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Cortical microinfarcts (CMls) are microscopically identified wedge-shaped ischemic lesions
that occur at or near the cortical surface and result from occlusion of penetrating arterioles.
These microscopic lesions can be observed with high-resolution magnetic resonance
imaging in aging brains and in patients with cerebrovascular disease. Recent studies have
suggested that strategically located microinfarcts strongly correlate with cognitive deficits,
which can contribute to Alzheimer’s disease as well as other forms of dementia. We have
recently shown that the molecular organization of axons into functional microdomains is
altered in areas adjacent to white matter lacunar and microinfarcts, creating a peri-infarct
penumbral injury in surviving axons. Whether similar changes in nodal, adjacent paran-
odal, and proximal axon initial segment molecular organization occur in the cortex adja-
cent to human CMis is not known. Paraffin-embedded sections of autopsy brain tissue
from five patients with CMIs were immunofluorescently labeled for nodal and paranodal
markers including beta-IV spectrin, ankyrin-G, and contactin-associated protein. High
magnification images from the peri-infarct cortical tissue were generated using confocal
microscopy. In surviving cortical tissue adjacent to microinfarcts, we observed a dramatic
loss of axon initial segments, suggesting that neuronal firing capacity in adjacent cortical
tissue is likely compromised. The number of identifiable nodal/paranodal complexes in
surviving cortical tissue is reduced adjacent to microinfarcts, while the average paranodal
length is increased indicating a breakdown of axoglial contact. This axonal microdomain
disorganization occurs in the relative absence of changes in the structural integrity of
myelinated axons as measured by myelin basic protein and neurofilament staining. These
findings indicate that the molecular organization of surviving axons adjacent to human
CMis is abnormal, reflecting lost axoglial contact and the functional elements necessary
for neural transmission. This study provides support for the concept of a microinfarct
penumbral injury that may account for the cumulative cognitive effect of these tiny strokes.

Keywords: microinfarct, cortical microinfarct, small vessel disease, neuropathology, vascular dementia

INTRODUCTION

The pathophysiologic cause(s) of cognitive impairment leading to dementia remains unclear.
Accumulations of amyloid-beta, neurofibrillary tangles with hyperphosphorylated tau, selective
neuronal loss, as well as poorly classified ischemic brain lesions are all implicated, yet appear to
incompletely explain the pathophysiology. Recent studies suggest that cerebral microinfarcts, in
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particular, cortical microinfarcts (CMIs), are another type of
brain injury related to cognitive decline and dementia syndromes.
In part because of their small size, comparatively little is known
about how these lesions might contribute to cognitive decline
and dementia. Cerebral microinfarcts are not visible in current
neuroimaging resolution limits, only recognized on microscopic
examination (1). Even with the ultra-high-resolution 7.0 T
magnetic resonance imaging (7 T MRI), only lesions larger than
0.5 mm can be visualized in vivo (2), and current clinically utilized
MRI protocols will miss nearly all CMIs (1). The size of a micro-
infarct is generally defined as “not visible with the naked eye” or
“only visible upon light microscopy;” but the size of a microinfarct
is generally accepted as being 50-400 pm and described as gliotic
or cystic lesions with neuronal loss and tissue pallor that may
occur in all brain regions, although the cerebral cortex may be
a preferential location (3). Thus, detailed pathologic analysis of
these lesions is critical to understanding how they contribute to
cognitive decline.

Cortical microinfarcts are present in 6.3-30% of aging brains
and even more commonly in those with dementia (36.5%) (4, 5).
CMIs are associated with both subtle signs of cognitive decline
and dementia (6). Moreover, these small lesions also increase the
risk for recurrent ischemic and hemorrhagic stroke (7). Although
the importance of CMIs in cognitive impairment, dementia, and
overall brain health is increasingly recognized, the underlying
pathophysiology of CMIs is not completely understood. Recent
efforts to model these lesions in rodents suggest that in part
their effect is cumulative and results from a decrease in regional
neuronal network activity (8). In part, the cumulative effect of
CMIs may be a consequence of expanded regional injury in the
form a penumbral field where damage to axons of surviving neu-
rons impairs neuronal connectivity. Building on prior work that
demonstrated alterations of the molecular organization of axons
in regions adjacent to human white matter lacunar and microin-
farcts (9), in this study, we hypothesized that similar changes were
present in nodal, paranodal, and axon initial segments (AISs)
adjacent to human CMIs. The findings suggest that CMIs are
indeed associated with an expanded region of impaired axonal
microdomain organization with a significant loss of AISs in sur-
viving neurons and disruptions of adjacent nodal and paranodal
segments in cortical regions adjacent to the microinfarct. This
supports the concept of a penumbral region adjacent to human
CMIs in which progressive neuronal and axonal injury could be
blunted to mitigate the effect of CMIs on cognitive impairment.

