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REVIEW ARTICLE

Selective neuronal loss in ischemic stroke and cerebrovascular

disease

Jean-Claude Baron’, Hiroshi Yamauchi?, Masayuki Fujioka® and Matthias Endres*

As a sequel of brain ischemia, selective neuronal loss (SNL)—as opposed to pannecrosis (i.e. infarction)—is attracting growing
interest, particularly because it is now detectable in vivo. In acute stroke, SNL may affect the salvaged penumbra and hamper
functional recovery following reperfusion. Rodent occlusion models can generate SNL predominantly in the striatum or cortex,
showing that it can affect behavior for weeks despite normal magnetic resonance imaging. In humans, SNL in the salvaged
penumbra has been documented in vivo mainly using positron emission tomography and ''C-flumazenil, a neuronal tracer
validated against immunohistochemistry in rodent stroke models. Cortical SNL has also been documented using this approach in
chronic carotid disease in association with misery perfusion and behavioral deficits, suggesting that it can result from chronic or
unstable hemodynamic compromise. Given these consequences, SNL may constitute a novel therapeutic target. Selective neuronal
loss may also develop at sites remote from infarcts, representing secondary ‘exofocal’ phenomena akin to degeneration, potentially
related to poststroke behavioral or mood impairments again amenable to therapy. Further work should aim to better characterize
the time course, behavioral consequences—including the impact on neurological recovery and contribution to vascular cognitive
impairment—association with possible causal processes such as microglial activation, and preventability of SNL.
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INTRODUCTION

The aim of this review is to address selective neuronal loss (SNL) in
ischemic cerebrovascular disease, with a focus on anterior circulation
stroke and large artery disease. As opposed to ‘pannecrosis'—i.e.
necrosis involving all cells (microglia, astroglia, endothelial cells, and
neurons), the neuropil, and the white matter and causing eventual
tissue dissolution—SNL refers to the death of single neurons with
preserved extracellular matrix and tissue bulk.'™

Given the complex background, a brief historical note is in
order. Although cerebral infarction i.e. pannecrosis, has long
been known to result from occlusion of a cerebral artery, the
observation that some brain regions including the cornu ammonis
of the hippocampus, basal ganglia, and Purkinje cells of the
cerebellum display particular neuronal vulnerability to global
ischemia was reported almost a century ago and termed elective
parenchymal necrosis (in German: ‘elektive Parenchymnekrose’).S
As will be seen below, delayed selective neuronal death in the CA1
sector of the hippocampus was subsequently shown to follow
global ischemia in rodent models. With regard to focal ischemia,
although in 1939 Spatz noted that following short-lasting or
moderate degrees of ischemia tissue necrosis could affect only
some cells (‘unvollstindige Nekrose”),® SNL after experimental focal
ischemia was not addressed until the early 80s.>’ In an editorial
published in 1982, Lassen proposed that ‘partial/incomplete

infarction’ could follow acute stroke in the clinical setting,8 and
in 1983 he presented two cases of cardioembolic middle cerebral
artery (MCA) occlusion (MCAo) in whom there was ‘CT-negative
massive periinfarct neuronal loss of the peripheral parts of the
MCA territory’ at autopsy.” Although these two cases were never
formally published, this conference presentation ignited a strong
controversy that led to a series of articles from established
neuropathologists that failed to reproduce Lassen’s observations
(see below). Nevertheless, Garcia, Lassen and others? revived this
topic almost 10 years later in a seminal review article that followed
two rodent studies showing for the first time definite striatal SNL
after brief proximal MCAo'®'" and a study on aphasic patients
with striatocapsular infarcts in whom slowly progressing atrophy
of the insular cortex on CT raised the possibility of incomplete
infarction in the penumbra.'? Around the same time, Sette et al'®
reported that ''C-flumazenil (FMZ) positron emission tomography
(PET) was a sensitive marker of neuronal death following
temporary MCAo (tMCAo) in baboons , raising the possibility
that even subtle ischemic damage could be studied in vivo.
Interest in SNL gained further momentum in the late 90s following
the introduction of reperfusion therapies for acute stroke, given
that the ischemic penumbra rescued from impending infarction
could be affected by SNL, with potential impact on functional
recovery. The development of '?*|-iomazenil (IMZ), a SPECT analog
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of FMZ, led to several clinical investigations, more recently
complemented by clinical and experimental FMZ PET studies
that have established the occurrence of cortical SNL both in the
salvaged penumbra and in chronic major arterial obstruction.
In parallel, novel experimental investigations of SNL in rodents
considerably clarified the overall concept.

Selective neuronal loss is sometimes confused for, but must be
differentiated from, cortical (cystic) laminar necrosis,"'* which is a
specific subtype of infarction seen after cardiac arrest or focal
ischemia, and from microinfarcts, which are very small infarcts
affecting the cortex,'® although the association of SNL and micro-
infarcts is plausible. Similarly, the terms ‘partial’ or ‘incomplete’
infarction should not be used to describe SNL, as they refer to
subtypes of/phases toward pannecrosis.'®"”

Another potential source of confusion is that different names
have often been given to the same condition over the years,
including incomplete ischemic injury, selective neuronal necrosis,
selective neuronal death, and of course SNL. However, incomplete
ischemic injury is vague and does not explicitly mention neurons,
whereas selective neuronal necrosis assumes that ischemic
necrosis is the underlying process, whereas as will be seen below
both necrosis and apoptosis seem to contribute to the condition.
Selective neuronal death would be an acceptable alternative to
SNL but is less adequate in our opinion because (i) it is historically
connected to, and could therefore be confused with, slow
neuronal death after global ischemia, whose underlying mechan-
ism differs from stroke (see below), and (ii), as will be explained
below, neuronal death can be identified pathologically only for a
relatively short period of time, after which no remaining trace of
the dead neuron can be seen, whereas SNL can be identified in
principle indefinitely as a genuine ‘loss’ by simply counting the
remaining neurons.

Three subtypes of SNL in ischemic cerebrovascular diseases will
be considered below: (i) selective neuronal loss in the penumbra
salvaged from infarction; (ii) selective neuronal loss affecting brain
areas remote from the ischemic territory; and (iii) selective
neuronal loss in chronic internal carotid artery (ICA)/MCA disease.
Findings in both animal models and human patients will be
presented. Although outside the scope of the present review,
selective neuronal death after global ischemia will also be briefly
addressed because of its potential relevance.

SELECTIVE NEURONAL DEATH IN GLOBAL ISCHEMIA

Transient global brain ischemia of short duration in rodents causes
neuronal death particularly targeting the neocortex (layers 3, 5,
and 6), the dorsolateral striatum (small to medium-sized neurons),
and the hippocampal CA1 region.'®' Importantly, the changes in
CA1 pyramidal cells develop very slowly and become recognized
on light microscopy only several days after the index event.
Bilateral CA1 neuronal death also occurs in humans following
cardiac arrest,”® and it alone can cause a massive amnesic
syndrome.?! Preferential atrophy of the hippocampal formation
can be detected on magnetic resonance imaging (MRI) within
days after cardiac arrest in humans®; however, systematic
longitudinal studies are still missing. Interestingly, T1-weighted
hyperintensities affecting the bilateral basal ganglia, thalami, or
substantia nigra (SN) have also been reported®; these do not
represent microhemorrhages on T2*-MR (Fujioka et al unpublished
data), and their mechanism still remains unclear. Similar T1
hyperintensities can also be seen after hypoglycemic coma,***
which may result in cortical SNL adopting a laminar fashion*?5;
these MR changes have been linked to intense SNL and gliosis at
postmortem,?®?” probably inducing paramagnetic substance
deposition (see below for further discussion on this).

Because the apparent delayed onset of CA1 neuronal death
could provide a wide therapeutic window, the underlying
pathophysiological mechanisms have been extensively studied.
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Although early studies suggested various potential causative
factors including excitotoxicity, ionic imbalance, mitochondrial
dysfunction, oxidative and nitrosative stresses, inflammatory
reactions, and apoptotic-like mechanisms, its pathogenesis still
remains uncertain.?*?° Various interventions have been tested
experimentally, such as promoting neurogenesis by growth
factors.>® However, in the clinical setting, hypothermia is so far
the only proven effective treatment to improve neurological
outcomes after cardiac arrest.'32

SELECTIVE NEURONAL LOSS IN THE NON-INFARCTED
PENUMBRA

Reperfusion therapy in acute stroke is underpinned by undispu-
table experimental and clinical evidence that preventing infarction
of even part of the penumbra strongly fosters functional recovery.
Nevertheless, the rescued penumbra, which has been through a
phase of severe ischemia, may be affected by SNL, which may
both hinder the early clinical benefit and dampen long-term
periinfarct plasticity, and is therefore important to study.>> We will
first address SNL as directly documented postmortem, and then
SNL as inferred from in vivo imaging.

