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Abstract

Imaging of the Inflammatory Response in Reperfusion Injury After Transient
Cerebral Ischemiain Rats: Correation of SPIO-enhanced MR I mageswith

Histopathology

Jinna Kim

Department of Medicine

The Graduate School, Yonsal University

(Directed by Professor Dong Ik Kim)

Reperfusion by recanalization of the occluded gradter acute ischemic stroke
may result in microscopic cellular damage, and edénflammatory responses have
been thought to play a central role in ischemiarsion injury. The purpose of this
study was to determine if the accumulation of mplages could be seemvivo in a
reperfusion animal model after focal cerebral isgiaeusing superparamagnetic iron
oxide (SPIO)-enhanced magnetic resonance (MR) imgagand to correlate the

spatial distribution of SPIO-induced MR signal edtéons with histopathologic



findings.

One-hour transient occlusion of the middle cerebhrgéry was produced in adult
male Sprague-Dawley rats. We injected SPIO pastiakedifferent time points after
reperfusion and performed three-dimensional (3-Rj)-Weighted MR images with
gradient-echo sequence 24 hours later. After thguisition of MR imaging, a
specimen was obtained. Macrophages were detectéld Riussian blue and
immunohistochemical staining. Histochemical ironedéion was compared with T2*
signal abnormalities.

At days 3 and 4 post-reperfusion, focal areas ghali loss indicating local
accumulation of SPIO particles appeared at theecaitthe damaged brain. Areas of
signal loss corresponded to local accumulation roh-laden macrophages in
histologic sections, and SPIO-induced signal losdicated active macrophage
transmigration into the reperfused brain.

SPIO-enhanced MR imaging demonstrated throughvivo monitoring that
macrophages participate in reperfusion injury atyestages of injury development.
SPIO-enhanced MR imaging can be a useful tool taméxe the inflammatory

mechanisms involved in reperfusion brain injury.

Key words: acute ischemic stroke, reperfusionaimfination, macrophage, magnetic

resonance imaging
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[.INTRODUCTION

Recently, reperfusion by recanalization of occludetkries has proven the most
effective therapy for acute ischemic stroke in hnsaAggressive therapeutic trials
have studied the effectiveness of intravenousa-atterial, mechanical, or combined

thrombolysis for the treatment of hyperacute cexebrfarcts™ In light of these



advances, elucidation of the pathophysiologicahe/¢hat complicate early cerebral
reperfusion is essential.

Although reperfusion can save ischemic tissue Ipidraestoration of cerebral
blood flow, microscopic cellular injury after refesion may occur by various
mechanisms. The adverse effects of reperfusionniimithe net positive effect on
clinical outcome and independently increase the afsdecline in stroke patients.
Reperfusion injury has been defined in numerousswidmat implicate secondary
hemodynamic disturbances, enhancement of inflammat@sponses, excess
production of oxygen freeadicals, glutamatergic excitotoxicity, apoptosid
breakdown of the blood-brain barrier (BBB) as fastthat contribute to reperfusion
injury.*"*3In all of them, it has been well documented thatfqund inflammatory
responses are evoked and that immune mediatorsqeddy the inflammatory cells
contribute to reperfusion cellular injufy.

Recent studies have demonstrated that superparatiagron oxide (SPIO)
particles taken up by macrophages in the mononugleagocyte system enalile
vivo monitoring of macrophage infiltration by magnetgsonance (MR) imaging in
the experimental ischemic rat brafft?

The purpose of the present study was to visualzy activation and accumulation
of macrophages in an experimental reperfusion dnim@lel by means of SPIO-

enhanced MR imaging, to evaluate the clinical Use&s of SPIO-enhanced MR



imaging for the assessment of inflammatory respoirseeperfusion brain injury, and
to correlate the spatial distribution of SPIO-inddcMR signal alterations with

histopathologic findings.