MATERIALS AND METHODS

Clinical Case Selection

We retrospectively reviewed the medical records and neuro-
pathology reports of 64 autopsy patients at the University of
California, Los Angeles Mary E. Easton Alzheimer’s Disease
Research Center Neuropathology Core Brain Bank between
January 1, 2013, and December 31, 2014. Written informed
consent for autopsy was obtained from all subjects or legal next-
of-kin. According to University California Los Angeles policy,
deidentified data from autopsy materials is not subject to ethics
committee approval. Pathologic assessments were performed by
neuropathologists at the University of California, Los Angeles
Department of Pathology and Laboratory Medicine, Division
of Neuropathology. Patients with known neoplasms thought
to be associated with the neurologic symptoms and those
with immunodeficiency, such as HIV infection and transplant
patients, were excluded from the study. Individuals younger than
50 years or with a history of intractable epilepsy undergoing focal
cortical excision for diagnostic or therapeutic purposes were also
excluded. From this cohort, 18 cases with dementia were selected,
which include the term “microinfarct” in their neuropathology
reports for detailed microscopy for definable CMIs determined
by expert neuropathologist (Dr. Harry V. Vinters) assessment on
hematoxylin and eosin-stained sections. After evaluation of these
18 cases, 5 of them were identified with definable CMIs. Control
cases were selected from the same cohort. After same exclusion
criteria applied, age-matched two cases were identified without
clinical or neuropathologic diagnosis of dementia. Demographic
information and anatomical location of infarcts for each case are
detailed in Table 1. Based on the clinical information available at
autopsy, all the lesions identified were presumed to be asympto-
matic in life.

Tissue Processing and

Immunohistochemistry

Autopsy and brain extractions were performed according to
standard procedures. Post-mortem intervals are detailed in
Table 1. Extracted brains were immediately fixed in 10% neutral
buffered formalin for at least 2 weeks. Fixed specimens were
blocked for regions of interest, processed, and embedded in
paraffin. Six-micron-thick tissue sections were generated from
the paraffin-embedded blocks for histological analysis using

TABLE 1 | Clinical demographics.

Case ID Age (years) Sex Region examined Infarct size (mm?) Post-mortem interval (h) Comorbidities

Subject-1 75 M Right occipital 0.306 33 Alzheimer’s disease, coronary artery disease
Subject-2 86 M Right occipital 0.481 10 Dementia, prostate cancer, coronary artery disease
Subject-3 84 M Right occipital 0.457 4 Parkinson’s disease, frontotemporal dementia
Subject-4 93 F Right frontal 0.891 4 Alzheimer’s disease, cerebrovascular disease
Subject-5 73 M Right frontal 0.961 45 Parkinson’s disease, dementia, hypertension
Control-1 83 M Right occipital N/A 19 Coronary artery disease

Control-2 72 F Right frontal N/A 24 Congestive heart failure, diverticulosis

The age, sex, infarct location, infarct size, post-mortem intervals, and medical comorbidities of each subject. Cases were selected for detailed microscopy included those with
definable microinfarcts determined by expert neuropathological assessment of hematoxylin and eosin-stained sections.

Frontiers in Neurology | www.frontiersin.org

August 2017 | Volume 8 | Article 405


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Coban et al.