Assessing Selective Neuronal Loss Postmortem

Two main approaches have been used. The classic method uses
H&E or Nissl staining, which detects ‘dead neurons’ as somas with
abnormal morphological and staining features (dead or dying
neurons acutely, dark neurons in the chronic stage). However, a
limitation of this method is that once the somas have disappeared
(phagocytosed), it is very difficult, if not impossible, to detect a
loss of neurons on the background of the neuropil and glial cells,
although sometimes ‘ghost neurons’ can be identified. In addition,
‘dark neurons’ are difficult to distinguish from staining or fixation
artifacts, and their interpretation has long been debated.?® Cresyl
violet is preferable, as it allows focal loss of neurons to be
identified on the background of other stained cells, and it can
show (micro- and astro-)gliosis that is associated with SNL for
several weeks.> However, the best approach by far is to use
specific neuronal antibodies such as NeuN, which stain only
neurons against a blank background, so that neuronal loss is
clearly visible as lost stain (Figure 1A), in principle indefinitely (but
see caveat below). This method also affords straightforward
quantification of SNL as reduced cell counts, as well as direct
comparison with other antibodies specific for e.g. microglial
activation (MA) (Figure 1B) and astrocytosis (Figure 1C). The
limitations are first that acutely a neuron may still stain with NeuN
yet be already dead, and second that perfusion fixation is, in
principle, required for proper tissue processing, which is not
applicable to humans. An additional issue with all methods is
that when using gyrencephalic brains, SNL can be very difficult
to identify given the risk of tangential or oblique cutting of the
gyrus, making delineation of a contralateral reference region
sometimes impossible* Accordingly, poststroke SNL is best
assessed in the lissencephalic brain, and after at least 48 hours
have elapsed.

Animal models

Rodents. Striatal SNL can be regularly induced by brief proximal
tMCAo using the filament model. Here we will discuss only those
studies that have allowed sufficient recovery time to afford
reliable histopathologic assessment, in practice =48 hours. In the
rat, apart from Lehrmann et al (see below), striatal infarction
regularly follows occlusion times >45minutes,'®*>™*° whereas
30-minute occlusion resulted in either SNL or infarction.'®374%4!
Twenty-minute occlusion resulted in isolated SNL in two
studies,'"** whereas a third reported infarction but histo-
logical assessment used silver impregnation only.** Finally, all
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Figure 1. (A) Example of patchy cortical selective neuronal loss (SNL; red arrows) obtained 28 days after 45-minute distal middle cerebral
artery (MCA) occlusion in a spontaneously hypertensive rat using immunohistochemistry (IHC) with NeuN (coronal section at bregma
-+ 1.00 mm). (B) and (C) OX42 and glial fibrillary acidic protein (GFAP)-stained sections at the same anatomical level, respectively, obtained in
the same rat as (A), illustrating the close topographical relationship between the patches of NeuN loss and the areas of increased OX42 and
GFAP staining, indicating a close association between SNL, microglial activation, and astrocytosis. (D) and (E) Co-registered " C-flumazenil
(FMZ) positron emission tomography (PET) and T2-weighted magnetic resonance imaging (MRI) coronal sections from the same rat and at the
corresponding level as the IHC sections as A, B, and C, obtained 28 days after MCAo, illustrating the excellent topographical concordance
between SNL and reduced FMZ binding (acknowledging the difference in spatial resolution), and the normality of T2-weighted MRI in areas of
SNL; (F) high-resolution ( x 40) NeuN, OX42, and GFAP stains from the same rat, illustrating the striking colocalization of SNL, microglial
activation, and astrocytosis at the microscopic level. The arrows point to four separate patches of SNL and their matching areas of microglial
activation and astrocytosis. Modified from Ejaz et al,'” with permission.

studies assessing < 15-minute occlusions reported isolated

cortex is usually more prone to rescue by recanalization than the
SNL,'011:3537.40 aycept in Zhan et al*® where microinfarcts with as

striatum owing to less profound ischemia. Temporary cortical

short as 5-minute tMCAo were reported; however, their definition
for ‘microinfarct’ in fact probably refers to patchy SNL.'°
Importantly, the severity of striatal SNL clearly increases with
longer occlusion times, from ~5% up to ~20% between 10- and
20-minute MCAo."" Overall, therefore, striatal SNL is the regular
outcome following 5- to 20-minute proximal tMCAo in the rat.
Studies of brief tMCAo in mice are few and have reported
discrepant results, with one study reporting striatal infarction with
MCAo as short as 12.5 minutes and SNL with shorter durations,**
but two studies reporting isolated SNL, albeit severe and
associated with striatal atrophy, following 30-minute occlusion.*>
Cortical SNL is of particular clinical relevance given that cortical
lesions result in more enduring behavioral deficits,*” and that the
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ischemia can be achieved with either proximal or distal MCAo. The
latter is preferred because with the former cortical ischemia
is not only less severe but also less consistent.3**® Using proximal
MCAo in rats, scattered patches of cortical SNL but virtually no
infarction is observed following <30minutes of proximal
MCAo, 0113573740429 the only exception being Zhan et al*® but
see caveats above. However, cortical SNL was found not to affect
every subject, being for instance observed in 40% of rats subjected
to 10- to 25-minute tMCAo."" In addition, with proximal MCAo, the
fraction of dead neurons in the cortex is typically smaller than
in the striatum, for instance ~10% as compared with 15%,
respectively.*> Of note, scattered cortical SNL has been observed
in association with striatal infarction after up to a 1-hour MCAo in
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one study.'® Overall, therefore, up to 30-minute proximal MCAo in
rats regularly causes cortical SNL but not infarction. Similar findings
have been reported in mice.**

Few studies using the distal tMCAo model have investigated
short occlusion times. Distal tMCAo of >1-hour duration in
spontaneously hypertensive rats (SHRs) consistently results in
cortical infarcts, which can be patchy and are surrounded by a thin
(0.1 to 1.2 mm) rim of SNL.>°*" Using NeuN 14 days after 45-minute
MCAo in SHRs, Hughes et al’? reported extensive pannecrosis in
one rat but isolated, and sometimes striking, cortical SNL affecting
the center of the MCA territory in five. There was marked inter-
subject variability in the intensity of SNL, probably reflecting
differences in the degree of ischemia during MCAo (see below). In
a subsequent study using the same experimental design, strain,
and occlusion duration, Ejaz et al'’ found pure SNL in 1/8 rats only,
the remaining being affected by variably extensive infarcts
together with SNL both as a periinfarct band and as scattered
patches. This difference in histopathological outcome between
these two studies suggests that the divide between cortical SNL
and infarction can be a fine line*® and that 45-minute distal MCAo
in the SHR is not a reliable model for consistently isolated cortical
SNL. On investigating shorter occlusions, Ejaz et al'’ found that
both 30- and 22-minute occlusion times invariably resulted in
infarction, whereas 15 minutes consistently resulted in pure SNL.>
Overall, therefore, cortical SNL is consistently observed with
shorter occlusion durations in distal as compared with proximal
MCAo (~15 vs ~25 to 30minutes, respectively), probably
because the former induces more severe ischemia (see below).
Importantly, cortical SNL is optimally assessed in the rat within 30
days of tMCAo, as it may become more difficult to detect at later
time points.”

Whether SNL may represent a transitional state en route to
actual infarction, so-called ‘delayed infarct maturation’, is an
important issue to address. Although infarct maturation is widely
acknowledged to be complete well within 7 days,'"**™" two
reports suggest possible exceptions to this rule. Significant
infarct growth beyond day 14 after 60-minute distal tMCAo in
SHRs (but not after 30 or 45-minute occlusion times) was reported
in a conference proceeding®®; however, as specific neuronal
markers were not used, it is unclear whether infarct growth was
preceded by SNL. In another study using Nissl stain,3® although the
striatum and piriform cortex were already infarcted 72hours
after 60-minute proximal tMCAo in SHRs, infarction of the
parietal cortex was present at 3 months but not at 3 weeks, but
as this was assessed in different subjects the finding may reflect
well-known intrinsic variability in the ischemic sequelae of tMCAo.
In their 15-minute distal tMCAo model in SHRs, Ejaz et aP”* found
no evidence of SNL progressing to infarct maturation up to 60 days
after injury.

