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Abstract

Occlusive brain ischemia and micro-strokes are the most frequent brain pathologies, particularly in older patients and a major cause of
dementia. Currently, we are missing appropriate methodology to study micro-strokes in experimental animals. In vivo two-photon laserscanning microscopy (2P-LSM) and transgenic mouse models expressing cell type specific reporters have been used to examine
ischemia-related insults, e.g. perturbations of neuronal process morphology and local blood flow in the MCAO – middle cerebral artery
occlusion-model. Glia and pericytes can be visualized by selective fluorescent protein expression, e.g. astrocytes by their cyan-fluorescent
ECFP, pericytes by red-fluorescent tdtomato and microglia by green fluorescent EGFP expression. In these mice, the breakdown of the
blood brain barrier and the immediate as well as long-term cellular responses can be monitored. A new prototype of microCT incorporating
a fast X-ray XPAD3 camera has been recently set up to allow cerebral angiography at high sampling rate. Preliminary data indicate that it
is useful to monitor blood perfusion disturbance (i.e. lateralization) in the brain of tumor-bearing mice following retro-orbital injection of
iodinated contrast agent. We expect this technology to be adequate to assess in real time the impact of acute stroke models on brain blood
perfusion. By localizing perfusion anomalies, we will evaluate the extent of non-perfused areas and correlate these observations with
subsequent behavioral deficits, and with local changes in myelin content in white matter tracks. The spectral properties of the XPAD3
detector moreover allow for the simultaneous identification and localization of several contrast agents opening the way to whole body
multicolor imaging of vessels and inflammatory cells in the context of microstrokes.
Keywords: stroke, imaging, microCT, 2P microscopy, aging.

 Introduction
Cerebrovascular diseases (CVD) represent different
etiologies that ultimately result in brain ischemia or
stroke. Besides acute stroke, CVD include small vessel
disease of the brain and a number of different monogenic
disorders with stroke. Occlusive brain ischemia and small
vessel disease are the most frequent brain pathologies,
particularly in older patients and a major cause of
dementia [1, 2].
The burden of patient care after ischemic brain
injury on our societies is dramatically increasing. Stroke
is the third most common cause of death and the second
most common cause of dementia. Stroke has a mortality
rate of ~30% and an incidence of 250–400 in 100 000.
Early or mild forms of ischemic insults are microstrokes, which represent a transient ischemic attack
accompanied by a temporary functional impairment.
However, patients who persistently develop microstrokes
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are more prone to larger strokes and cognitive decline.
Currently, we are missing appropriate methodology to
study microstrokes in experimental animals.
A deeper understanding of the subtle interactions
between cerebrovascular function and cognition is
needed to protect humans from this affliction. Recent
hypothesis suggest that perfusion deficits can trigger
microglial activation and subsequent neuroinflammation
[3, 4], ultimately resulting in demyelination and neurodegeneration [5, 6].
The pathophysiological evolution of stroke events
indeed seems driven by complex cellular interactions
between many different cell types whose sequential
recruitments have been insufficiently documented due
to the lack of non-invasive imaging modalities. Therefore,
our review aims at presenting current dedicated multimodal imaging approaches for and characterization of
microstroke in transgenic mouse models.
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 State of the art
Stroke in aged animals
Although it is well known that aging is a major risk
factor for stroke, the majority of experimental studies of
stroke have been performed on young animals, and may
not fully replicate the effects of ischemia on aged neural
tissue [7]. Therefore, studies of experimental stroke in
the aged animal are likely to have more clinical
relevance, both for understanding cellular responses to
stroke and for identification of beneficial interventions
[8–13]. It is of utmost importance to establish
reproducible and physiologically relevant protocols to
induce microstroke foci in aged animals and to
characterize the impact of the associated vascular
deficits on the brain microenvironments.
Studies of stroke in experimental animals have
identified a variety of interventions with marked neuroprotective effects, but most of these approaches have
failed to show benefits in human stroke victims. Since
most natural strokes occur in the elderly, we tested
the hematopoietic growth factor granulocyte-colony
stimulating factor (G-CSF), one of the most promising
drug candidate stroke for stroke. We found that G-CSF
treatment after stroke exerted a robust and sustained
beneficial effect on survival rate and running function.
Transient improvement after G-CSF treatment could
be observed for coordinative motor function on the
inclined plane test and for working memory in the
radial-arm maze test. At the cellular level, G-CSF
treatment of old animals increased the number of
proliferating cells in the subventricular zone and dentate
gyrus. It also increased the number of newborn neurons
in the subventricular zone ipsilateral to the lesion. Our
results suggest that G-CSF treatment in aged rats has a
survival-enhancing capacity and a beneficial effect on
functional outcome, most likely through supportive
cellular processes such as neurogenesis [14]. If we
cannot prevent stroke, we shall try to alleviate its longterm consequences. In particular, great clinical benefit
may accrue from deciphering and targeting basic
mechanisms underlying chronic post-stroke depression
in aged animals [15].
The neurovascular unit and its imaging by
two-photon laser-scanning microscopy (2P-LSM)
The neurovascular unit consists of different cell
types that also include glial cells such as astrocytes and
pericytes. During ischemic insults, numerous cellular
responses are observed at the brain vessels. E.g., after
disruption of the blood brain barrier local microglia
become activated and blood-borne macrophages
immigrate into the nervous tissue. Both astrocytes
and pericytes affect the blood flow by releasing
vasoconstricting as well as vasodilating reagents, e.g.,
cyclooxygenase products that act on smooth muscles
cells [16]. Metabotropic glutamate receptors, arachidonic
acid/cytochrome P450, and distinct levels of NO and
O2 are additional factors. After stroke, the highly
contractile pericytes (expressing α-smooth muscle actin
(α-SMA), tropomyosin and desmin) are found
permanently contracted, that even stay in this condition

