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Abstract

Objectives This study sought to evaluate whether the thera-
peutic effects of an anti-inflammatory drug such as minocycline
could be monitored by serial ultrasmall superparamagnetic
particles of iron oxide (USPIO)-enhanced MRI in experimental
stroke.

Methods Mice received a three-dose minocycline treatment
(n=12) or vehicle (n=12) after permanent middle cerebral
artery occlusion. USPIOs were administered 5 h post-surgery.
MRI was performed before, 24 h and 48 h post-USPIO ad-
ministration. MRI endpoints were the extent of signal abnor-
malities on R2 maps (=1/T2) and quantitative R2 changes over
time (AR2). Post-mortem brains were prepared either for
immunohistology (n=16) or for iron dosage (n=38).

Results As expected, treatment with minocycline signifi-
cantly reduced infarct size, blood-brain barrier permeability
and F4/80 immunostaining for microglia/macrophages.
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Areas of R2 maps>35 ms™' also appeared significantly

decreased in minocycline-treated mice (ANOVA for repeat-

ed measures, P=0.017). There was a fair correlation be-

tween these areas and the amount of iron in the brain

(R*=0.69, P=0.010), but no significant difference in AR2

was found between the two groups.

Conclusions This study showed that the extent of signal

abnormalities on R2 maps can be used as a surrogate marker

to detect minocycline effects in a murine experimental mod-

el of stroke.

Key Points

* Ultrasmall superparamagnetic particles of iron oxide offer
new avenues for MRI research

* Treatment of the inflammatory response following ischae-
mic stroke is currently undergoing evaluation.

* Minocycline treatment significantly reduced areas of sig-
nal abnormalities on USPIO-enhanced MRI.

o These areas correlated with the amount of iron in the
brain.

o Thus USPIO-enhanced MRI might provide a surrogate
marker to monitor treatment

Keywords MRI - USPIO - Inflammation - Cerebral
ischaemia - Treatment monitoring

Introduction

Ischaemic stroke accounts for 88 % of all stroke cases in
industrialised Western societies. To date, reperfusion thera-
pies (thrombolysis using recombinant tissue plasminogen
activator, mechanical thrombectomy catheters) are the only
efficient treatments for acute stroke [1]. Considering the
narrow intervention time window of up to 4.5 h after stroke
onset, only a small percentage of stroke patients are in a
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position to receive this therapy [2]. Stroke-induced brain
damage progresses during the subacute stage up to several
days after the attack, causing delayed expansion of the
infarction. In addition, cerebral ischaemia triggers an in-
flammatory response that significantly contributes to the
neurological outcome [3]. However, anti-inflammatory
treatment has so far failed in clinical trials [4]. In this
context, non-invasive imaging of inflammation associated
with ischaemic stroke lesions could be helpful in selecting
and monitoring patients who may benefit from such therapy.
Magnetic resonance imaging (MRI) coupled with injection
of ultrasmall superparamagnetic particles of iron oxide
(USPIOs) has recently emerged as a promising tool for
imaging of inflammation [5]. The USPIOs are ingested by
phagocytic cells, whether within the blood pool or locally at
the inflammation site. These cells thus become magnetic
and detectable on MRI. USPIO-enhanced MRI has been
successfully applied for pre-clinical and clinical studies of
cerebral inflammation following stroke [6—8]. To the best of
our knowledge, however, the ability of this technique to
monitor drug effects has yet to be demonstrated.

Several anti-inflammatory strategies have been proposed
to decrease ischaemic damage [9]. Minocycline is currently
being evaluated in a clinical trial (Minos, Minocycline to
Improve Neurologic Outcome in Stroke) [10]. Its anti-
inflammatory effects were demonstrated in experimental
animal stroke models: minocycline inhibited microglia/mac-
rophage activation (part of the inflammatory response) [11,
12], protected the brain-blood barrier (BBB) [13], dimin-
ished oxidative stress [12] and infarct size [12, 14], and
extended the thrombolysis therapy time window [14].

The present study sought to test the hypothesis that
USPIO-enhanced MRI could monitor the therapeutic effects
induced by minocycline treatment after focal cerebral is-
chaemia in mice.

Materials and methods

All animals were treated in strict accordance with interna-
tional and institutional guidelines.