Distinct from infarction, slow maturation of striatal SNL has been
reported by Fujioka et al”® following 15-minute proximal MCAo in
Wistar rats , with NeuN-defined loss of neurons gradually reaching
97% at 16 weeks together with tissue atrophy on MRI, yet not
fulfilling the histopathologic criteria for pannecrosis (see below, MR
section). These striking findings are reminiscent of Endres group’s
30-minute proximal MCAo studies in mice reporting severe SNL
(85% to 90% cell loss but sparing the interneurons) in the striatum
at 3 weeks*® and causing a 25% tissue atrophy at 10 weeks,*® and
of two other similar reports in rats.**3° These findings raise the
intriguing possibility of an intrinsic difference regarding SNL
between the cortex and striatum, such that neuron dropout in the
latter may, under some as yet undetermined circumstances, slowly
progress to very severe SNL over weeks.

Whether SNL in the rescued penumbra, perhaps in conjunction
with neuroinflammation, triggers neurogenesis and/or facilitates
survival of migrated neuroblasts, in turn ensuring partial or total
neuronal repopulation, is still unknown. This possibility also
deserves specific investigations.
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Other animal models.  Partly for technical reasons discussed above,
SNL has been reported only rarely in non-rodent species.
Following permanent MCAo in cats, extensive periinfarct damage
in the form of dark neurons was reported in one study.®® Using
both H&E and cresyl violet, genuine SNL was reported following
tMCAo durations between 15minutes and 4hours in awake
monkeys, according to a ‘flea-bitten’ (i.e. patchy) pattern and/or
‘adjacent to or tapering away from an area of total necrosis'.> As
already noted, identifying SNL in the gyrencephalic brain,
especially using standard stains, can be difficult.>*

SNL in man. Few postmortem studies of SNL in humans are
available, and all date back from the 80s when autopsies were still
commonplace®’™ In these studies, reduced neuron counts were
observed only as an inconsistent and narrow (<5 to 10mm)
periinfarct rim, except in one case (not further described) where
dead neurons on H&E were seen >20mm from infarct borders.
These classic pre-thrombolysis studies are, however, limited
by their intrinsic selection bias toward severe rather than
recovering strokes, the lack of assessment of the penumbra
acutely, and the already mentioned problems with postmortem
assessment of SNL in man.

Assessing SNL In Vivo

Assessing SNL in vivo has considerable advantages over post-
mortem not only because of its direct clinical applicability in
patients who survive from stroke, but also because it allows for
longitudinal assessment in the same subject (human or not),
including multitracer and multimodality imaging (e.g. PET and
MRI), which avoids the above-mentioned major limitation of
postmortem that it provides only a snapshot of the process at a
selected point in time.

SNL has been widely assessed in vivo using IMZ or FMZ, two
selective ligands of the o,3/f/y, subtype of the central
benzodiazepine receptor (cBZR, a component of the exclusively
neuronal GABAa complex), which is dense in the cerebral cortex,
sparse in basal ganglia, and absent in white matter.®* Although
FMZ PET allows fully quantitative studies,®*®> IMZ SPECT is
affected by less favorable binding properties and tissue kinetics
and worse spatial resolution and inaccurate attenuation
correction, and hence provides less reliable data.’® Although
one in vitro *H-FMZ study and another ex vivo '2I-IMZ rodent
study have reported decreased cBZR binding in areas affected by
SNL,**%7 validation of in vivo binding as a surrogate for
histopathologically defined SNL has been provided only recently
in a rat study using FMZ PET 28 days after tMCAo.'” Consistent
with an in vitro rat study,* in one clinical study around 10 to 15
days elapsed until IMZ binding was maximally reduced in SNL
areas,®® suggesting that at least a fraction of the cBZRs remain for
this time interval on doomed or already dead but not yet
dismantled neurons. Interestingly, recent studies even suggest a
period lasting around 2 weeks of high or normal FMZ binding in
infarcted areas.®®”" Thus, it is recommended when studying
poststroke SNL in vivo that at least 3 weeks have elapsed.

Beyond actual loss of neurons, reductions in IMZ/FMZ binding
may reflect ultrastructural neuronal damage such as dendritic
spine loss, which has been reported following brief focal
ischemia.”>”® It is understood that although in what follows the
term SNL will be used generically when referring to reduced
in vivo cBZR mapping, this marker may in fact reveal neuronal
damage in addition to actual death.

Rodent studies. In a rat with pure cortical SNL on NeuN staining,
Ejaz et al'” found reduced in vivo FMZ binding 28 days following
45-minute distal tMCAo, topographically matching the patches of
SNL (Figure 1D).
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Figure 2. lllustrative images from one patient with reduced ' C-flumazenil (FMZ) binding potential (BPyp) in the initially severely ischemic but
eventually non-infarcted middle cerebral artery (MCA) cortex. Shown is one representative slice from the co-registered acute plain CT, CT
perfusion (mean-transit time, MTT) map (both obtained 120 minutes after stroke onset), and outcome T2- and T1-weighted magnetic
resonance imaging (MRI) and FMZ BPyp map (obtained 20 days later). This patient had a severe MCA stroke (NIH stroke scale score 23 at
admission) but made a rapid and excellent spontaneous recovery in a few days (NIH stroke scale at day 20: 2), with only a small basal ganglia
infarct on follow-up MRI, but showed extensive and statistically significant reductions in BPyp in the MCA cortical ribbon. The pseudo-color
scales show the range of MTT (seconds) and BPyp (standard units). NIHSS, National Institutes of Health Stroke Scale (clinical scale that ranges

from 0, no deficit, to 42, maximal deficit). From Guadagno et al”® with permission.

Non-human primates. Sette et al'® reported reduced FMZ
binding in both periinfarct tissue and CT-normal cortical areas
overlying striatocapsular infarcts, suggesting SNL; histopatho-
logical correlates, however, were not reported. Importantly, non-
infarcted cortical areas affected by diaschisis, as shown by coupled
reduced perfusion and oxygen metabolism, showed no reduction
in cBZR binding, suggesting that FMZ PET is able to differentiate
damaged from simply disconnected cortex. In another baboon
study following 20-hour proximal tMCAo, Giffard et al** reported
significant chronic-stage reductions in FMZ binding in ipsilateral
cortical areas remote for the infarct; interestingly, these areas
exhibited hypoperfusion and high oxygen extraction fraction
acutely, suggesting that they indeed represented surviving
penumbra . However, using H&E, no definite histopathological
correlates were found, probably owing to the above-discussed
issues with gyrencephalic brains.

In man. The presence in some patients of mild reduction in
chronic-stage IMZ binding in periinfarct areas (such as the insular
cortex in striatocapsular infarction), as opposed to markedly
reduced within the infarcts, was reported in several early SPECT
studies and inferred to reflect SNL in the non-infarcted
penumbra.”*”” However, none of these studies directly mapped
perfusion acutely. These studies also confirmed unchanged cBZR
binding in areas of diaschisis, such as the contralateral cerebellum.
In a seminal study of 14 acute MCA stroke patients—some
thrombolysed—Nakagawara et al°® reported mild (mean 11%) but
significant reductions in IMZ binding 5 days to 23 months post
stroke, involving cortical areas that displayed hypoperfusion (or
hyperperfusion as a marker of prior ischemia) on acute-stage '**Xe
SPECT but no evident infarct on follow-up CT. Although this study
strongly suggested SNL in the surviving penumbira, it was limited