[I.MATERIALS & METHODS

1. Animal preparation

Animal experiments were approved by the Committeethe Care & Use of
Laboratory Animals at the Yonsei University Collegé Medicine. Adult male
Sprague-Dawley rats weighing 300 to 350 g were esitbl to transient middle
cerebral artery occlusion (MCAOQO). Animals were dhezed with 100 mg/kg body
weight ketamine chloride (Ketalar; Yuhan yanghaBgpoul, Korea) and 10 mg/kg
body weight xylazine hydrochloride (Rompun; Bayeror&a, Seoul, Korea)
administered intraperitoneally. During anesthesdatal temperature was maintained
at 36.5°C to 37.5C by a heating pad. Ischemia was induced usingcafuding
intraluminal suture as previously descri&th brief, an uncoated 15-mm segment of
3-0 nylon monofilament suture with the tip roundgda flame was inserted into the
arteriotomy and advanced under direct visualizaitibm the internal carotid artery 21
mm from the bifurcation to occlude the ostium o thiddle cerebral artery. After 1

hour, the suture was withdrawn and surgical inasiwere closed.



2. Adminigtration of contrast material and MR imaging acquisition

0.2 mmol Fe/kg body weight SPIO patrticles (Resp@Bshering, Berlin, Germany)
were applied systemically into the circulatory syst24 hours before every MR
examination. Ferucarbotran (Resovist®) is compasfea dextran-coated iron oxide
core of 4 nm, and its hydrodynamic diameter is &BOunm. All measurements were
performed using a clinical 3.0 Tesla MR systemgiatAchieva, Philips Medical
Systems, the Netherlands) and a wrist coil to impragesolution. Rats were
anesthetized with intraperitoneal injections of 1®@/kg body weight ketamine
chloride (Ketalar) and 10 mg/kg body weight xylazimydrochloride (Rompun) and
MR examinations were performed atdays 1 (n=3n23),3(n=4),4(n=4),5
(n=3),6(n=2),8(n=2),10 (n=2)and 14=(A) after reperfusion.

Three control animals that had been operated aiveat sodium chloride at day 2
and were scanned by MR on day 3. In addition, traeenals underwent MR
examinations without SPIO application at day 3 rafeperfusion to obtain T2*-
weighted images and then subsequently receivedmicsD.2 mmol/kg body weight
Gadolinium-DTPA (Magnevist; Schering, Berlin, Genyga

To specifically assess the relation between SPtDédad signal loss and disruption
of the BBB, groups of rats received SPIO partiadesday 2 (n = 3). They were

scanned by MR on day 3 for iron deposition on titeeensional (3-D) T2*-



weighted MR images and immediately thereafter xexgkiadditional systemic
Gadolinium-DTPA injections as a marker for BBB igii¢y. Animals were then
scanned a second time to assess Gadolinium-DTPAneament on T1-weighted
images. Thereafter, T2*-weighted and T1l-weightecages were compared in
individual animals.

For all MR measurements, animals were lying in@prposition with their heads
fixed in a wrist coil. The T1-weighted (TR/TE = 628 ms) and T2-weighted (TR/TE
= 1700/80 ms) images were acquired in the corolaaigs to characterize the extent
and location of the ischemic injury in all of theimals. The field of view = 8 x 8 ¢n
matrix = 256 x 256, excitations = 4, and slice khiess = 2 mm. Moreover, 3-D data
sets of T2*-weighted sequence were acquired usgrgdient-echo pulse sequence in
the coronal plane (TR/TE = 40/16 ms, flip angle(8%), with a slice thickness of 1

mm.

3. Imageanalysis

For postprocessing MR data, region of interest jR@leasurements were
performed using Image J (NIH, Bethesda, MD, USAE Wétermined the overall
lesion volume (mr) in each animal by manually delineating the lesimnders in

subsequent slices. Moreover, in animals 3 to 4 dégs reperfusion, the extent of the



hypointense area caused by iron-accumulation wégilated and related to the
overall lesion volume. In addition, the mean sign&nsities of the hypointense and
hyperintense areas on T2*weighted images wererrdated and normalized to
cerebrospinal fluid signals to allow for interindlual comparison. Mean values were

statistically compared using Kruskal Wallis and Mafthitney U tests.