Subjects and protocol

Study design

Twenty-four Swiss mice were included in the study (weight:
25 to 30 g; Charles River, I’Arbresle, France). The experi-
mental design is detailed in Fig. 1. Briefly, on day 0 (DO0),
the animals underwent permanent middle cerebral artery
occlusion (pMCAOQ, as detailed below). Minocycline (n=
12) or its vehicle (n=12) was randomly administered as a
three-dose intraperitoneal injection once every 3 h starting
5 min after pMCAO induction. USPIO contrast agent was
administered intravenously 5 h after pMCAO. MRI was
performed 4 h after pMCAO (pre-contrast), and repeated
at D1 and D2 (post-contrast). Two quantitative measure-
ments were extracted from the MRI data to compare
minocycline-treated versus vehicle-treated animals: (1)
USPIO brain uptake as observed on transverse relaxation
rate maps (R2=1/T2) and (2) R2 change over time. The
imaging protocol was followed by animal sacrifice and brain
preparation for histology (n=7 in each experimental group)
or iron assay (n=5 in each experimental group). All inves-
tigators either inducing stroke or assessing MRI, and post-
mortem data were blinded to treatment allocation. Surgery
failure, defined by the absence of lesions on pre-contrast
MRI, was an exclusion criterion.

Animal model

Mice were anaesthetised with isoflurane in ambient air.
Focal cerebral ischaemia was induced as described else-
where [15, 16]. Briefly, the right MCA was exposed by
subtemporal craniotomy and occluded by electrocoagula-
tion. Wounds were then sutured and covered with lidocaine
(AstraZeneca, Reims, France) to alleviate pain. During sur-
gery, body temperature was monitored with a rectal probe
and maintained at 37 °C using a feedback-regulated heating
pad.

Treatment

Minocycline is a second generation antibiotic of the tetra-
cycline family. Its half-life in rodents is approximately 2 h

pMCAO n=24
Minocyclinen=12(i.p. 90 mg/kq)
Vehiclen=12 P904 USPIO (i.v. 2 mmolikg) Sacrifice Histology & Iron assay
> dose MRI . dose MRI MRI l
............. 4 S S 1 .
TO 5Smin 3h 4h 5h 6h 24h 48h

Fig. 1 Experimental design. TO corresponds to surgery; % dose corresponds to 45 mg/kg minocycline administration
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[17]. Minocycline (Sigma-Aldrich, Lyon, France) was dis-
solved in phosphate-buffered saline (PBS; 0.1 M, pH 7.4).
Three injections were performed intraperitoneally at (1)
5 min (90 mg/kg), (2) 3 h (45 mg/kg), and (3) 6 h (45 mg/
kg) after ischaemia [18]. Control mice received equivalent
volumes (0.1 ml) of vehicle.

Contrast agent

The P904 USPIO contrast agent was provided by Guerbet
Research (Aulnay-sous-Bois, France). It is composed of an 8-
nm crystalline iron oxide core (maghemite y-Fe,O;) coated
with a hydrophilic material for stabilisation and biocompati-
bility. Its mean hydrodynamic diameter is 25 nm (range: 20 to
50 nm). P904 r1 relaxivity is4 mM ' s ' at4.7 Tin 4 % HAS
(a medium closed to plasma) at 37 °C, and r2 relaxivity is
92 mM ' s7! in the same conditions. A dose of 2 mmol Fe/kg
body weight was injected intravenously into the tail vein 5 h
post-pMCAQO, i.e. 24 h before the first follow-up MRI,
according to a well-documented protocol [19-21].

MRI

Experiments were performed on a 4.7-T/10-cm Bruker
Biospec interfaced to a Bruker Paravision 5.0 system
(Rheinstetten, Germany). A 50-mm inner-diameter birdcage
coil for RF transmission and a 15-mm diameter surface coil
for reception were used. The mice were placed on a bed
equipped with both ear and bite holders. Body temperature
was maintained at 37 +1 °C by an integrated heating system.
During image acquisition, anaesthesia was maintained using
isoflurane 2 % in ambient air, and respiration was monitored
with a pressure probe. The MR imaging protocol is de-
scribed in Table 1. Animals were not randomised with
respect to imaging time; however, they were imaged at the
same time at D0, D1, and D2, thus ensuring that data were

Table 1 MR imaging protocol

collected at the same moment post-injury for each animal
(see Results).