Journal of Cerebral Blood Flow & Metabolism (2014), 2-18

by the use of IMZ SPECT and the lack of co-registration among
imaging modalities or correction for poststroke atrophy; also, the
relationship between IMZ binding and acute cerebral blood flow
(CBF) was not presented. More recently, Saur et al’® reported
significantly reduced IMZ binding (mean: 5%, maximum 11%) in
the whole non-infarcted MR diffusion-perfusion mismatch (with
TTP>4seconds) 5 to 15 days after stroke in 12 patients; a weak
and nonsignificant correlation with whole mismatch perfusion was
mentioned. Guadagno et al”® carried out a PET FMZ study of seven
hyperacute MCA stroke patients with extensive penumbra on
acute CT perfusion who went on to have rapid spontaneous or
post-thrombolysis recovery and small infarcts on follow-up MR
(6/7 subcortical), indicating early recanalization. In six patients,
there was significantly reduced FMZ binding of generally mild
degree, affecting the non-infarcted but initially hypoperfused
cortical MCA territory (Figure 2); FMZ values significantly
correlated with acute-stage perfusion (see below). Of note,
these findings were unchanged following correction for cortical
atrophy. Importantly, in both Saur et al’® and Guadagno et al,”®
periinfarct tissue was excluded from the analysis to avoid partial
volume effects. These findings have been recently replicated in a
PET FMZ study of seven additional patients.80 Overall, therefore,
the above clinical studies have consistently documented reduced
cBZR binding, likely representing SNL, in the non-infarcted
penumbra, according to robust methodology. Importantly,
reductions in cBZR binding were consistently mild to moderate,
suggesting that SNL in the rescued penumbra not only can be
absent, but that when present it is of mild-to-moderate degree—
although it may be more severe in small spots beyond PET
resolution and/or near the infarct but missed by the analysis. New-
generation PET scanners with higher spatial resolution may help
resolve this issue.
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Figure 3.

Delayed ischemic T1 hyperintensity representing selective neuronal loss and glial proliferation after brief and/or mild ischemia.

(A) Delayed ischemic hyperintensity on T1-weighted magnetic resonance imaging in the striatum in a patient 10 days after brief focal
ischemia. (B) Chronological changes in T1- and T2-weighted (top and bottom rows, respectively) magnetic resonance imaging (MRI) in one rat
after 15-minute proximal middle cerebral artery occlusion. Modified from original Figures 1 and 2A in Fujioka et al.>®

Magnetic resonance correlates

T1- and T2-weighted magnetic resonance. Increased T2 signal
from around 3 to 6 hours and persisting into the chronic stage is
the hallmark of infarction in both the experimental and the
clinical setting.?® In contrast, numerous rodent studies have
demonstrated that SNL, be it striatal or cortical, does not display
chronically increased T2 signal'’373%424% (Figure 1E), although
transiently present slight signal change may be present at day 1
post MCA0.>° By definition, changes on follow-up standard MRI
disqualify SNL in clinical studies.5%7878°

At variance, in four patients with ‘spectacular shrinking deficit’,
i.e. a sudden-onset major hemispheric syndrome followed by
rapid and near-complete clinical recovery within hours indicating
early recanalization, Fujioka et alf' reported hyperintensities on
T1-weighted associated with hypointensity on T2-weighted MRI,
without corresponding changes on X-ray CT. These changes
affected the caudoputamen and cortex, appeared around 1 week
after the stroke and disappeared in the following weeks to months
together with progressive tissue atrophy (Figure 3A). These
authors subsequently reported®® six additional clinical cases
who, despite full neurological recovery, showed a decline in glo-
bal cognitive functions at 12 months of follow-up. They replicated
these MR findings in two experimental studies in Wistar rats
subjected to 15-minute proximal MCAo,>*°° where a striatal T2W
hypointense signal appeared at day 5 to 7 but was preceded by
transient hyperintensity at day 1, indicating vasogenic edema,
whereas the TTW hyperintensity peaked at ~4 weeks and then
subsided slowly over months (Figure 3B). Histology showed a
severe and progressive SNL affecting the striatum, evolving from a
mean of ~20% of surviving neurons at 4 hours and day 3 down to
only 3% at 16 weeks, together with marked and sustained
astrocytosis and MA, yet not fulfilling criteria for pannecrosis.
These slowly evolving striatal changes were associated with
increasingly impaired behavioral tests, and biochemical analyses
showed high tissue amounts of manganese. This pattern of MR
changes, which strikingly differs from known poststroke changes
but is reminiscent of findings in anoxic or hypoglycemic coma (see
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above), has been replicated once regarding T1,%% while transient

day 1 striatal T2-hyperintense lesion, but no T1 changes, was
observed in some rats in Wegener et aF° 60-minute proximal
MCAo study , associated with very severe SNL and inflammation as
in Fujioka’s study. This MR pattern may reflect accumulation in
tissues of agents that shorten T1 and T2 relaxation times, such as
iron and manganese®®®? or reactive oxygen species. Why these
changes have not been more regularly replicated so far is
intriguing but may reflect differences in experimental protocol
and possibly genetic factors in humans, as well as possibly
magnetic field strength, which strongly influences signal.
Importantly, however, they appear to correspond to very severe
and slowly evolving SNL, functionally not really different from
infarction, and may be specific to the striatum. Further studies are
needed to elucidate these issues.

Diffusion-weighted imaging. Experimentally, areas that develop
histopathological SNL >48hours after tMCAo regularly display
apparent diffusion coefficient/diffusion-weighted imaging (DWI)
lesions acutely, indicating severe ischemia.?”#%*? Diffusion-
weighted imagin7g lesions affected by SNL completely vanish
after reperfusion®”*? and do not reappear secondarily*? (Figure 4).
Conversely, DWI lesions that reappear secondarily are generally
T2-hyperintense and exhibit pannecrosis histopathologically,***'
although very severe SNL in the caudoputamen has been reported
in some rats with this imaging pattern*® (Figure 4). Thus,
permanently normalized DWI lesions after TIAs or (spontaneously
or therapy-induced) recanalized stroke in man®®* probably
harbor SNL, whereas late reappearances®® probably represent
infarction or very severe SNL with similar functional consequences.
Clinical studies specifically designed to address these issues would
be of considerable interest.

Functional MRI.  Whether SNL hampers neuronal activation in the
rescued penumbra is a clinically important question given the
likely behavioral relevance. In their 20-minute tMCAo rat study,
Sicard et al*? found that passive forepaw stimulation-induced S1
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Figure 4. Representative diffusion-weighted images (DWI) and
T,-weighted images (T,WI) at different time points after 10-minute
(top) and 30-minute (bottom) middle cerebral artery (MCA)
occlusion in Sprague-Dawley rats. In both groups, DWI hyperinten-
sity was seen during occlusion in the lateral caudoputamen and
overlying cortex and completely disappeared 1.5hours after
reperfusion. The DWI and T,WI were normal thereafter in the
10-minute group, but secondary DWI lesions (arrow), accompanied
by hyperintensity on T,WI (arrowhead), occurred in the 30-minute
group at 12hours after reperfusion and were still present at
72 hours. Note that secondary DWI lesions first developed in the
caudoputamen and then gradually spread to the cortex. Occ
indicates during occlusion. Histopathology showed moderate
selective neuronal death (4% to 28% necrotic neurons) in the
caudoputamen with no instance of infarction in the 10-minute
group, and massive neuronal death or pannecrosis in all 30-minute
group subjects (88% to 100% necrotic neurons). From Li et al,*° with
permission.

activation was initially impaired but had returned to normal at
24 hours. As the somatosensory area showed mild but significant
SNL at postmortem, this finding would imply that SNL did not
have long-lasting effects on neuronal activation. In contrast, in a
small-scale clinical study, Carrera et al®® found that, within the
rescued penumbra, the areas affected by SNL as detected by FMZ
PET had significantly reduced fMRI activation 1-3 months post
stroke. These apparent discrepancies might reflect species
differences but also the small degree of neuronal death in S1,
the lack of co-registration between fMRI and histopathology, and
the fact that fMRI was performed under general anesthesia, in the
Sicard study.*?

