocks OL progenitor maturation.32,33,55 Furthermore, the HA
receptor CD44 is up-regulated under conditions of free radical injury, including ischemia.59

We therefore sought to determine the potential relevance of this mechanism in adult WM
injury by immunohistochemical assessment of HA staining in relationship to Olig2+ cell
density (Figure 5). We identified five regions of high (Fig. 5A) or low (Fig. 5B) HA
immunoreactivity in each of the twenty-five PFC samples and then determined the density
of Olig2+ cells in each region. HA staining was strongly associated with higher density of
Olig2+ cells (P< 0.0001, Fig. 5C). Collectively, these data are consistent with the hypothesis
that WM damage from VBI and free radical injury is characterized by reactive changes in
OLs that is associated with increased accumulation of HA.

Discussion
With the advent of DTI, neuroimaging correlates of cognitive performance in elderly
individuals have identified cerebral WM as a primary site of apparent injury.6-8 The
mechanisms of MRI-identified WM change have remained elusive, which has hampered
progress toward the development of animal models and therapies relevant to WM change in
older individuals. However, there are clues to the potential molecular mechanisms that may
underlie MRI-defined WM changes in older individuals. Indeed, others also have used post
mortem 1 T MRI to identify human WM lesions and observed changes of a complex
pathogenesis that likely includes hypoxia- and immune-mediated damage,60,61 and possibly
an oligodendroglial precursor cell response as suggested by platelet-derived growth factor α
receptor (PDGFαR) immunoreactivity, a non-specific marker of oligodendroglial precursor
cells.62 We tested this hypothesis in a population-based cohort of twenty-five consecutively
collected autopsies from the ACT study where VBI and AD are prevalent and commonly co-
morbid.

Novel findings from our studies were that DTI measures of PFC WM (FA and ADC) were
most significantly perturbed in those samples from patients with a combination of VBI and
AD, and that there was a robust relationship between decreasing FA and increasing D⊥,
consistent with WM injury suggestive of injury to myelin and axons.54 Molecular
characterization showed that increased free radical injury to fatty acids concentrated in axon
membranes and myelin was significantly associated with VBI independent of AD, and with
WM change, as defined by reductions in FA. Ranking of myelin damage using LFB
correlated with ADC but not FA, while ranking of axonal damage as assessed by
neurofilament immunohistochemistry trended with F4-NeuroP levels. We view the latter as
corroborating lines of evidence, despite not reaching statistical significance, because F4-
NeuroPs reflect a particular type of neuronal-axonal injury while morphologic evidence of
axonal injury is mechanistically non-specific. Similarly, a significant expansion in the total
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pool of OL cells in PFC WM was significantly associated with VBI independent of AD, and
had a negative correlation with FA and a positive correlation with D⊥, but not with D∥,
suggesting a relationship between WM injury and the magnitude of the reactive
oligodendrocyte response. The expansion of WM OL cells coincided with elevated
extracellular matrix levels of HA, an inhibitor of OL maturation in chronic WM lesions.55

The PFC WM samples that we analyzed derived from consecutive cases accrued through the
ACT study, a population-based study of brain aging and dementia in the Seattle
metropolitan area. There are well-documented differences among the prevalence of diseases
that contribute to cognitive impairment and dementia in population-based vs. research
center-based cohorts with the major difference being higher prevalence of VBI in a
population-based cohort, such as ours.63,64 Although the number of cases is not large by
epidemiologic standards, they do represent a relatively unselected cohort of elderly
individuals from a typical urban and suburban setting, and roughly reflect the approximate
burden of diseases that injure the aging brain. In fact, we observed a prevalence and co-
morbidity of AD and VBI in this group of twenty-five individuals that corresponded closely
to what we have observed in the overall ACT autopsy cohort of over 250 hundred cases,65

which in turn corresponds well with results from other population-based studies in the US
and Europe.66