Histology

After the last MR examination, the animals were deeply
anaesthetised with isoflurane and decapitated, and the brains
were dissected out. The brains were then immersed in 4 %
paraformaldehyde in 100 mmol/l pH=7.4 phosphate buffer
for 24 h at 4 °C, bathed for 12 h in phosphate buffer and kept
in 30 % sucrose at 4 °C until use. When needed, tissues were
embedded in polyethylene glycol and cut into 20-pm-thick
sections by cryostat. Brain sections were hydrated in PBS and
treated with 0.3 % hydrogen peroxide and methanol for
10 min to exclude any background staining by endogenous
peroxidase. Microglia/macrophage detection was performed
using a Histostain Plus Bulk kit (Invitrogen). Brain sections
were rinsed in PBS and incubated for 10 min at room temper-
ature with serum blocking solution (ready-to-use composi-
tion). Rat anti-mouse F4/80 antibody (clone MCA497,
Serotec, Oxford, UK) diluted 1/50 in Dako S3022 solvent
was applied over the brain sections for 1 h at room tempera-
ture. Sections were then rinsed three times in PBS and incu-
bated for 20 min at room temperature with a ready-to-use
biotinylated secondary antibody solution. After three rinses,
the sections were treated for 10 min with enzyme conjugate
followed by another cycle of PBS baths. Then 50 ul diami-
nobenzidine in 1 ml solvent was used to reveal the activated
microglia/macrophage staining. Finally, sections were coun-
terstained with nuclear red so as better to visualise the cyto-
plasm, and the iron nanoparticles were stained by Prussian
blue.

For immunoglobulin deposit detection, brain sections were
prepared as previously described [19]. Briefly, biotinylated
sheep antimouse secondary antibody was used for brain sec-
tion incubation and diaminobenzidine supplemented with

Imaging Spin-echo T2- Gradient-echo (GRE) Carr-Purcell-Meiboom-Gill Spin-echo diffusion-
parameters weighted images FLASH Tlw multi-slice multiecho (MSME) weighted images (DWI)
TE/TR (ms/ms) 75/3,500 4/157 15/4,000 28/2,000

b Values (s/mm?) N/A N/A N/A 0, 1,000

Flip angle (degrees) 180 90 180 90

No. of acquired signals 4 8 8 echoes 4

Bandwidth (kHz) 50 101 50 303

Field of view (mm?) 20%20 20%20 20%20 30x30

Slice thickness (mm) 1 1 1 2

Number of slices 15 15 15 7

Matrix size 128 %128 128 %128 64 %64 128x128

Note: TE = echo time; TR = repetition time; MSME sequence for R2 maps; WI = weighted imaging. DWI was performed at DO only. Apparent

diffusion coefficient (ADC) maps were generated using Paravision 5.0
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nickel ammonium sulphate solution to visualise peroxidase
activity.

Brain iron assay

Brain tissue was weighed, and 1 ml of cold water was added
per 100 mg of tissue. Homogenisation was performed with a
Gentle Macs (Myltenyi) device. The sample rested for 2 h at
4 °C to break down the foam produced by homogenisation,
and then was sonicated for 30 s at 4 °C to lyse the cells
completely (so as to remove the effect of compartmentalisa-
tion of the water). T1 relaxometric measurements were
performed at 20 MHz and 37 °C (Minispec Bruker). The
calibration curve was based on a linear regression of the
form: [(1/T1-1/T1dia)])/r1=C. The product of concentration
and sample weight provided the amount of iron in the brain.
Product R1 in the biological matrix was previously deter-
mined by measuring the T1 of non-injected control mouse
brain homogenate overloaded with increasing concentra-
tions of P904. The Tldia (diamagnetic) value was derived
from measurement in homogenates without injection.

Data analysis

All data were analysed on a personal computer (1.83 GHz, 2
Gbytes) using MIPAV software (Medical Image Processing
and Visualization, NIH, Bethesda, MD, USA; http://mipav.
cit.nih.gov/), as detailed below. Apart from lesion volume,
all quantitative MRI and histology measurements were
made on the central slice of the lesion, at the level of the
corpus callosum (bregma -1.28 mm, according to Franklin
and Paxinos’s atlas) [22], where previous studies identified
specific USPIO-related changes over time [19, 21].