Behavioral Correlates

Although avoiding infarction of the penumbra markedly benefits
behavioral outcome,®®” whether SNL may limit or delay
functional recovery and plastic processes in the immediate
periinfarct tissue, known to partly underlie recovery after cortical
stroke,28%% is an important issue. In rats subjected to 20-minute
proximal tMCAo inducing striatal SNL together with mild and
inconsistent cortical SNL, Sicard et al*? reported initial impairment
but eventual full recovery in 3 weeks of subtle motor functions
assessed by the adhesive test, which has been suggested to be
specific to cortical lesions.*” As already mentioned, Fujioka et al®
reported slowly increasing behavioral deficits (circling behavior,
delayed reaction time) over 16 weeks following 15-minute
proximal MCAo in Wistar rats, in parallel with slow neuronal
attrition in the striatum reaching 93% yet not fulfilling the criteria
for pannecrosis. Regarding distal MCAo, which induces more
severe and consistent cortical ischemia, Hughes et al** reported
no evident neurological deficit following 45-minute occlusion in
SHRs. However, given that even extensive cortical infarcts after 60-
minute MCAo in this rat strain induce only mild neurological
deficits,”® subtle behavioral tests are required to assess the effects
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Figure 5. Linear correlation (P<0.0001) between NeuN scores and
relative cerebral blood flow (rCBF) during occlusion (affected/
unaffected side ratios), obtained in two different sets of rats, across
a fixed template of 44 regions of interest (ROIs). Nonlinear 1/x
regression, shown as dotted line, provided better fit and depicts a
sharp rise in SNL for rCBF <40%, i.e. the expected penumbral
threshold. Modified from Hughes et al”? with permission.

of cortical SNL. Similar to Sicard et al's** findings, Ejaz et al'’

recently reported significant deficits on the adhesive test that
lasted 3 to 4 weeks, in association with mild cortical SNL, following
15-minute distal MCAo in SHRs.>* Taken together, these two
rodent studies indicate that SNL affecting the striatum and,
probably more importantly, the cortex can induce subtle but
significant and long-lasting, but eventually reversible, motor
deficits. However, a detailed correlation of these behavioral
effects with individual degree, extent, and topography of SNL is
still lacking. Whether these animals remain more liable to reinstate
their deficit with subsequent ischemic injuries also remains to
be studied.

Mild focal ischemia in the mouse causing severe striatal SNL
sometimes associated with small infarcts also leads to subtle,
although long-lasting, sensorimotor deficits,”"* as well as cognitive
changes including deficits in strategy switching,®® and long-term
neuropsychiatric sequelae such as anxious and hyperactive
phenotype.*®

The clinical correlates of SNL are difficult to address because in
the vast majority of patients there is an associated infarct, albeit
small, in most. For instance, Nakagawara et al®® mentioned ‘clinical
signs of cortical dysfunction’, i.e. global aphasia, in one patient
with reduced '#I-IMZ uptake in non-infarcted cortex, but this was
associated with infarction ‘in small areas of frontal cortex’. As
already mentioned, Fujioka et al*® reported late cognitive decline
despite initial complete recovery in patients with spectacular
shrinking deficit and delayed striatal MRI changes, but these may
represent very severe SNL (see above). Both Guadagno et al”?
and Carrera et al*® underlined their patients’ excellent-to-full
neurological recovery despite sometimes extensive cortical SNL,
impeding neuronal activation. Two main, mutually nonexclusive
explanations for this apparent discrepancy were proposed, namely
that plastic processes may develop over time so that the neural
functions impaired by SNL are taken over by neighboring
neurons/areas, and second that standard clinical stroke scales
may not capture subtle cognitive or sensorimotor impairments, as
suggested in recent studies after minor stroke or transient
ischemic attacks.”*?> Thus, longitudinal studies using subtle
behavioral tests will be necessary to document whether, akin to
the above rodent studies, SNL delays recovery without affecting
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eventual outcome in man. Nonetheless, even if SNL did not affect
the final outcome and ultimately appears clinically ‘silent’, it might
reduce the subject’s overall ‘cognitive reserve’ and enhance the
detrimental behavioral effects from any subsequent brain injury or
neuronal dysfunction such as further strokes, white matter
ischemic damage, and Alzheimer's pathology, potentially
contributing to poststroke cognitive decline and, more generally,
vascular cognitive impairment. Whether SNL also has a role in the
recently described but still vague concept of delayed poststroke
cognitive impairment®® is another intriguing possibility.

Mechanisms of Neuronal Death in the Non-Infarcted Penumbra

The mechanism(s) underlying SNL in the salvaged penumbra,
including why neurons die but other cells do not, are incompletely
understood. Even the time course of SNL, i.e. when exactly the
neurons die after reperfusion, is not well known, and systematic
serial studies are missing, although in a mice study loss of NeuN
labeling was already present 1 day after tMCAo.*> At the
biochemical level, the very high energy consumption of neurons
makes them more sensitive to oxygen/glucose deprivation than
other CNS cells, and hence more susceptible to ischemic injury
during the occlusion phase; conversely, their very high post-
reperfusion mitochondrial activity would make them prone to
oxygen radical production and damage. Also, glutamate excitoto-
xicity or glutamate/GABA imbalance are also more likely to affect
neurons than glial cells. One major hypothesis therefore is that
SNL reflects irreversible cell damage ignited during the period of
severe ischemia, which, if true, would imply that the degree of SNL
should be proportional to both the severity and duration of
hypoperfusion. The major alternative hypothesis is that SNL is
secondary to detrimental processes triggered by reperfusion—so-
called ‘reperfusion injury’—such as oxygen radicals or inflammatory
processes, particularly microglia activation. A dual mechanism,
requiring first the ischemic insult and then secondary reperfusion
injury, may also be at play, and only intervention studies will
eventually identify the culprit mechanism(s), with potential
applicability to prevention of SNL in man. The main putative
mechanisms are briefly reviewed below.

Relationship with perfusion. In a seminal cat study, Heiss and
Rosner’ found that death of single neurons during MCAo was a
function of both severity and duration of ischemia, with, for
instance, neurons subjected to CBF <30% of normal for
45 minutes having poor chance of recovery. In awake monkeys
subjected to temporary proximal MCAo, apart from infarction and
integrity, tissue outcome could also include SNL, which occurred
only for short durations of occlusion (30 minutes to 4 hours). In
proximal tMCAo studies described above, Sicard et a/** found
greater SNL in the striatum than in the neocortex, which had
higher CBF during occlusion. Following 45 minutes of distal tMCAo
in SHRs, Hughes et al’? reported a strong correlation between
occlusion CBF and intensity of SNL, with the latter sharply rising
below CBF ~40% of normal, close to the penumbra threshold in
this strain®” (Figure 5). In humans, reductions in FMZ binding in
non-infarcted areas have been found to be proportional to the
severity of acute-stage hypoperfusion, again with an inflexion
around the expected penumbra threshold.”® In this study, the
precise duration of occlusion was unknown, which future
investigations should try and determine. Altogether, these
experimental and clinical findings strongly support the idea that
SNL in the rescued penumbra is related to the severity (and
probably duration) of the initial ischemic insult, which could
trigger an irreversible ‘ischemic cascade’ ending up in neuronal
death some time after reperfusion. In turn, the classic (CBF x
time) core/penumbra model®® may be extended to include SNL,
i.e. penumbral areas that do not progress to frank infarction
may develop SNL, depending on the severity and duration of
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Figure 6. Idealized representation of the classical core/penumbra
model, but including selective neuronal loss. From Guadagno et al,”
with permission.

hypoperfusion (Figure 6). Said otherwise, for a given decrease in
CBF, tissue outcome may range from integrity to infarction, with
SNL in between these two extremes, depending on the duration
of occlusion. In agreement with this model, Ejaz et al'’ recently
reported in rats a nonlinear relationship between occlusion CBF
and severity of ischemic damage, ranging from SNL to partial and
complete infarction.

Inflammation. Inflammation is an invariable consequence of
neuronal injury or death of any cause, and accordingly it is
consistently observed in association with SNL.3 For instance, in
studies by Endres and co-workers, high in vitro binding of 3H-
PK11195 (a selective ligand for activated microglia) was found in
the striatal areas showing reduced NeuN staining.*> Strong
reactive gliosis with morphologic changes and proliferation of
GFAP- and nestin-positive cells was also reported.”? Interestingly,
these cells also changed their electrophysiologic properties
(‘astron-like’), although did not differentiate into a neuronal
phenotype.®>'%° |n addition, there was profound activation,
proliferation, and invasion of monocytic inflammatory cells (both
resident microglia and bone marrow-derived monocytes), which
remained in the ischemic area into late time points. In their in vivo
PET studies following tMCAo in the baboon, Sette et al'® reported
increased ''C-PK11195 colocalized with decreased FMZ binding in
periinfarct regions, although the time course of these two ligands
was different, with ''C-PK11195 peaking around day 25 and then
slowly declining over weeks, whereas FMZ plateaued from day 3
onward. In their distal tMCAo study in SHRs, Hughes et af*
reported high cortical OX42 staining (a specific marker of MA)
adopting the same regional distribution as NeuN loss (Figure 7A),
with a strong quantitative correlation between the two antibodies
(Figure 7B). Interestingly, increased ''C-PK11195 in vivo binding
was found in the same sample 14 days after distal tMCAo,
which strongly correlated with postmortem 0X42.'°! In a recent
high-resolution IHC study, Ejaz et al further documented
this striking colocalization of NeuN loss and OX42 increases
within SNL patches'” (Figure 1F).