4. Histopathology

All rats were sacrificed for histologic analysisratitly after MR imaging
acquisition. The brains were rapidly removed, insi@r-fixed overnight in 4%
paraformaldehyde in phosphate-buffer, and embeddegaraffin. Subsequently,
coronal sections (4um thick) were cut at multiple levels through théancts by
microtome.

For iron detection, tissue sections were depaiaéfi) rinsed in deionized water
and immersed in Perl's solution containing 2% sitms ferrocyanide and 2% HCI at
a 1:1 concentration for 30 minutes, then countersth with nuclear fast red.
Additional sections were then rinsed in deionizechtew and stained by
immunocytochemistry using the antibody ED-1 atlatain of 1:200 as a marker for
monocytes/macrophages and phagocytic microgliao{€erOxford, UK). Binding of

ED-1 antibodies to cells was visualized by the @wvlotin-peroxidase method with



3,2 -diaminobenzidine using the ABC kit (Vector Labsjrihghame, CA, USA?.1
For equivocal identification of iron-labeled celge performed Perl's stain and ED-1
immunocytochemistry upon the next sections. Resuéise recorded with a DP-70
digital camera (Olympus, Melville, NY, USA). For roparison of T2* signal
abnormalities and histochemical iron detectiontiees through the center of the
infarctions stained for iron were compared with twresponding MR imagings.

Premounted sections were also stained with hemitesgsin (H&E).

10



1. RESULTS

1. MR imaging findings after reperfusion

All animals received systemic SPIO particles inpts 24 hours before MR
imaging acquisition. Ischemic lesions appeared ygeedintensities on T2-weighted
and T2*-weighted MR images during all stages ohiiaf development (Fig. 1A). No
areas of signal loss were present in ischemicrssat 1 to 2 days after reperfusion
and SPIO injection the day before. By day 3, farels of signal loss with a patchy
appearance, indicative of local accumulation ofCsparticles, emerged at the center
of the hyperintense ischemic territory, especiallyhe ischemic dorsolateral striatum
around striatal blood vessels, on T2-weighted a@ttweighted images at days 3
(Fig. 1B). The extent of the signal loss could destdemonstrated on high resolution
3-D T2*-weighted images. At later stages of infatetelopment after day 5, lesions
were shrunken and appeared entirely hyperintens& 2sweighted images. Focal
areas of signal loss were no longer seen, indigdtiat SPIO particle-induced signal

loss in ischemic brain lesions is a transient event

11
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Fig. 1. In vivo assessment of macrophage infiltration by SPIO-enhanced MR imaging at
various stages of reperfusion. All animals received systemic SPIO particle injenct 24
hours before MR imaging. Ischemic lesions appeasetyperintensities on T2-weighted and

T2*weighted MR images during all stages of infadevelopment (A). Whereas no areas of

12



signal loss were present in ischemic lesions at 2 tlays after reperfusion, focal areas of
signal loss were seen in the ischemic striatum -@h R*-weighted images at day 3 and 4

after reperfusion (B). At later stages of infaredlopment after day 5, lesions were shrunken
and appeared entirely hyperintense on T2-weightetjes. Focal areas of signal loss were no

longer seen.

Lesion volume (Fig. 2) and signal intensity of tgperintense lesions (Fig. 3)
significantly differed between days 1 to 14 dayerafeperfusion (Kruskal Wallis test,
P =0.024, P = 0.023, respectively). The proportibthe hypointense area in relation
to total infarct volume between days 3 and 4 afégerfusion did not significantly
differ (P = 0.243, Mann-Whitney U test). The hygeimse signal reached lowest
values at day 3, indicating peak iron depositiord was significantly different from

the values at days 4 (P = 0.021, Mann-Whitney t].tes

13
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Fig. 2. Overall lesion volume and the volume of hypointense area on T2*-weighted MR
images at various stages of reperfusion. Proportion of the hypointense area in relation to

total infarct volume did not significantly diffeebwveen days 3 and 4 after reperfusion.
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Fig. 3. Mean signal intensities of the hyperintense and hypointense areas on T2*-
weighted MR images at various stages of reperfusion. Signal intensity measurements of the

hypointense lesions exhibited a significant differe between days 3 and 4 after reperfusion.
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2. Histopathologic findings

H&E staining revealed ischemic tissue in the corexl striatum in all animals,
regardless of the day post-reperfusion. This isébeerritory was in good spatial
agreement with the hyperintense area on T2-weighMBdimages. There were no
hemorrhages in the ischemic lesions after repenfiysither associated with surgery
or not.