MRI analysis

T2-weighted images revealed a sharp transition between the
lesion and healthy tissue at baseline and even after USPIOs
injection (see Fig. 3, T2-WI, D1 and D2). Therefore, lesions
were manually outlined on T2-weighted images at all

timepoints. Volumes were calculated by summation of the
lesion areas of all brain slices showing brain damage and
integration by slice thickness. Brain swelling (increased
ipsilateral hemisphere volume compared with contralateral)
was assessed by dividing the ipsilateral (IH) by the contra-
lateral hemisphere (CH) value: IH/CH. To avoid overesti-
mation attributable to brain swelling, lesion volume (V) was
normalised by the ratio: VxCH/IH.

Transverse relaxation rate maps (R2=1/T2) were gener-
ated from MSME native images using MRIUtil software
(Penn State Hershey, Hershey, PA, USA; http://www.
pennstatehershey.org/web/nmrlab/resources/software/
mriutil).

The USPIO brain uptake induces hypointense signals on
post-contrast T2-weighted images, reflecting higher R2 re-
laxation rates, which translate on R2 maps into hyperintense
signals. Extent of USPIO uptake was defined automatically
by thresholding R2 maps so as to encompass the hyperin-
tense zone corresponding to USPIO accumulation areas
(Fig. 2a). A threshold of 35 s™' was applied, based on in
vitro calibration curves [23].

Quantitative R2 measurements were made using a four-
pixel (0.39 mm?) region of interest (ROI) placed on the R2
maps, in systematically identical locations at DO, D1, and
D2: (1) in contralateral healthy tissue, (2) lesion core, (3)
lesion periphery, and (4) the contralateral corpus callosum.
The contralateral healthy tissue R2 values were used to
normalise those obtained in the other three ROIs. Changes
in R2 over time were calculated as: AR2(Di)=R2(Di)-R2
(D0), with i=1 and 2.

Histology analysis

Extents of F4/80+ cells and BBB permeability to IgG were
measured by manually outlining areas of positive staining
on respective slices (Fig. 2b and Fig 2c). The mean number
of F4/80+ round-shaped cells was made by averaging cell
counts performed on three consecutive slices using a
0.06 mm” region of interest placed systematically in the
same area in the periphery of the lesion.

. .
LT P
L
., |
I
AT

Fig. 2 (a) Extent of USPIO uptake automatically defined by thresholding R2 maps. (b) Extent of F4/80+ cells and (c) extent of BBB permeability

to IgG as defined by manually outlining areas of positive staining

@ Springer


http://mipav.cit.nih.gov/
http://mipav.cit.nih.gov/
http://www.pennstatehershey.org/web/nmrlab/resources/software/mriutil
http://www.pennstatehershey.org/web/nmrlab/resources/software/mriutil
http://www.pennstatehershey.org/web/nmrlab/resources/software/mriutil

Eur Radiol (2013) 23:37-47

41

Statistical analysis

Statistical analysis was performed with the SPSS 11 statis-
tical software package for Windows (SPSS, Chicago, IL,
USA). Data are given as mean values + standard deviation,
and presented as scatter plots showing individual values.
MRI data were evaluated statistically by analysis of variance
for repeated measures using the general linear model.
Additional intra-group comparison (D1 vs. D2) was per-
formed using the Wilcoxon signed-rank test. Non-
parametric Mann-Whitney tests were used for inter-group
comparison of post-mortem measurements. Spearman cor-
relation coefficients (r;) were computed to assess the rela-
tionship between the extent of USPIO uptake and iron dose,
lesion size, F4/80+ and IgG + areas. P values less than 0.05
were considered significant for all statistical analyses.

Results

All animals survived the protocol. Three mice were exclud-
ed because of surgery failure (1 in the vehicle group and 2 in
the minocycline group). In all other animals, surgery
resulted in a reproducible focal lesion in the cortex and the
dorsal part of the striatum [Fig. 3, apparent diffusion coef-
ficient (ADC), arrowhead].