One obvious key question is whether MA, albeit initially
triggered by neuronal injury, perpetuates and exacerbates
the latter through the release of neurotoxic chemokines over
days or even perhaps weeks.'% Firm evidence for this scenario is,
however, lacking to this day, although Fujioka’s findings® of
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Figure 7. (A) Example of pseudo-columnar selective neuronal loss
(SNL) assessed using NeuN 14 days after 45-minute distal
MCA occlusion in a spontaneously hypertensive rat, and OX42
immunostain obtained at the same coronal level illustrating
the matching microglial activation (MA); (B) linear correlation
(P<0.0001) between NeuN SNL and OX42 MA scores obtained in
a template of 44 regions of interest (data averaged across five rats
from the same study).

slowly progressive SNL with unusually long-lasting, slowly
progressive and eventually massive inflammation over 16 weeks
post MCAo are intriguing. The strong correlation between SNL and
MA found by Hugues et al (Figure 7B) would be consistent with
either or both MA locally causing neuron death, or dying neurons
locally triggering MA. In addition, activated microglia also have
definite pro-repair effects,'® which seem to predominate in the
early days post stroke, followed by the more neurotoxic effects.'”®
Given the still unclear time course of these complex processes and
the lack of agents that can selectively block MA’s neurotoxic effects,
drug interventions carry the risk of also interfering with MA’s
beneficial effects and other protective processes such as astro-
cytosis. Among these stands delayed angiogenesis, which consists
of both an in situ response and invasion by bone marrow-derived
endothelial progenitor cells.'® Angiogenesis can be augmented by
a number of therapeutic strategies and is associated with increased
density of perfused microvessels, increased absolute blood flow
levels, and improved sensory-motor scores.'®

Additional histopathological clues. Following 30 minutes of prox-
imal tMCAo in 129/SV mice, Endres and co-workers reported that
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SNL evolved in a delayed manner after 48 to 72 hours in the lateral
striatum.*>'°® Dying neurons showed early markers of apoptosis
such as activation of caspase-3 at 9 to 12hours and became
TUNEL positive at 48 to 72 hours.''% This correlated exactly to
the time window at which caspase inhibitors are able to protect
the ischemic brain.'®” Also, there is evidence of abortive cell cycle
re-entry as a prelude to delayed neuronal death'®: dying neurons
exhibit an early loss of endogenous cyclin-dependent kinases such
as p16, which is followed by upregulation of cycling D1, activation
of cyclin-dependent kinases, and subsequent cell death. A small
fraction of dying neurons even seems to enter S phase before
delayed cell death demonstrated by uptake of bromodeoxyuridine
in  TUNEL-positive cells.”® In contrast, however, electron
microscopic imaging failed to demonstrate bona fide apoptotic
morphology (Auer and Endres, unpublished observation).

The group of Endres also looked at whether neurotransmitter
subtypes of neurons are more susceptible to selective death.
Selective neuronal loss in the striatum was found to affect almost
exclusively GABAergic medium spiny neurons (type | and type |I
both in the patch and matrix component) and to a much lesser
degree also parvalbuminergic interneurons, whereas cholinergic,
GABAergic, and somatostatin-containing interneurons were
resistant to ischemic cell death.***® No similar study has looked
at cortical SNL yet.

Hughes et al”? found in some rats a striking pseudo-columnar
pattern of cortical NeuN staining loss (Figure 7A), raising
the possibility of a susceptibility to SNL from differences in
e.g. basal neuronal activity and/or microvasculature. A similar
pattern of alternatingly increased and decreased glucose
utilization has been reported under global hypoxia and systemic
hypotension in rats with unilateral common carotid occlusion,
underpinned by the radial anatomy of cortical arterioles.'"
Along the same line, cortical HSP-70 responses after 5- to 10-
minute MCAo in mice also adopt a striking columnar pattern.*® Of
note, this pseudo-columnar pattern was not observed in all
rats of Hughes et al's>? study, nor in any rat in a recent replication
study, with the other rats exhibiting the classic patchy and/or
pseudo-laminar pattern, with marked intra- and inter-subject
variability."”

Concluding Remarks

It is clear from above that SNL, in isolation or in association with
infarction, is a frequent, if not invariable, consequence of brief
focal ischemia across species, affecting both the striatum and the
cortex, although perhaps with different characteristics. Studying
SNL postmortem was difficult until recently owing to the complex
histopathological procedures required, and consequently it has
been elusive in primates and humans. However, in vivo PET/SPECT
studies using validated ligands have documented its presence in
stroke patients enjoying early recanalization, despite good clinical
recovery. Although in rodents SNL has definite behavioral effects,
lasting a few weeks only, the clinical implications of SNL in
humans remain unclear. It is however likely, although it will be
difficult to document, that also in humans SNL affects the speed of
recovery, periinfarct plasticity, and potentially final outcome as
well. It in turn likely reduces the ‘neuronal reserve’ that normally
mitigates the motor, gait, and cognitive effects of age-related
brain injury including small strokes, white matter damage, and
neurodegenerative pathology. In this sense, among other
established vascular factors, SNL following stroke and perhaps
also transient ischemic attacks may contribute to poststroke
cognitive decline,'"" vascular cognitive impairment, and old-age
cognitive and motor decline.®® Specific studies using adequate
designs are needed to address these issues. In turn, SNL in the
surviving penumbra may develop as an important therapeutic
target in the aftermath of ischemic stroke, particularly following
reperfusion therapy.
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SNL IN REMOTE AREAS AFTER FOCAL ISCHEMIA
Neuropathology

In addition to the primary ischemic lesion, remote neuronal cell
death (exofocal postischemic neuronal cell death, EPND) may
develop in a number of brain regions, in particular the thalamus
and the midbrain, and may represent a novel target for
neuroprotection and stroke management.''? The phenomenon
in which remote, but connected, brain regions may be functionally
impaired after a focal ischemic lesion was initially termed
‘diaschisis’.'"® Although diaschisis in principle describes a rever-
sible functional phenomenon and does not imply morphologic
changes,114 it has become clear that reversible or irreversible
histopathologic changes may develop in remote connected areas
with alterations such as cellular swelling and changes in neuronal
morphology.'"?

Apart from the primary ischemic lesion affecting the lateral
striatum following 30-minute tMCAo in the SV mouse, scattered
EPND developed in several remote brain regions, with a shrunken
and acidophilic neuronal phenotype detectable in the ipsilateral
and contralateral forebrain, hippocampus, limbic system, hypotha-
lamus, and cholinergic forebrain nuclei.*® Most interestingly, the
number of ipsilateral SN and ventral tegmental area neurons was
reduced.”®'"> Midbrain changes associated with the loss of basal
ganglia neurons have long been described in experimental
models of brain ischemia in rats,''®"2" mice,'">'** gerbils,'*
and cynomolgus monkeys.'?* Interestingly, several reports sugg-
est that secondary cell death in the midbrain can be prevented
(see below), may be reversible, but may in fact depend on the
extent of the ischemic injury. In addition, a few reports from
human autopsy material indicate neuronal loss in the ipsilateral SN
in the chronic phase after large basal ganglia infarcts.'>>'%%

Several reports also indicate secondary degeneration/EPND in
the thalamus."?”~"3° Similar to midbrain lesions, thalamic lesions
also display delayed and selective neuronal death leading to
reduced neuronal cell density with neuropil rarefaction and
reactive microgliosis and astrogliosis.'?®

Mechanisms and Behavioral Implications

Although underpinned by a combination of retrograde and
anterograde degeneration, the phenomenon of remote degenera-
tion is incompletely understood. With regard to midbrain lesions,
while experimental stroke studies in rats mainly point to involve-
ment of the pars reticulata of the SN, histopathological and clinical
MRI studies found secondary changes to be especially prominent in
the pars compacta (SNpc).!'>'3! This apparent discrepancy may be
explained by a number of factors including age, species, or the
exact location of the primary ischemic lesion.'*' The striatonigral
pathway predominantly projects to the ipsilateral pars reticulata of
the SN."? Destruction of this inhibitory (GABAergic) projection may
result in disinhibition and, in turn, delayed transneuronal (i.e.
transsynaptic) degeneration, primarily of neurons in the pars
reticulata of the SN''”'33). By contrast, however, disruption of the
nigrostriatal pathway may as well result in retrograde degeneration
of SNpc dopaminergic neurons.'** It is thus conceivable that either
mechanism may be relevant and may also depend on the exact
neuroanatomic location and severity of the primary striatal lesion.