Molecular Disorganization: Human Cortical Microinfarcts

immunofluorescent labeling as follows. Sections were baked at
60°C to melt the paraffin wax and subsequently washed in xylene
to dissolve residual paraffin followed by graded ethanol baths
(100-70%) and double-distilled H,O to rehydrate the tissue.
For histological staining, sections were then immersed in Harris
Hematoxylin (Fisher) for 4 min and slightly destained in 1%
HCI in 80% ethanol. Hematoxylin-stained slides were further
developed with 0.2% ammonia water and then immersed in
Eosin-Y (Fisher) for 3 min. Following eosin immersion, sections
were dehydrated in graded ethanol baths (70-100%), cleared in
xylenes, and cover-slipped for visualization by light microscopy.
For immunofluorescent labeling, tissue epitopes were exposed
with heat-induced antigen retrieval using a pressurized antigen
decloaking chamber at 120°C for 5 min in 10 mmol citrate pH 6.0
and allowed to cool to room temperature. After antigen retrieval,
tissue sections were permeabilized with 0.3% TritonTM X-100 in
phosphate-buffered saline (PBS). After permeabilization, sections
were blocked with 5% normal donkey serum 0.3% TritonTM X-100
in PBS (NDSX) for 1 h. Finally, sections were incubated overnight
sequentially with the following primary antibodies: mouse anti-
contactin-associated protein (caspr) (1:500, Neuromab), rabbit
anti-Ankyrin-G (Ank-G) (1:150, gift from Dr. Matthew Rasband,
Baylor College of Medicine), mouse anti-human myelin basic pro-
tein (MBP) (1:1,000, Chemicon) and rabbit anti-neurofilament
200 (NF200) (1:500, Sigma) in NDSX, visualized using appropri-
ate immunoflourescent anti-mouse (Invitrogen A21202), and
anti-rabbit secondary (Invitrogen A10042) antibodies diluted at
1:200 in NDSX and mounted in medium containing DAPI for
nuclear counterstaining (Invitrogen P36935).

Imaging and Quantification

Histologic sections stained for hematoxylin and eosin were imaged
on a Leica DMLB microscope. CMIs were identified as cavitary
or elliptical lesions with loss of tissue, tissue pallor, neuronal loss
with few remaining macrophages, and surrounding fibrillary
gliosis. Microinfarct areas were measured using ImageScope®
version 12.1.0.5029 (Aperio Inc.) (Table 1). A center point of each
lesion was identified, and the horizontal and vertical diameters
were measured. Immunolabelled serial sections were imaged at
%x60-100 using a Nikon C2 laser scanning confocal microscope.
The region containing the microinfarct was co-registered with the
hematoxylinand eosin staining and six high-powered microscopic
fields were imaged that corresponded to the peri-infarct regions
within 200 um of the microinfarct. Measurements were made by
Image] 1.49v (national Institute of Health, USA). For nodal and
paranodal measurements, only axons with an identifiable node
and two adjacent paranodes were measured to avoid measuring
axons that were cut during thin sectioning. Control measure-
ments were determined using both internal control (obtained by
measuring segments from regions of cortex away from the region
of microinfarct) and external controls from age-matched tissue
samples without evidence of infarct.

RESULTS

To determine the molecular organization of axons adjacent
to CMIs, we selected 5 clinical cases with pathologically

identifiable microinfarcts from a cohort of 18 cases in which the
neuropathology report included the term “microinfarct” This
reflects an incidence rate of CMIs of 28.1% (18/64) in the larger
patient cohort available for review. Age-matched control sub-
jects were identified from the neuropathology database available
at our institution. The age, sex, infarct location, post-mortem
interval, infarct size, and medical comorbidities of each case are
presented in Table 1. The patients selected ranged in age from 72
to 93 years. All of the subjects carried a pre-mortem diagnosis
of dementia.