MRI

T2-WI obtained at D1 (23 h+2 h) and D2 (47 h+2 h) after
USPIO administration showed areas of signal loss in the
perilesional area, around CSF compartments (ventricles and
velum), and along the ipsilateral corpus callosum, in all
mice in both the vehicle and minocycline-treated groups
(Fig. 3, T2-WI). In half of the animals (7/11 in the vehicle
group and 5/10 in the minocycline-treated group), the
regions of signal loss extended into the contralateral part
of the corpus callosum. Acute transcallosal deafferentation
might be responsible for this phenomenon [21]. The hypo-
intense signal seen on T2-WI was observed as a hyperin-
tense signal on gradient echo (GRE) T1-weighted images at
D1, which shifted to a hypointense signal at D2 (Fig. 3,
GRE, arrows). These observations were in line with those of
previous studies studying non-treated animals [19, 21].

Figure 4 presents lesion volumes and brain swelling,
repeatedly measured on DO, D1, and D2, in both groups.
Lesion sizes were significantly smaller in minocycline-
treated mice than in control mice (P=0.006) (Fig. 3a).
Brain swelling was also significantly reduced in
minocycline-treated compared with control mice (P=
0.003) (Fig. 4b).

The USPIO uptake was significantly affected by time and
treatment: thresholded areas were lower on D2 than on DI

(P=0.04), and were decreased by minocycline treatment
(D1, vehicle: 9+4 mm? vs. minocycline: 6+3 mm?; D2,
vehicle: 742 mm? vs. minocycline: 4+3 mm?; P=0.017)
(Fig. 5a). There was no correlation between the extent of
USPIO uptake (as measured by areas with R2>35 ms™) and
lesion size at any timepoint.

Pre-contrast R2 values in healthy tissue and AR2 values
are shown in Table 2. R2 values in healthy tissue did not
significantly vary over time, indicating that USPIOs had
been washed out of the circulating blood by D1. No signif-
icant difference between the two groups was found at any of
the time points in the lesion (P=0.68) or in the corpus
callosum (P=0.175). Perilesional measurements tended to
show a treatment effect (P=0.063), in addition to a signif-
icant time effect (P=0.005). Indeed, AR2 values at D2 were
significantly decreased compared with D1 values in the
vehicle-treated group (P=0.016), but not in the minocycline
group (P=0.386).

Histology

F4/80-positive cells with the round morphological features
of phagocytic cells were detected in the lesion, at the pe-
riphery of the lesion, around the CSF compartments (ven-
tricles and velum) and in the corpus callosum, for both
vehicle and treated groups (Fig. 6a), in co-localisation with
areas of signal loss on T2-WI (Fig. 2 and Fig. 3). Double
staining with Prussian blue and F4/80 suggested that iron
particles were internalised by macrophages (Fig. 6a2 and
a3). IgG immunostaining was found in the lesion, the perile-
sional area, around the CSF compartments, and in the ipsi-
lateral corpus callosum, in both groups (Fig. 6b).

Again, these findings reproduced the results of a previous
study using the same animal model [19].

The necrotic part of the lesion tended to fall apart during
brain dissection, making quantitative damage assessment dif-
ficult. One brain in the vehicle group could not be analysed,
and six animals were finally included in each group. Despite
this limitation, areas of F4/80+ cells were found to be signif-
icantly smaller in the minocycline-treated group (6+1 mm?)
than in the vehicle-treated group (13+2 mm?; P=0.020)
(Fig. 5¢). There was also a significant difference in the IgG-
positive area between the two groups (vehicle: 114 mm? vs.
minocycline-treated: 61 mm? P=0.020) (Fig. 5¢). In the
perilesional area, there were fewer F4/80+ round-shaped cells
in the minocycline-treated group; however, the difference was
not statistically significant (vehicle: 4248 vs. minocycline-
treated: 34+19; P=0.34) (Fig. 5d).

Correlations between the extent of USPIO uptake at D2 (as
measured by areas with R2>35 ms™") and F4/80+ and IgG +
areas appeared not significant (r,=0.48, P=0.118 and r,=
0.54, P=0.071 respectively). However, when two outliers
were excluded from the analysis (one in the minocycline
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a - Vehicle

T2-WI

R2 > 35 ms’!