There is controversy regarding whether remote changes may be
reversible. Planas and co-workers''® reported that striatal infar-
ction in the rat causes a transient reduction of tyrosine
hydroxylase immunoreactivity in the ipsilateral SN, whereas
others reported permanent cell loss . However, the severity of
the primary insult may correlate not only with the extent of the
secondary lesion but may also explain reversibility."'” Intere-
stingly, Witte and co-workers'*> elegantly described widespread
and long-lasting dysregulation of the GABAergig system after
focal cortical infarcts in regions with and without delayed exofocal
cell death.
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At present, the functional significance of EPND is not entirely
clear. In a model of 30-minute tMCAo in the mouse, Kronenberg
et al''® observed delayed cell death in the ipsilateral midbrain
confined to dopaminergic neurons in the SNpc and ventral
tegmental area . This dopaminergic degeneration was accom-
panied by reduced dopamine concentrations and decreased levels
of dopamine transporter density in the ischemic striatum. Most
notably, animals developed a ‘depressive phenotype’ following
left, but not right, MCAo after 14 weeks that was characterized by
traits of anxiety, despair, and anhedonia, which correlated with
increased dynorphin messenger RNA expression in nucleus
accumbens.'® Interestingly, in addition to loss of dopamine, an
increase of brain-derived neurotrophic factor was detected in the
lesioned striatum, and increased brain-derived neurotrophic factor
signaling specifically in ventral striatum has been linked to
depressive-like behavior.''> At present, however, it is unclear
whether these remote changes in the mesolimbic reward system
are causative for ‘poststroke depression’, and whether they have a
role in human pathophysiology and hence represent a novel
target for therapy (vide infra).

Magnetic Resonance/Positron Emission Tomography to Detect
Exofocal Postischemic Neuronal Cell Death In Vivo?

Both CT and MRI have been used to demonstrate EPND in
experimental studies and in humans. In the clinical setting,
Tamura et al"*® demonstrated secondary damage to the thalamus
after MCA stroke on CT . Higher-resolution MRI studies in animals
and stroke patients have since replicated and expanded these
initial findings,'?®"31136137 for instance, demonstrating transient
exofocal signal changes in ipsilateral midbrain in rodents,
consisting of delayed decreases in apparent diffusion coefficient
and corresponding increases in T2 values in the ipsilateral
midbrain''>'?7""38 (Figure 8), probably reflecting cell swelling
and cytotoxic edema. In addition, the exofoxal T2 hyperintensity in
the midbrain was associated with activation of microglia and
clearly preceded overt neuron loss." Similar findings have been
reported in stroke patients, e.g. striatal strokes induce a subacute
T2-weighted hyperintensity in the ipsilateral midbrain'2%'3'136137
(Figure 9). These secondary T2 midbrain changes are detectable
from ~2 weeks after stroke onset,”*" although at higher field
strengths they are detectable in the SN from the first week. It is
important for clinicians to be aware of these delayed MRI changes
50 as not to confuse them with a second stroke. Similarly, DWI'3’
and diffusion tensor imaging'>® may be of value in detecting
EPND in the thalamus or midbrain. Interestingly, diffusion tensor
imaging demonstrated increases in mean diffusivity but not in
fractional anisotropy in secondary lesions.'**'*° Finally, PET with
markers of MA such as ''C-PK11195 can also detect poststroke
EPND in thalamus and brainstem in vivo in rodents and man.'*"'%2

Therapeutic Implications

As EPND develops in a delayed manner, while patients are
recovering from their deficits, and is uncoupled from the
maturation of the primary ischemic lesion, it may be a target for
(secondary) neuroprotection. At present, however, it is not entirely
clear whether EPND has any functional relevance, how it could be
prevented, and, most importantly, whether it has any clinical
relevance. In experimental models, a number of pathophysiologic
mechanisms and corresponding therapeutic targets have been
implicated in EPND (recently reviewed in Zhang et al.''? Over 25
years ago, Saji and Reis''” reported that delayed transneuronal
death of SN neurons can be prevented by GABA agonists.
Other therapeutic approaches include anti-excitotoxic treatment
by either NMDA or AMPA receptor antagonists, but also
activators of cerebral peroxisome proliferator-activated receptors
gamma.'?%'31%  Another interesting approach involves
antidepressant treatment to simultaneously reduce EPND and
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Figure 8. Secondary exofocal neurodegeneration after striatal
infarction in mice. (A) At 24 hours after 30-minute middle cerebral
artery occlusion (MCAo)/reperfusion, a T2 hyperintensity demar-
cates the ischemic left striatum. This characteristic magnetic
resonance (MR) signal of the primary lesion fades during the first
week after MCAo. (B, C, D) At 7 days after MCAo, an activation of
Ibal-expressing microglia in the ipsilateral (C) as compared
with the contralateral (B) midbrain was observed. This coincided
with a secondary T2 hyperintensity that emerged toward the
end of the first week after stroke (arrow in panel D). (E) Loss of
tyrosine hydroxylase-expressing neurons on the stroke side in the
midbrain at 16 weeks after experimental ischemia (adapted from
Kronenberg et al''®.)

prevent poststroke depression but perhaps also interfere with
maturation of the primary ischemic lesion. For instance, chronic
treatment with the selective serotonin-reuptake inhibitor
citalopram following 30-minute MCAo in mice initiated as late as
7 days reversed the behavioral ‘depressive’ phenotype, prevented
degeneration of dopaminergic midbrain neurons, and attenuated
lesion maturation and striatal atrophy at 4 months." Hence,
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prevention of exofocal remote dopaminergic cell death in the
midbrain may emerge as a novel target for neuroprotection by
antidepressants.

In addition, there may be endogenous mechanisms of protec-
tion: Interestingly, Bidmon et al'* using a model of photothro-
mbotic stroke demonstrated transient increases of manganese-
superoxide dismutase in several remote brain areas connected
via afferents and efferents with the primary lesion site, including
the perilesional cortex, corpus callosum, hippocampus, thalamus,
and homologous contralateral cortex. The authors speculate
that manganese-superoxide dismutase may protect these
remote cells from retrograde or anterograde spread of neuro-
toxicity. In addition, Schroeter et al'* found that mice deficient in
osteopontin, a cytokine-like glycoprotein that binds to various
integrins and CD44 variants, have similar primary ischemic lesion
sizes to control mice but develop significantly aggravated
secondary thalamic degeneration associated with increased MA
and inflammatory gene expression.

Concluding Remarks

Exofocal postischemic neuronal cell death in the ipsilateral SN and
thalamus depends on stroke topography and becomes detectable
by MRI and also histologically days and weeks after stroke.
Diffusion-weighted imaging and T2-weighted imaging at 3T offer
reliable detection of these secondary changes. The study of these
delayed processes of lesion progression in the clinical setting may
aid research in developing new strategies aimed at preventing
secondary neuron loss and improving functional and affective
outcome after stroke.

SELECTIVE NEURONAL LOSS IN CHRONIC ARTERIAL
OBSTRUCTIVE DISEASE

In patients with chronic atherosclerotic ICA or MCA occlusive
disease, low perfusion or microembolism may produce selective
neuronal damage/loss.

Neuropathology

Neuropathological studies have demonstrated cortical granular
atrophy or watershed territory microemboli in the cerebral cortex
distal to large cerebral arterial occlusion, particularly in the watershed
areas.'* However, SNL in patients with ICA or MCA disease has not
been confirmed pathologically in the human brain so far.