Cortical microinfarcts were defined pathologically by the
presence of a focal necrotic cystic cavity by hematoxylin and
eosin staining. In selected cases, clinically available MRI scans
were reviewed, and the lesion was visible and therefore co-reg-
istered with the pathologic specimen (Figure 1). Hematoxylin
and eosin staining of each of the CMIs studied is presented in
Figure S1 in Supplementary Material, and each demonstrate
the classic hallmarks of infarction with a necrotic core, tissue
pallor, and an elliptical or wedge-shaped pattern consistent with
infarction secondary to occlusion of a penetrating arteriole from
the cortical surface. The area (in square millimeter) of each
defined microinfarct was measured and is presented in Table 1.
All of the infarcts were less than 1 mm? in area. To examine
the peri-infarct tissue in a systematic way that would account
for potential changes at different cortical depths, we identified
six peri-infarct regions of interest adjacent to each microinfarct
measuring 375 um?® (Figure S2 in Supplementary Material).
Axonal microdomains were immunolabeled for Ank-G to
identify nodes of Ranvier and AISs as well as caspr to label para-
nodes. In age-matched control cortex, normal labeling of nodes
and paranodes (Figure 2A) and robust labeling of AISs within
corresponding regions of cortex was observed (Figure 2B). In
cortical tissue adjacent to microinfarcts, AISs could be identified

FIGURE 1 | Representative axial T2-weighted magnetic resonance imaging
(MRI) image from one case included in the study. The MRI image
demonstrates partial CSF-signal intensity of a cortical microinfarct in the left
occipital cortex (arrow in the inset) (A). Hematoxylin and eosin-stained
sections taken from the left occipital cortex show the classic features of a
cortical microinfarct marked by a small localized necrotic core immediately
adjacent to the cortical surface [(B,C); x10 and x20 magnification,
respectively].
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CONTROLS

CASES

Inset: magnification x60, scale bar = 5 pm.

FIGURE 2 | Immunofluorescent labeling for nodal and axon initial segment (AIS) marker ankyrin-G (Ank-G, red) and paranodal marker contactin-associated protein
(caspr, green) in controls (A,B) and cases (C,D). Labeling of AIS and nodal and paranodal axonal microdomains in cortical tissue from control cases reveals a regular
pattern multiple intact node/paranode complexes (A) and multiple AlSs (B). In cortical tissue adjacent to a microinfarct from two different cases (C,D), the frequency
of intact AIS is dramatically reduced. Similarly, intact node/paranode complexes are rarely identified and when present often show paranodal elongation [inset (C)].

TABLE 2 | Statistical analysis.

Cumulative average Number of axon initial segment (AIS) SD p-Value Number of N/PN complex SD p-Value
Subjects (n = 5) 5.8 4.6583 0.0078 14 11.5542 0.1687
Controls (n = 2) 44.5 4.9497 n/a 102 73.5391 n/a

Regions of cortex adjacent to microinfarcts demonstrated multiple irregularities. Number of AlSs were significantly decreased by 87% in average number of AIS when compared to
controls (p = 0.0078). Number of node—-paranode complex was also decreased by 86.2% in average number of node—paranode complex when compared to controls (p = 0.1687).

(Figures 2C,D; upper insets) but were decreased in density by
87% compared to controls (p = 0.008 using Student’s -test,
Welch’s correction; Table 3). The number of node/paranode
complexes identifiable in cortical tissue was similarly decreased
by 86.2% compared to controls (Figures 2C,D; Table 2). Closer
examination of the peri-infarct regions adjacent to CMIs dem-
onstrated profound disorganization of paranodal segments in
tissue both immediately adjacent to the infarct and in peri-infarct

tissue 100-200 um away from the infarct core (Figure 3). Very
few recognizable node/paranode complexes could be identified
in peri-infarct tissue. Beyond this pattern of disorganization,
a frequent finding included paranodal segments with “empty”
nodes that were not stained for Ank-G (inset, Figures 3B,C).
Occasional AISs were identifiable in peri-infarct tissue but were
rare (Figures 3C,D). In regions of cortical tissue away from the
microinfarct, we observed typical patterns of nodal, paranodal,
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TABLE 3 | Statistical analysis.

Cumulative average Axon initial segment (AIS) length (um) SD p-Value PN length (um) SD p-Value
Subjects (n = 5) 12.768 4.3469 0.3328 2.9712 0.5582 0.0769
Controls (n = 2) 11.276 0.0834 n/a 2.0765 0.8831 n/a

In the regions adjacent to the microinfarct, AISs were disrupted with a 21.7% increase in average AIS length when compared to control (p = 0.3328). There was no difference in AIS
length in the remaining tissue. Paranodal segments were also disrupted with a 30.2% increase in average paranodal length when compared to control (p = 0.0769).