GRE

b - Minocycline

T2-WI

R2 > 35 ms!

GRE

Fig. 3 USPIO distribution over 2 days in a transverse slice through
mouse brain (bregma -1.28, according to Franklin and Paxinos’s atlas)
observed on multiparametric MRI in a vehicle-treated (a) and a
minocycline-treated mouse (b). DO corresponds to pre-contrast and
D1 and D2 to post-contrast data. T2-WI: Note the larger lesion size
in the vehicle-treated animal compared with the minocycline-treated
animal at DO (shown as hypointense signal on ADC maps) and the
marked T2 signal decrease induced by USPIOs in the lesion, the

group and one in the vehicle group: Fig. 5, red circles), good
and statistically significant correlations were highlighted be-
tween the extent of USPIO uptake at D2 and both F4/80+
(Fig. 5e, r,=0.82, P=0.004) and IgG+(Fig. 5f, r,=0.86, P=

@ Springer

perilesional area, and in the corpus callosum at D1 and D2 (arrows).
R2>35 ms™": Red voxels represent the result of automatic segmenta-
tion by thresholding R2 maps. Note how segmented areas visually
corresponded to areas of hypointense signals on T2-WI. GRE: Note
the transition from hyperintense (D1) to hypointense (D2) signal
(arrows), most likely related to USPIO’s internalisation. T2-WI: T2-
weighted imaging; GRE: gradient echo imaging

0.002) areas. The outliers corresponded to animals with aver-
age lesion size compared to their respective groups, but show-
ing particularly marked signal loss following USPIO
administration.
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Vehicle (N=11) Minocycline (N=10)

Fig. 4 Evolution in time of lesion volumes (after correction for brain

minocycline-treated (N=10) groups

Brain iron assay

On relaxometric assay, iron uptake in brain tissue was 11+
4 nmol in the control group (n=4) and 5+2 nmol in the
minocycline-treated group (n=4); this difference did not
reach significance (P=0.20). On the other hand, there was
a good correlation between the iron assay results and USPIO
uptake measured at D2 (Fig. 5b, »,=0.83, P=0.010).

Discussion

Post-stroke inflammation is a therapeutic target of consider-
able interest because its therapeutic window is potentially
wider than that offered by thrombolysis. Imaging surrogate
markers are urgently needed to monitor such therapy so as to
finely tune the complex inflammatory cascade.
Inflammation imaging currently relies on macrophage de-
tection. This can be achieved by PET, using PBR/TSPO
radioligands, or by MRI, using iron oxide nanoparticles.
As MRI is increasingly used for the management and selec-
tion of stroke patients for thrombolysis, surrogate MRI
outcome measures are becoming an important component
of translational research. We show here, to our knowledge
for the first time, that MRI enhanced with USPIO enables
monitoring of anti-inflammatory treatment.

Several studies suggested that minocycline treatment
could inhibit ischaemia-induced activation of microglia
through post-mortem immunohistochemical staining [11,
13-24]. Recently, Martin et al. measured a significant de-
crease in macrophage-specific radiotracer uptake after min-
ocycline treatment in a rat model of transient focal cerebral
ischaemia [25]. In their study, however, PET data were not
validated against immunohistochemistry. The present study
combined (1) in vivo imaging by USPIO-enhanced MRI, (2)
post-mortem measurement of brain contrast-agent uptake on

oo

p=0.003

0.8 Qoo

abD1

0.6 mD2

Brain swelling (%)

04

02

Vehicle (N=11) Minocycline (N=10)

swelling) (a) and brain swelling (b) in vehicle-treated (N=11) and

relaxometry, and (3) post-mortem detection of both contrast
agent and one of its cellular targets on immunohistochem-
istry. As expected, minocycline treatment induced a de-
crease in: (1) lesion size, (2) BBB permeability to IgG,
and (3) F4/80 immunostaining for macrophage/microglia.