after reopening of the occluded area [17]. In addition,
the activated microglia produces high amounts of
inflammatory mediators. Macrophage infiltration in
murine and rat stroke models has been shown by
magnetic resonance imaging [18], although in vivo
monitoring of neuroinflammation with magnetic
resonance imaging remains challenging [19].
Transgenic mouse models expressing cell type
specific reporters have been used to clarify complex
interactions between neural cells [20–24]. The analysis
by in vivo two-photon laser-scanning microscopy (2PLSM) revealed direct contacts between various cells of
the CNS. This powerful technique has also been used to
examine ischemia-related insults, e.g., perturbations of
neuronal process morphology and local blood flow in
the MCAO – middle cerebral artery occlusion-model
[25]. Furthermore, employing 2P-LSM it could be
shown that capillary blood flow around microglial
somata determines the dynamics of microglial processes
in ischemic conditions [26]. Disrupture of neurovascular
coupling is a hallmark of ischemic strokes.
Various combinations of such transgenic mice with
differently labelled CNS cells have been generated for
in vivo imaging within the CNS [27–30]. In these mice
microglia, astrocytes, neurons, oligodendrocytes, NG2
glia and pericytes are specifically labeled by fluorescent
proteins with different spectral properties ranging from
cyan, green, yellow to red fluorescent (Figures 1 and 2).
With wide spatial and temporal resolution, the
breakdown of the blood brain barrier and the immediate
as well as long-term cellular responses can be monitored
(Figure 2).

Figure 1 – Cell-specific labeling of selected CNS
cells in transgenic mice.