We confirmed our MR imaging findings by demonstrgtiocal iron deposition in
histologic sections stained with Perl's Prussiare dolution. In the ischemic lesions
up to day 2, only occasional cells on the pial azefwere iron-positive, whereas 3
and 4 days after reperfusion a large number of-lmden cells were located at the
center of ischemic brain lesions (Fig. 4). Ironipee macrophages were
predominantly found in the ischemic striatum, niglaod vessels. Regions with iron-
positive macrophages showed an excellent spatiatlaetion with the hypointense
areas on T2*-weighted images in all animals. A¢datages of infarct development,
i.e. beyond day 5, iron-positive cells were virtyabsent in ischemic lesions. Thus,
our histologic findings corresponded to the MR iinggresults and confirmed the

transient nature of the iron-induced signal loss.

16
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Fig. 4. Histologic section with Prussian blue stain 3 days after reperfusion. Histological
section with Prussian blue stain correspondingyjgomtense lesions on T2*-weighted MR
imaging revealed many macrophages with blue iratugions (arrow) at the center of the

ischemic brain, next to a blood vessel (A). Norbwalin (B). Magnification x400.

In corresponding sections stained with ED-1, a markor phagocytic
monocytes/macrophages and activated microglia, amdant number of ED-1-
positive macrophages were present in both the msicheortex and striatum 3 to 4
days after reperfusion (Fig. 5). ED-1-positive geltere present in higher numbers
than cells stained with Perl’'s Prussian blue soiytiand comparison of stained
sections revealed that most Prussian blue-staieksi were also ED-1-positive (Fig.

6). Prussian blue- or ED-1-positive cells were detected in the contralateral brain.

17



contralateral striatum . - ische’mfc Striatum

Fig. 5. Histologic section stained for ED-1 3 days after reperfusion. An abundant number
of ED-1-positive macrophages (both activated mitaognd monocytes) were present in the

ischemic cortex as well as in the ischemic striatamows)at days 3 to 4 after reperfusion.

18



Fig. 6. Comparison of stained sections with Prussian blue solution and ED-1 3 days after

reperfusion. ED-1-positive cells (B, arrow) in the ischemic atdm were present in higher

numbers than cells stained with Prussian blue isplA, arrow).

19



3. Correlation with BBB disruption

In control animals with transient MCAO but no SHIgections, ischemic lesions
did not exhibit signal loss on T2-weighted or T2&ighted images on day 3, but did
show Gadolinum-DTPA enhancement in the ischemimb(féig. 7A and B). When
we further assessed the relation between SPIO-@ttaignal loss and disruption of
the BBB, we found that Gadolinum-DTPA enhancememtTd-weighted images
uniformly covered the entire ischemic lesion on daafter reperfusion. SPIO-
induced signal loss was restricted to the centethef ischemic lesions on T1-
weighted images after immediate injections of addil systemic Gadolinium-DTPA
(Fig. 7C and D). This finding indicates that breakad of the BBB and macrophage

infiltration are unrelated events.

20
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Fig. 7. Relationship between SP10O-induced signal loss and breakdown of the BBB 3 days
after reperfusion. In control animals with sodium chloride injectiotisere was no signal loss
area within the ischemic lesion on T2*weighted g®s (A), and Gadolinum-DTPA
enhancement on T1-weighted images uniformly coveted entire ischemic lesion (B).
Gadolinum-DTPA enhancement on T1-weighted imagé&eumly covered the entire ischemic
lesion on day 3 after reperfusion, and SPI10O-indwsigdal loss was restricted to the center of
the ischemic lesion after immediate injections déliional systemic Gadolinium-DTPA (C,

D), suggesting that breakdown of the BBB and mautagp infiltration are unrelated events.