A significant difference in lesion size was observed at the
earliest time point (D0). Although this early time point (4 h
post-occlusion) was not evaluated in previous studies, this
result was not expected, as anti-inflammatory mechanisms
are considered to occur later at the acute stage. Alternatively,
antioxidant mechanisms involved in the very first hours
after cerebral ischaemia [12] may explain a difference in
lesion initiation between minocycline-treated mice and con-
trols. MRI could not be performed before treatment initia-
tion to check if distribution of initial lesion sizes was similar
in each group because delayed minocycline administration
shows no significant benefit after insult, unlike early admin-
istration [12]. To minimise this bias, allocation was rando-
mised and concealed to the investigator responsible for
stroke induction, according to STAIR recommendations
for preclinical trials [26]. Lesion size was not the primary
endpoint of the current work, in which minocycline was
chosen because it represented a drug with both anti-
inflammatory properties and clinical relevance [27].

In this specific model of pPMCAO, USPIO enhancement at
24 h post-injury has been shown to be mainly caused by non-
specific mechanisms such as BBB leakage, rather than by
peripheral phagocyte infiltration [19]. At 48 h, most iron-
related signal changes on MRI are indisputably paralleled by
phagocyte-associated iron deposition detected on histology
[21]. These phagocytic cells are usually thought to be macro-
phages [5], although it remains unclear which subtype is
labelled, and in which proportion. Again, these questions were
not primarily addressed in the present work, which confirmed
the basic findings of previous studies showing that F4/80+
cells had phagocytosed USPIOs at D2 post-injury [21].
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Fig. 5 MRI, immunohistological, and iron assay endpoints. (a) Areas
of USPIO uptake quantified from thresholding R2 maps at D1 and D2.
(b) Correlation between post-mortem relaxometric iron dosage and R2
maps thresholded areas at D2. (¢) Areas of F4/80 and IgG staining
measured from histological slices at D2. (d) F4/80+ round-shaped cells

Despite these unsolved issues concerning the mechanism
of action of minocycline, and of the USPIO mechanism of
labelling, we present here a proof-of-concept study validat-
ing USPIO uptake as an imaging index sensitive to treat-
ment. However, to date, a major limitation of the technique
is clearly the inability to unequivocally discriminate be-
tween multiple drug effects on BBB breakdown and on
phagocytic activity. Indeed, it could very well be that the
extent of USPIO uptake mainly reflected contrast agent
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outliers (circled in red)

leakage into the brain. USPIO ingestion by phagocytic cells
might then appear reduced in the minocycline group only
because of reduced availability in the brain. Assessment of
BBB disruption at the time of USPIO injection using a
gadolinium chelate was not performed in the current work
because it is technically challenging to perform two consec-
utive intravenous injections in the same mouse; however T1
enhancement of the entire lesion has been reproductively
showed after gadolinium chelate injection at 6 h post-
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Table 2 R2 (in healthy tissue) and AR2 measurements in s™' given as mean + standard deviation

Measure R2 AR2

Locus Contralateral healthy tissue Lesion Perilesional area Corpus callosum
Time point DO D1 D2 D1 D2 D1 D2 D1 D2
Vehicle (n=11) 22+2 21+1 20+1 17+15 12+11 1348 S5+3% 18+17 1349
Minocycline (n=10) 1942 20+1 20+1 13+14 12+15 7+3 5+£5 9+14 8+12

*D2 vs. D1, Wilcoxon signed-rank test: P=0.016

pMCAO [19, 21]. To test the hypothesis of reduced avail-
ability of USPIOs, one would then need to quantify the
amount of free USPIO in the brain at D1. However, this
could not be done using histological approaches because of
the well-known lack of sensitivity of Prussian blue to inter-
stitial USPIO (as opposed to iron compartmentalised in
cells) [19, 28, 29], or using iron dosages as these do not
discriminate between free and compartmentalised USPIOs.

Vehicle g
Al
[
A2
0
b N
Minocycline c
C1
O
C2
d g

Fig. 6 Representative snapshots of immunohistology in a vehicle-
treated mouse (a and b) and a minocycline-treated mouse (¢ and d).
Positive staining can be seen in the lesion, perilesional area, corpus
callosum, and around the ventricles with F4/80 immunostaining for
microglia/macrophages (a and ¢) and IgG as a marker of BBB

Even techniques such as electronic microscopy would only
provide a visual assessment of the presence of free USPIOs,
not, to the best of our knowledge, a quantitative one.
Conversely, what are the arguments in favour of MRI
monitoring of phagocytosis inhibition? USPIO cell internal-
isation induces a decrease in T2 relaxivity [30]. This effect
could explain in part the significant decrease in the extent of
USPIO uptake between D1 and D2 observed in both groups,