Infarct -
Core

FIGURE 3 | Additional examples of axonal microdomain disruption are apparent immediately adjacent to microinfarcts. Elongated and irregular contactin-associated
protein (caspr)-positive paranodes (green) are frequently seen (A). In tissue adjacent to, but some distance from the infarct core (300-350 pm away from infarct
core), axonal microdomains remain disrupted with irregular morphology of paranodal regions [inset (B)]. In some instances, Ankyrin-G (Ank-G)-positive axon initial
segments can be identified [arrowheads, insets (C,D)]. Inset: magnification x60, scale bar = 5 um.

Peri-infarct- "
* ‘region

and AIS staining, indicating that these effects were specific to the
peri-infarct regions adjacent to CMIs.

A key determinant of the functionality of the AISs is segment
length, which correlates with firing potential (10, 11). Therefore,
we measured AIS length in remaining AISs adjacent to CMIs.
There was a modest increase in AIS length by 21.7% although
this was not significantly differently from control. Similarly,

paranodal length has been shown to be an indicator of axoglial
injury (9, 12-14). The length of measured paranodes within the
cortical tissue adjacent to CMIs demonstrated at 30.2% increase
in length compared to controls (p = 0.077 using Student’s t-test,
Welch’s correction; Table 3). The disorganized pattern of caspr
staining within the peri-infarct regions with frequent “empty”
nodes complicates this analysis, as we limited our paranodal
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length measurements to node-paranode complexes in which
both staining elements were positive, so as to limit the effect of
measuring paranodal segments affected by tissue sectioning.

Molecular disorganization of specific proteins within the axon,
such as ankryin G or caspr, may reflect loss of myelin or other
structural disruption of the axons (15-19). To examine the struc-
tural integrity of myelin and axons adjacent to CMIs, we labeled
serial sections from each case for MBP and NF200 (Figure 4).
While there is some evidence of denuded axons immediately adja-
cent to the infarct core (Figure 4B), high magnification images at
increasing distances from the infarct core (Figures 4C,D), where
we had examined axonal microdomain organization, revealed
relative preservation of myelin and axons as evidenced by the
close co-localization of MBP and NF200 staining.

DISCUSSION

The relationship between cerebrovascular disease (CVD) and
Alzheimer’s pathology has become increasingly complex.
Careful pathologic inspection of sporadic cases of Alzheimer’s
disease brains reveals microinfarcts including the presence of
CMIs as a frequent finding (20). The extent to which these tiny
lesions contribute to the cognitive dysfunction of dementia
remains unknown. Here, we show that within the surviving corti-
cal tissue immediately adjacent to CMIs, the functional molecular
organization of axons is disrupted. Penumbral tissue adjacent to
CMIsis marked bya profoundloss of AISs,aloss of node/paranode
complexes, and “empty” nodal domains. These changes occur in
the absence of changes in the basic structure of myelinated axons
within the penumbral region. These findings provide support for
the concept of a microinfarct penumbra that can extend beyond
the focal loss of neurons associated with the primary infarct to
jeopardize cortical connectivity. Moreover, they provide further
evidence that axoglial interactions are exquisitely sensitive to
ischemic injury and fertile ground for the development of neural
repair strategies targeting axonal regeneration (21).

Advances in high-resolution neuroimaging studies have
resulted in increasing recognition of the many manifestations
of CVD that go well beyond classic multi-infarct dementia (22).
These include cortical, white matter, and deep nuclei microin-
farcts detected on high-resolution structural imaging as well as
disruptions of white matter connectivity evidenced by diffusion
tensor imaging (6, 23). This more complete spectrum of CVD
and its pathologic correlates demand greater attention to the
neurobiologic substrates that result from these injuries. Recent
studies have shown that unlike cortical microhemorrhages, which
could be partially detected using routine clinical MRI (1.5 T),
CMIs were uniformly not detected and only identifiable on
pathologic examination of brain specimens (1). Such pathologic
specimens therefore provide a unique opportunity to improve
our understanding of the effect of these lesions. Furthermore,
the identification of therapeutics targeting repair of these lesions
necessitates knowledge of the molecular events occurring around
them. Notably, the 200-um peri-infarct region examined in this
study correspond exactly to the peri-infarct region most active
in axonal sprouting and neural repair after focal cortical stroke
in rodents (24-27). Animal modeling of CMIs has demonstrated
support for a micropenumbral region adjacent to CMIs with the
occlusion of multiple neighboring penetrating arterioles leading
to microinfarct enlargement (8), indicating that the immediately
adjacent cortical tissue is vulnerable to additional injuries with
the axon being particularly vulnerable to partial injury.