In Vivo Magnetic Resonance

In cerebrovascular disease, brain atrophy may be a reflection of
ischemic changes. Computed tomography studies in ICA disease
have disclosed only hemiatrophy in some patients.'*” In patients
with ICA or MCA disease including Moyamoya, MRI studies
have shown decreases in cortical thickness in the ipsilateral
hemisphere.'*®

Atrophy of the corpus callosum may be an indirect but
particularly sensitive indicator of ischemic cortical neuronal loss.
The largest fraction of neurons projecting through the corpus
callosum is the large pyramidal cells in layer 3, which is among
the cortical neurons most vulnerable to ischemia.'*® There-
fore, callosal atrophy may result from cortical SNL. Yamauchi
et al"*">2 showed that a bilateral decrease in cortical cerebral
metabolic rate of oxygen (CMRO,) occurs in association with
callosal atrophy in patients with ICA disease, suggesting that SNL
may contribute to the reduced CMRO,.

In Vivo Positron Emission Tomography/Single-Photon Emission
Computed Tomography

Reduced cortical CMRO, in the normal-appearing cortex, which
surgical reperfusion cannot improve, has been demonstrated in
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Figure 9.

Abnormal lesion signal normalization in remote areas at follow-up: brain infarcts in the middle cerebral artery (MCA) territory

affecting the striatum on coronal T2w magnetic resonance imaging (MRI) on day 10 in two selected patients (A, F). Hyperintense signal in the
ipsilateral midbrain is evident on day 10 in axial diffusion-weighted imaging (DWI) (B, G) and 2 adjacent coronary T2w sections (C, H), which
disappeared in corresponding sections on day 72 (D, E) and day 90 (I, J).

ICA/MCA disease using PET, suggesting underlying SNL'>*'>*
A decrease in glucose or oxygen metabolism in the normal-appe-
aring cortex is one result of ischemic damage to the tissue, but it can
also be caused by diaschisis,''* indicating inadequate specificity.
Several small studies in patients with chronic atherosclerotic ICA
or MCA disease demonstrated a reduction in ¢cBZR binding in the
normal-appearing cortical areas on CT or MRI, including the center
of the MCA territory, suggesting the presence of SNL./+77615371%8
'B)jomazenil uptake significantly but weakly correlated with
CMRO, but not with CBF, cerebrovascular reactivity, or CMRglu
(cerebral metabolic rate for glucose utilization), suggesting that
the reduction of IMZ uptake may be due to SNL that may not be
reliably revealed by other imaging tracers.”*”%">> Similar findings
were also shown using FMZ and PET."”'*® A decrease in cortical
cBZR binding was correlated with corpus callosum atrophy, which
supported that the latter may reflect cortical neuronal damage.'*®
Recent studies by Yamauchi et al'>?7'®3 involving larger samples
addressed the incidence, extent, and severity of SNL demon-
strated as decreased cBZR binding, and the factors responsible for
the decreased cBZR . They documented a high incidence of SNL,
the degree of which was associated with chronic hemodynamic
compromise. Subcortical infarcts per se did not decrease cBZR in
the overlying cerebral cortex, ruling out interference by diaschisis.

Mechanisms

In patients with atherosclerotic ICA or MCA disease, chronic
hemodynamic compromise increases the risk of cerebral ischemic
damage.'®*"%® In this hemodynamic situation, perfusion may

© 2014 ISCBFM

occasionally fall below the penumbra threshold and in turn cause
SNL. In 105 patients with atherosclerotic ICA or MCA occlusive
disease and no cortical infarction on MRI, Yamauchi et al'®®
showed an association between SNL, as demonstrated by
decreased FMZ binding in the normal-appearing cerebral cortex,
and increased oxygen extraction fraction as shown by >0 PET (i.e.
misery perfusion) (Figure 10). They also demonstrated a correla-
tion between higher oxygen extraction fraction and progression of
SNL in a longitudinal study.'®® These findings strongly suggest
that misery perfusion may contribute to SNL. This hemodynamic
mechanism was also supported by the correlation of cortical
neuronal damage with low-flow infarcts. In ICA or MCA occlusive
disease, decreased cortical FMZ binding was associated with the
presence of borderzone infarcts, suggesting that hemodynamic
ischemia leading to borderzone infarcts may cause SNL.'**'¢
Microemboli may, however, contribute to SNL in borderzone
areas, particularly in cases of arterial stenosis.'>'”° It is less likely,
however, that microembolism, which preferentially targets the
borderzone, causes SNL beyond the borderzone itself, which is
consistently observed in chronic hemodynamic compromise.

Functional/Behavioral Correlates

In atherosclerotic ICA or MCA disease, reduced cortical cBZR
binding has been reported in the Broca or Wernicke area in
patients with aphasia and subcortical infarcts,”>'>> and global
reduction of cortical cBZR binding has been shown to be
correlated with callosal atrophy, which is associated with global
cognitive impairment.'*"'*® In addition, cerebral hyperperfusion
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Figure 10.

Benzodiazepine receptor binding and misery perfusion. Upper row: examples of positron emission tomography (PET) images

showing decreases in ''C-flumazenil-binding potential (FMZ-BP), cerebral blood flow (CBF), and CMRO, with increased oxygen extraction
fraction (OEF) in a patient with left (L) internal carotid artery occlusion on magnetic resonance angiography(MRA), left) who showed internal
borderzone infarction on the corresponding MRI images. Lower row: Three-dimensional-SSP images and Z-score maps showing a decrease of

FMZ-BP in the left hemisphere. Modified from Yamauchi et al.’®®

after carotid endarterectomy was found to result in a decrease in
IMZ uptake that correlated with postoperative cognitive impair-
ment.'”" Therefore, in addition to the co-existing subcortical
infarcts, SNL may contribute to the development of subtle
poststroke cognitive impairment, depending on the degree of
neuronal damage.

Using PET and '"C-FMZ in patients with ICA or MCA disease,
Yamauchi et al'® demonstrated that decreases in ¢cBZR binding in
the non-infarcted cerebral cortex was associated with impaired
executive functions.

Treatment/Prevention

Vascular reconstruction surgery can improve chronic hemody-
namic compromise, which may in turn prevent the development or
worsening of SNL, or even perhaps reverse neuronal damage and
improve cognitive impairment. For instance, one study reported
improvement of hemodynamic compromise after carotid endarter-
ectomy that was associated with postoperative increases in IMZ
uptake in correlation with improved cognitive impairment.'”?
Another study reported an improvement in cortical thinness after
bypass surgery in patients with ICA or MCA occlusive disease
including Moyamoya, and severely impaired vasoreactivity.'”*

Concluding Remarks

Misery perfusion contributes to SNL, demonstrated as decreased
cBZR in the normal-appearing cerebral cortex. Selective neuronal
loss may have considerable impact on the functional outcomes.
Therapeutic strategies for preventing neuronal damage are
needed, especially in situations of chronic hemodynamic
impairment.

CONCLUSIONS

The main point that emerges from the present review is that SNL
is a widespread phenomenon in cerebrovascular diseases, yet one
that eludes routine imaging procedures such as structural MRI. In
acute stroke, it almost invariably occurs in the initially ischemic but
eventually non-infarcted striatal and cortical areas, particularly in
the setting of reperfusion therapy, but also develops in remote
connected areas as a marker of neuronal degeneration, and occurs
in the whole hemisphere, perhaps with a predilection for the
watershed areas, in patients with chronic obstructive ICA or MCA
disease causing hemodynamic impairment. As such, this wide
prevalence of SNL throughout the brain, ipsilaterally but also

Journal of Cerebral Blood Flow & Metabolism (2014), 2-18

contralaterally, may partly account for the increasingly reported
diffuse cortical atrophy present in cerebrovascular disease
regardless of underlying etiology, and contribute to poststroke
cognitive decline, vascular cognitive impairment, and vascular/
mixed dementia. For instance, the strong impact of vascular risk
factors and vascular pathology on the incidence of clinically
diagnosed Alzheimer's disease'’* may be in part explained by
SNL, even if it is apparently ‘silent’ clinically. It may also reduce the
potential for plasticity and recovery in case of further strokes, as
well as with age-related neurodegeneration. Studies designed to
address these issues are warranted, but also better animal models
of SNL. Possible studies to move forward in the field of SNL have
been suggested within each section above. In addition, although
SNL can be detected in vivo using radionuclide imaging, the
search for non-ionizing biomarkers such as MR-based spectro-
scopy (e.g. NAA®?) is an important goal. Similarly, whether SNL can
be mitigated by neurogenesis is another important issue. Above
all, a better understanding of the underlying mechanisms is
required if therapeutic measures to prevent SNL are envisaged.
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