Several groups have previously used MRI to characterize postmortem CNS
tissue,46,48,49,67-73 and significant progress has been made towards understanding the degree
of correspondence between in vivo and ex vivo conditions.49,67,68,70,73 Studies in which DTI
measurements were performed on the same subject prior to, and following death and tissue
fixation, have shown that differences in WM FA between living and post mortem tissue are
subtle, if present at all (primates67,68; rodents49,73). Specifically, Sun and co-workers
recently reported that, under some conditions formalin fixation, but not death, can reduce the
magnitude of the effect of ischemic injury on D∥ (compensatory effects on D⊥ preserve the
overall effect on ADC and diffusion anisotropy).74 Additionally, the water ADC decreases
by a factor of ~2.573 after death and aldehyde fixation. This is partially due to the reduction
in temperature from physiological conditions to those standard within the bore of an MRI
instrument, and partially due to the destruction of various dynamic physiological processes
that occur with death.74 However, with the exception of acute effects of ischemia,49 which
are not relevant to this study, relative differences in ADC between neighboring brain areas
are preserved.46,73

Comparison of biochemical and cellular changes observed in age-related WM with the
pattern of MRI-identified changes suggested that DTI was less sensitive to VBI than direct
determination of oxidative damage markers or the number of Olig2+ cells; the latter two
modalities were sufficiently sensitive to detect changes in PFC WM with VBI alone,
whereas DTI was abnormal when cases were affected by both VBI and AD. However, there
was a striking correlation between quantitative in vivo measures of free radical injury to
myelin and axonal membranes and FA across all samples. These findings suggest the
possibility of a strong interaction between oxidative damage to myelin and axons and the
processes that produce abnormal WM FA. Hence, isoprostanoids may be an early molecular
correlate of abnormal DTI signal in adult PFC WM and thereby suggest potential preventive
strategies aimed at reducing free radical injury caused by ischemia or hypoperfusion that
may be intermittent, chronic, or recurrent. Identification of early biochemical markers of
injury described here may guide development of more elaborate analysis of diffusion
weighted images,75-77 or additional MRI-based modalities such as susceptibility-weighted
imaging78 to provide more sensitive neuroimaging-based tools to detect oxidative damage in
the future.
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In the context of experimental models of ischemia74,79 and neuroinflammatory diseases,80

reductions in WM FA are associated with reduced D∥ (interpreted as evidence of axonal
injury) and increased D⊥ (interpreted as perturbed myelin structure). The latter was
observed for our cases. In contrast to the relationship between D⊥ and FA, our D∥ values
differed from patterns typically found in neuroinflammatory injury. In the 23 less severely
affected cases, D∥ and FA were not correlated, which suggests that disruption of axonal
structure defined by D∥ is not a prominent feature of the cases reported here, despite
evidence of free radical injury to axon membranes. However, we cannot exclude the
possibility that fixation attenuates the effect of axonal injury on D∥ within our sample.74

Ultimately, histopathologic confirmation will be required, but is currently not feasible due to
the lack of sensitive markers of mild to moderate axonal dysfunction where frank axonal
degeneration has not occurred. In the two apparently more severe cases, D∥ was increased,
along with D⊥, suggesting that severe injury can produce a substantially different cellular/
structural environment than has been characterized in animal model studies. Although
limited by the number of cases, our data suggests that for the majority of cases, increases in
D⊥ that likely result from perturbed myelin structure underlie abnormalities identified by
DTI. Future studies of myelin ultra-structure are needed to define disturbances in
myelination, but may not be feasible in post-mortem human tissue.

We observed pronounced expansion of OL cells in PFC WM in the setting of VBI regardless
of the level of AD pathologic change, which paralleled the response for oxidative damage
markers. Several potential mechanisms may account for this reactive response. The response
was most closely related to D⊥ suggesting that VBI-associated expansion of the Olig2+
population was related to WM injury, perhaps contributed to by free radical injury to
myelin. This notion is consistent with the damage to myelin and the concomitant increase in
OL cells observed in the WM of aged non-human primates.81 The response may also be
related to primary degeneration of oligodendrocyte precursors. In response to perinatal
hypoxia-ischemia and oxidative damage, these precursors undergo both acute and delayed
degeneration, which coincides with a rapid and sustained expansion of OL precursors that
undergo maturation arrest in lesions with chronic gliosis.31,55 Interestingly, the expansion of
Olig2+ cells was associated with higher local levels of accumulated HA, raising the
possibility of HA-dependent OL precursor maturation arrest as has been demonstrated in
other settings.29,33 One potential mechanism for the expansion of Olig2+ cells is
proliferation of early OL progenitors, which are abundant in adult CNS WM.82 In response
to perinatal hypoxia-ischemia, early OL progenitors show a rapid proliferative response
confirmed by increased number of Ki-67 immunoreactive nuclei. Increased Ki-67
immunoreactivity was not observed in our cases (data not shown). However, this may not be
surprising given the likely chronic nature of the WM injury in older individuals. Future
studies with optimally preserved human WM are needed to define what stages of OL
precursors may contribute to the pronounced expansion observed in PFC WM from older
adults with VBI.