The AIS is a complex and unique axonal microdomain that
essentially functions as an on-off switch for the neuron (28).
At the AIS, dendritic and cell body input signals are integrated
and modulated by axo-axonic synapses to control the firing
rate of an individual neuron. Diminishing the length of the AIS
in vivo results in fewer voltage-gated sodium channels at the AIS
and therefore a higher firing threshold (29). Ank-G has been
shown to be the critical regulator of AIS formation (30), and
acting together with beta-IV spectrin, it functions to anchor
voltage-gated sodium channels (Nay) to the AIS membrane

Cortical surface

Inset: magnification x60, scale bar = 5 pm.

Infarct
. ~Core.}

FIGURE 4 | Molecular disorganization of axons adjacent to microinfarct exists in the absence of significant changes in structural integrity of myelin and axons.
Cortical tissue containing a microinfarct (A) stained for myelin basic protein (MBP, green) and neurofilament 200 (NF200, red) demonstrates very few demyelinated
axons adjacent to the infarct core (B). Co-localization of MBP and NF200 indicates preservation of the structural organization of myelinated axons in regions both
immediately adjacent to the infarct core (C) as well as some distance from the infarct core where disrupted axonal microdomain organization was observed (D).
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(31). In rodents, the AIS has shown exquisite sensitivity to
direct ischemic injury that in part is driven by sensitivity to
the activation of calpain (32). In this context, AIS loss in the
penumbral regions of cortical tissue adjacent to human CMIs is
not surprising. This study is the first to report such sensitivity of
the AIS to partial ischemia in humans. In severe brain ischemia,
calpain activation results in degradation of the structural ele-
ments of the axon including neurofilaments (33); however, we
did not observe evidence of significant axonal degeneration in
micropenumbral regions adjacent to CMIs nor did we observe
complete absence of AIS in these regions. This suggests a more
subtle disruption of the AIS in penumbral neurons adjacent to
microinfarcts and further highlights the selective vulnerability
of some cortical neurons.

Myelinated axons are predominantly associated with
white matter, although in lesser density are readily identifi-
able throughout the cortex with some regional variation and
increases in density in lower cortical layers. Here, we show the
presence of mostly myelinated axons in the cortex, although
smaller unmyelinated axons may be lost during post-mortem
intervals and during tissue processing. They may also not
stain robustly with NF200 and therefore be below the level of
detection of this staining and imaging approach. Regardless,
the function of myelinated axons is to speed neural transmis-
sion by clustering Nay at nodes of Ranvier facilitating saltatory
conduction. Disruption of the normal molecular organiza-
tion of axons at nodal and paranodal regions is associated
with axoglial pathologies including ischemia (34, 35). This
disruption primarily results in the loss of nodal components
and lengthening of paranodes due to lost cell-cell adhesion
between oligodendrocytes and axons as we observed adjacent
to CMIs. The observed decrease in nodal/paranodal complexes
in the absence of significant structural changes in myelinated
axons indicates that reliable, high-fidelity axonal conduction
in cortical tissue adjacent to CMIs is not possible. Similarly,
paranodal lengthening within penumbral regions indicates
that axoglial interactions at the paranode are jeopardized in
these regions, implying their sensitivity to partial ischemia.
Modifications of the extracellular matrix after cortical ischemia
may play an important role in stabilizing axoglial interactions
(36). A limitation of this post-mortem human study is that
because this peri-infarct region is known to be an active par-
ticipant in axonal sprouting and neural repair, altered axoglial
interactions could reflect incomplete myelination of newly
sprouted axons. The phenomena of peri-infarct myelination
during ischemic recovery deserves further study with animal
models; however, these authors favor that the observed changes
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