Figure 2 – In vivo 2P-LSM of astrocytes and microglia in the mouse cortex. Please note the close
enwrapping of capillaries by astroglial endfeet.
Microglial cells are characterized by a few, slender
processes that are much less ramified than the
numerous astroglial ones.
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CT scanner studies
X-ray imaging has long been regarded as the best
imaging technique to perform angiography (systemic
and cerebral) following intravenous injection of iodinated
or Ba2+-based contrast agents [31]. Using it after
ischemic stroke could clarify the location of occlusions
in vessels and the resulting changes in blood flow [19].
PIXSCAN [32, 33], a new prototype of microCT
incorporating a fast X-ray XPAD3 camera (ImXPAD
SAS France – Figure 3), has been set up in France to
allow angiography at high sampling rate (up to 600 Hz)
(Figure 4A). Our preliminary data indicate that it is
useful to monitor blood perfusion disturbance (i.e.
lateralization) in the brain of tumor-bearing mice
following retro-orbital injection of iodinated contrast
agent (Figure 4B). We expect this technology to be
adequate to assess in real time the impact of acute
stroke models on brain blood perfusion. By localizing
perfusion anomalies, we will evaluate the extent of nonperfused areas and correlate these observations with
subsequent behavioral deficits, and with local changes
in myelin content in white matter tracks (Figure 5).
The acquired experience and knowledge with real
time angiography of acute stroke models will be used
to set-up microparticle injection protocols with which
to induce microstroke foci. Using X-ray absorbing
materials (typically gold nanoparticles) we expect to
track microparticles biodistribution and to identify the
formation of vascular clots in different brain regions.
Animals with reproducible patterns of clots will be
selected from the X-ray images to form a homogenous
group of subjects for subsequent behavioral and
2P microscopic characterization. The 50 µm-spatial
resolution of the X-ray system should allow the
detection of flow disturbances induced by a microstroke
(provided that its size is larger than 70–100 µm).
Beside its very high sampling rate the XPAD3
detector of the microCT allows for imaging at low
irradiation dose [34] as well as for energy selection of
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the photons that are used to generate images [33]. This
specification allows for implementation in classical
biology laboratory of the spectral analysis K-edge
techniques that are usually performed in synchrotron
facilities using monochromatic X-ray beam lines [35,
36]. The chemical composition of materials can be
identified from spectral images as shown on in vitro
models of blood vessels, where compartments containing
silver or copper (Figure 6). Given the existence of CTagents that accumulate in macrophages [37], our imager
prototype thus opens the way to multicolor X-ray
imaging of several cellular compartments labelled with
different contrast agents. This property will be used to
simultaneously image blood vessel and macrophages in
inflamed stroke areas.
PIXSCAN micro‐CT prototype based on
XPAD3 spectral detector

Figure 3 – PIXSCAN
microCT prototype (top)
and XPAD3 X-ray spectral
hybrid pixel detector
(bottom) © CPPM and
ImXPAD SAS.

2D angiography & pathology related angiographic signature

Figure 4 – 2D angiography using PIXSCAN and retro-orbitally injected iodinated contrast agents. (A) Control animal.
Superposition of the images acquired 4s (blue) and 6s (red) after i.v. injection of the contrast agent. Venous (blue) and
arterial (red) supplies are revealed. (B) Example of glioblastoma bearing animals. Whereas mice grafted with U87
brain tumors exhibit symmetrical blood supply (B1), blood perfusion is asymmetric in the brain of mice grafted with
GL261 brain tumors (B2).
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Estimation of myelin content by X‐ray
Figure 5 – Typical anatomical image of the brain obtained by PIXSCAN.
(Top) in a living animal without contrast agent / (Bottom) Post mortem in a
brain soaked in 1/10 Visipaque (40 mg I/mL) for one week prior imaging:
gray matter tracks can be visualized due to maximal iodine fixation. See
darkest pixels in this coronal slice. Myelin content can thus be quickly
estimated by a simple Otsu Thresholding method (red pixel on left image).

Multicolor X‐ray imaging:
simultaneous analysisof several compartments

Figure 6 – 3D CT-scan of rubber tubes mimicking millimetric
blood vessels filled with either Iodine, Silver or Copper solutions
were decomposed into spectral components around specific
K-edge values. Tubes could thus be selectively highlighted
according to their chemical content (B: Silver; C: Iodine).
Adapted from Cassol Brunner F et al., 2012 [33].
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