As mentioned, there is considerable interest in the regional dependence of WM injury with
respect to the quantity and quality of age-related cognitive impairment. While PFC WM
injury is an important contributor to age-related cognitive decline, it is not the only region
that is important in this complex process. However, our goal was to investigate specific
cellular and molecular mechanisms or WM injury, and not to address mapping of regional
WM injury to cognitive impairment. As such, our results, while directly relevant to PFC
WM, may or may not be relevant to other lobes or periventricular WM. Relatedly, while
antemortem MRI images would be a valuable addition to our study, it was not supported in
the population-based study from which our samples were derived. However, it is important
to remember that it is precisely because of this population-based study that we had the
opportunity to have common examples of VBI in addition to AD.
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Our observational data support the hypothesis that the mechanisms of PFC WM injury
defined in our cases from older adults share similarities with some forms of WM damage
sustained by preterm infants: VBI, oxidative damage, and expansion of the total OL pool
with possible participation by HA (Diagram 1). While this form of WM injury is only one
of several neuropathologic processes that may contribute to cognitive impairment in the
elderly, our results do provide additional impetus to develop improved animal models of
small vessel-mediated WM damage in older brains; such models will need to account for the
substantial difference in the amount of WM between common laboratory animals, such as
rodents, and humans. Moreover, the proposed relative timing of events in our diagram may
reflect in part differing sensitivities of the techniques used, and mechanistic investigations in
model systems may more clearly define the underlying biologic processes. To the extent that
these models mirror the cellular and molecular characteristic of the human condition defined
here, they will help provide a deeper understanding of mechanisms of WM injury in older
adults and facilitate therapeutic development.
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Diagram 1.
Diagram that shows a proposed relationship among biochemical, cellular, and imaging
endpoints of white matter (WM) injury and it consequences on cognitive function in the
context of other common co-morbid diseases that target primarily gray matter (GM).
Abbreviations: Vascular Brain Injury (VBI), oligodendrocyte lineage (OL), hyaluronan
(HA), fractional anisotropy (FA), apparent diffusion coefficient (ADC), radial diffusivity
(D⊥), and axial diffusivity (D∥).
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Figure 1.
The burden of Alzheimer's disease (AD) and vascular brain injury (VBI) is represented for
each of the twenty-five individuals that met criteria for our study by Braak stage for
neurofibrillary tangles (range 0 to 6) and the sum of the number of cerebral microinfarcts
plus the number of lacunar infarcts. No individual in this group had cerebral cortical Lewy
body disease. *Individuals diagnosed with dementia by DSM-IVR criteria within two years
of death. ^Cases with especially low fractional anisotropy.
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Figure 2. Diffusion-based MRI contrast of right PFC WM from humans
Fixed tissue samples were imaged in a standard orientation (A) presented as 3-D model or
(B) T2-weighted images that classify image voxels (volumetric pixels) as GM or WM. (C-
D) Individual slices from 3-D of fractional anisotropy (FA) and apparent diffusion
coefficient (ADC) parameter maps from Low AD/No VBI case and High AD/VBI case are
shown. We observed increased ADC and decreased FA in WM from this most severely
damaged case from the High AD/VBI group. (E) Scatter plot of D∥ vs. D⊥ or all twenty-five
cases regardless of pathologic classification with (F) best-fit line calculated while excluding