20X

disruption (b and d). Magnification of a region in the corpus callosum
shows brown F4/80+ reactive cells (al, cl). Prussian blue and F4/80
double staining shows multiple Prussian bluet+ spots associated with
F4/80+ cells (a2, ¢2). Prussian blue staining around the nucleus sug-
gests USPIO cell internalisation (a3, ¢3)
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as in some regions, R2 would then fall below the threshold
(see thereafter for discussion of this limitation). The de-
crease in USPIO uptake extent at D2 might also be influ-
enced by migrating and gathering of iron-labelled cells in
chemoattracting regions, such as the lesional and/or perile-
sional area (as seen in Fig. 5 for instance). Interestingly,
there was a statistically significant reduction in AR2 from
D1 to D2 in the perilesional area of the vehicle group, while
AR?2 remained constant in the minocycline-treated group.
These findings suggested enhanced local phagocytic activity
in the non-treated group [30]. The trend towards lower
round-shaped cells in the perilesional area of minocycline-
treated mice provided an argument in favour of this inter-
pretation, although studies involving more animals are war-
ranted to confirm this result.

One limitation of the segmentation approach is that the
result is dependent on the choice of threshold. It is therefore
mandatory to apply the technique to maps generated from
reproducible quantities such as R2. Both phantom and ani-
mal studies showed a linear relationship between R2 and
USPIO concentration [30, 31], so that the threshold can be
taken as reflecting a given amount of iron oxide. The
healthy mouse brain presents homogeneous pre-contrast
R2 values (around 20 ms™' at 4.7 T) that do not substantially
vary from one region to another. However, vasogenic oede-
ma in the ischaemic lesion induces a drop in pre-contrast R2
(around 8 ms™" at 4.7 T). As a consequence, a single thresh-
old for post-contrast R2 may in fact reflect a range of iron
concentrations [(1.2-2.4) mmol Fe/ml for free iron, and
30 % less for internalised iron]. We therefore checked: (1)
that thresholding resulted in areas visually corresponding to
hypointense signals on T2-WI and (2) that the resultant
extent of USPIO uptake was linearly related to the amount
of iron in the brain, as measured post-mortem on T1 relax-
ometry. Although the additional positive correlations be-
tween the extent of USPIO uptake and F4/80+ and IgG+
areas are encouraging, there are obvious limitations in com-
paring areas from two methods without co-registering the
images in order to evaluate the actual match between the
two. However, co-registration of histology with MR images
is difficult, because of the disparity in scale (in-plane reso-
lution and slice thickness) as well as tissue distortion that
occurs when live tissue is fixed and sectioned.

Another drawback of the thresholding approach is repre-
sented by a potential loss of sensitivity for internalised cells in
regions with a low density of phagocytic cells. In most cases,
areas of R2 hyperintense signals were smaller than areas
covered by F4/80+ cells and IgG + staining (Fig. 2 and 5),
despite the blurring and partial volume effects of MR images.
This may be explained by the fact that manual contouring of
histological slices encompassed regions of weak (e.g. lesion
core) as well as high density (e.g., perilesional area), whereas
automatic segmentation specifically highlighted high spots.

@ Springer

In summary, as minocycline has a broad spectrum of inter-
dependent therapeutic effects, it should be acknowledged that
both a decrease in BBB permeability and inhibition of phago-
cytosis may have influenced the USPIO-enhanced MRI find-
ings. Despite this limitation, one might argue that because
future strategies for stroke treatment involve a combination
of therapies [32], a functional imaging technique providing
synthesised information about two of the multiple mechanisms
of action might still prove useful in a translational prospect. For
example BBB protection by minocycline could reduce damage
associated with reperfusion, hence the association with throm-
bolysis in the Minos study [10]. Although there are still several
limitations to overcome before the widespread application of
the technique in clinical practice (such as elucidating the
USPIO entrance route into the brain of stroke patients or
defining R2 thresholds in the more complex human brain),
USPIO-enhanced MRI might provide useful surrogate markers
for detecting a therapeutic effect in pre-clinical studies.
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