21



IV. DISCUSSION

The development of cerebral infarcts can be mositavith modern MR imaging
technique$??® However, various MR parameters such as the appaliénsion
coefficient (ADC) and T2 relaxation time only rafteconsecutive changes in the
amount and mobility of protons, failing to delineatreas of specific cellular
responses such as astrogliosis, microglial actimatand macrophage recruitméht.
SPIO particles are taken up by macrophages in eonuclear phagocyte system
and stored in lysosomes, and the iron-laden maaggsproduce a strong contrast on
T2*-weighted MR imaging? Such cell-type specific imaging using SPIO paeticl
enables the detection of macrophages in animal Imaifevarious central nervous
system (CNS) pathologies, including tumor, neraaitna, and autoimmune neuritis,
as well as inflammatory CNS lesiofi§” In this study, we sought to investigate the
feasibility of SPIO-enhanced MR imaging in the enation of reperfusion cellular
injury.

Ischemic brain injury not only leads to cell deéithough energy depletion, but
also to a post-ischemic inflammatory process tbatributes to a delayed progression
of the injury/*®*! It is well documented that focal ischemia in theperimental
MCAO model induces a time-dependent activationasfous inflammatory cells and

that many cytokines secreted by the inflammatorys ceontribute to reperfusion

22



cellular injury. Granulocytes are the first celts invade the ischemic tissue, after
which they disappear rapidly, followed by an iméition of T cells*** Macrophage
activity through the activation of resident micriagland the infiltration of
hematogenous monocytes starts after a delay ofldyS and persists for a longer
time period®* 3034

There have been previous attempts to specificatlgitar these cellular responses
in models of cerebral ischemia by use of cell-dpectontrast agents:™*
Kleinschnitz C et al® have shown that SPIO particle-labeled macrophages
accumulate at the borderzone of a focal photothatimlzerebral infarction as early
as 5.5 days after stroke induction. Using a trantdidCAO model, we could detect
signal loss on T2*-weighted 3-D MR images in evotyiischemic lesions and the
presence of numerous iron-laden cells in correspgnibcations through Prussian
blue staining of tissue sections. Macrophage reorrt occurred 3 or 4 days after
reperfusion within a very tight time frame, whiclgain confirmed the fact that
transient MCAO results in an earlier influx of afhmatory cells than permanent
MCAO.*® If early recanalization is applied clinically, antflammatory treatment
might attenuate pathogenic processes responsibl@diayed reperfusion cellular
injury, andtiming of neuroprotective anti-inflammatory therapyght be critical to

prevent injury progression.

The previous study showed the spatiotemporal grafilSPIO distribution over 7

23



days in the ischemic rat brain after a single iijecof SPIO particles, but SPIO
cleared from the blood plasma after day2.To visualize macrophage infiltration
vivo, we systemically injected SPIO particles 24 hduefore MR scans at various
stages of infarct development, rather than applinog particles at a fixed time point
after reperfusion induction. Since iron particlese almost completely eliminated
from the blood pool by macrophages after 24 hotig, time lapse between
intravenous injection of SPIO particles and scagnis an important technical
parameter. It is important to exceed the blood @hak the free contrast agent
molecule and to allow sufficient time for the irparticles to accumulate within the
lysosomes of the macrophad@®’ As a result, we conclude that SPIO distribution in
the brains we studied reflects active recruitmend anigration of blood-borne
macrophages, suggesting successfuivo monitoring of the inflammatory response
dynamics of the reperfused brain.

Histopathologic analysis of serial sections atieadtages of reperfusion revealed
a larger number of ED-1-positive macrophages thampositive cells with Prussian
blue stain in the ischemic brain. These findingdidate that SPIO-enhanced MR
imaging allows the detection of a subpopulation ED-1 positive infiltrating
macrophages and depicts the actual migration of-laden monocytes from the
circulation into the brain, probably arguing agaipassive diffusion of SPIO particles

through a disrupted BBB and consecutive uptakebgllphagocyte¥.