the two cases with extremely low FA. (G-H) Mean ± SEM FA and ADC values for the four
pathologic groups. Two way ANOVA showed that FA (G) significantly varied with
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presence or absence of VBI (P < 0.05) but not with ADC (H); there was no significant
interaction between VBI and AD for FA or ADC. Multiple comparison-corrected post tests
showed that relationship to FA resided with the High AD/VBI group (*P < 0.05).
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Figure 3.
Indices of free radical injury in human right pre-frontal cortical (PFC) white matter (WM).
Samples immediately adjacent to those used to MRI measures were flash frozen in liquid
nitrogen and stored at -80°C until extracted and analyzed with stable isotope dilution assay
using gas chromatography/mass spectrometry and selective ion monitoring for the
isoprostanoids F4-Neuroprostanes (NeuroPs) and F2-Adrenoprostanes (AdrenoPs). (A).
Scatter plot with best-fit line for isoprostanoids (ng/g) vs. FA for all twenty-five PFC WM
samples: F4-NeuroP (r = -0.80, P < 0.0001), and F2-AdrenoP (r = -0.84, P < 0.0001). (B and
C). Stratification of isoprostanoid data (ng/g) by four pathologically determined disease
groups. Two-way ANOVA for F4-NeuroPs (B) had P < 0.01 for VBI and for F2-AdrenoPs
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(C) had P < 0.05 for VBI; both isoprostanoids had P > 0.05 for AD or interaction. Multiple
comparison-corrected post tests had *P < 0.05 for both F4-NeuroPs and F2-AdrenoPs in
groups with VBI regardless of Low or High AD.
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Figure 4.
Density of cells with Olig2-immunoreactive nuclei (Olig2+) in pre-frontal cortical (PFC)
samples. (A and B) Within white matter (WM), the number of Olig2+ cells varied from
cases with low density (A) to cases with an apparent reactive response that had high Olig2 +
cell density (B). (C) Olig2+ cell density in WM and overlying gray matter (GM) from the
twenty-five PFC tissue blocks that underwent MRI; two-way ANOVA P < 0.001 for cortical
GM vs. WM, P < 0.01 for presence or absence of vascular brain injury (VBI), and P < 0.05
for interaction between these terms. Multiple comparison-corrected post tests had **P <
0.01 for WM no VBI vs. WM with VBI. (D) Scatter plot of DTI measures vs. Olig2+ cell
density in twenty-three PFC WM samples with less extreme injury and corresponding best-
fit line for FA (solid line, P < 0.05) and ADC (dashed line, P < 0.05). The linear relationship
between Olig2+ cell density was strongest with D⊥ (P < 0.01). (E) Stratification of Olig2+
cell density into the four pathologic groups. Two-way ANOVA had P < 0.05 for VBI but not
AD. Multiple comparison-corrected post tests had *P < 0.05 for VBI vs. no VBI in both the
Low and High AD groups.
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Figure 5.
Photomicrographs of double immunohistochemistry in PFC WM. (A): Representative high
HA area with intense HABP staining. (B): Representative low HA area with weak HABP
staining. Cells with Olig2+ nuclei (arrows) are shown in both areas. (C) Paired t test for
Olig2+ cell density in high vs. low HA areas for the twenty-five PFC WM samples (P <
0.0001).
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Table 1

“Low AD” (Alzheimer's disease) is defined as Braak stage for neurofibrillary tangles (NFTs) I, II, or III (no
one had no NFTs) and “High AD” as Braak stages IV, VI, or VI. “No VBI” (vascular brain injury) is defined
as no gross (territorial or lacunar infarcts) infarcts or cerebral microinfarcts (CMIs) while VBI is defined as
any CMI; all gross infarcts occurred in cases with CMI.

Low AD High AD

No VBI

N 5 3

Age (yr) 85 ± 7 88 ± 3

F : M 3 : 2 2 : 1

PMI (hr) 4 ± 2 4 ± 1

Brain wt (g) 1298 ± 111 1053 ± 48

VBI

N 8 9

Age (yr) 85 ± 6 87 ± 6

F : M 3 : 5 5 : 4

PMI (hr) 4 ± 1 5 ± 2

Brain wt (g) 1205 ± 117 1127 ± 109

Abbreviation: post mortem interval (PMI).
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