24



We also sought to clarify the relationship betweBBB breakdown and
macrophage infiltration in transient cerebral isofe and our study demonstrates
that these are unrelated events. SPIO patrticlesatigpassively diffuse through the
defective BBB, but must have been phagocytoseddiyorytes in the circulation and
transported cell-bound into the brain during phasésactive infiltration'>®
Reperfusion injury and hemorrhagic transformati@vehbeen known to share the
common substrate of an abnormally permeable capilted resulting from a
disruption of the BBB. Although early BBB disruption has been associatéith
hemorrhagic transformation and poor clinical outepmeperfusion injury does not
directly mean BBB disruption; it is actually assdeid with inflammatory reactions
under the influence of various cytokines. An exmemtal study revealed that
reperfusion after short periods of ischemia (3@@minutes) appears to be mainly
complicated by secondary ischemic damage, wher8& damage associated with
vasogenic edema becomes a dominant factor withelomgclusion times (2.5
hours)®” Accordingly, the ischemic time of the brain ande timing of anti-
inflammatory therapy are important considerationthe protection of the reperfused
brain in acute stroke patients.

As a pathogenic mechanism of ischemic brain damagerons die via two
different pathways under the influence of variowsinotoxic factors: necrosis and

apoptosis®*° While necrosis represents passive degeneratiorlisf apoptosis is an

25



active form of programmed suicidal cell death whigtenergy dependent. Previous
neuropathologic studies have reported that apapw#il death after ischemia is
spatially related to the presence of inflammatasdn the cerebral ischemia, and it
is assumed that inflammatory mechanisms might @ayimportant role in the
delayed increase of infarct voluré® Activated microglia cells, blood-derived
monocytes, and T-lymphocytes are major sourcesiefcytotoxic molecules which
promote delayed apoptosis of neurons and hencatalsincrease of infarct volume,
despite restoration of cerebral perfusidif. In the transient ischemic model, it has
also been reported that reperfused brain tissueess@s various degrees of positivity
for apoptosis. Further studies of the spatiotemporal relationsbfipapoptotic cell
death to inflammatory responses in reperfusiombrgury are necessary.

Finally, there are a number of limitations to otudy. One of most important
technical limitations is that cellular damage resuiot only from reperfusion injury
but also from the initial ischemic insult. Actually is very difficult to make a pure
reperfusion model of transient ischennmavivo. In addition, whereas recanalization
with eitherspontaneous or drug-induced thrombolysis in hunigrgs comparatively
slow process, there is a sudden restoration ofdbflwav in the rat suture model and
the resultingearly postischemic hyperperfusion may exacerbaee dffectsof
ischemic-reperfusion brain injury. Dose of SPIO tcast agent is another important

parameter requiring further consideration, becatls® blood half-life of the

26



compound increases with the dose administ&r&dAlthough we used the dose
recommended for human MR imaging, the increasdamfcbhalf-life would increase

the probability of SPIO uptake by cells from thermapnucelar phagocytic system.
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V.CONCLUSION

To visualize macrophage infiltration in an expenitad transient MCAO model,
we systemically injected SPIO particles 24 hourteeMR imaging. We showed
that macrophages are involved in reperfusion bmajury after transient cerebral
ischemia at early stages of infarct progress, &adl $P10-enhanced MR imaging
could help to further elucidate the role of inflaabory cells in reperfusion cellular

injury.

1. The accumulation of macrophages was visualized/o with SPIO-enhanced MR

imaging in an experimental rat model of transiarebral ischemia.

2. At early stages of infarct progress, macrophagesn to be transiently involved in
reperfusion brain injury after transient cerebsghiemia. The macrophages showed a
nonspecific spatial distribution at the centerhaf tschemic lesion, especially around

striatal blood vessels.

3. Signal loss on T2*-weighted MR images in transeerebral ischemia was caused
by the presence of numerous iron-laden cells inesponding locations as revealed

by Prussian blue staining of tissue sections.

28



4. Although a high number of iron-containing cellsre visible, the majority of ED-

1-positive macrophages were not iron-positive.

5. SPIO-induced signal loss on MR imaging was iredejent from disturbance of the

BBB.

29
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