Iron Particle—Enhanced Visualization of
Inflammatory Central Nervous System Lesions by
High Resolution: Preliminary Data in an Animal

ORIGINAL
reseArcH | Model
R.A. Linker BACKGROUND AND PURPOSE: The detection of cell infiltration is critical for the diagnosis and moni-
A. Kroner toring of inflammatory disorders, especially in the central nervous system (CNS). Superparamagnetic
T. Horn iron oxide (SPIO) particles have recently been introduced as a contrast agent to detect macrophage
' migration in vivo by MR imaging. We tested the hypothesis that focal hyperechogenicity due to
R. Gold SPIO-laden macrophages can also be visualized on high-resolution sonography.
M. Maurer

METHODS: Experimental autoimmune encephalomyelitis (EAE) was induced by myelin-oligodendro-
cyte glycoprotein (MOG) in congenic Lewis rats, an animal model mimicking many aspects of human
multiple sclerosis. At the height of disease, rats underwent MR imaging with a 1.5T unit. Animals were
injected with SPIO particles 24 hours before imaging. Control rats either received no contrast agent or
were injected with SPIO particles without prior induction of EAE. Immediately after MR imaging, the
rats were sacrificed, and the brains were removed and placed in saline. Sonography was performed
directly after brain removal. Brains were embedded in paraffin, and sections were stained for iron with
Perls stain and for macrophages with ED1 immunohistochemistry.

M. Bendszus

RESULTS: SPIO-enhanced sonography of rat brains during a relapse of EAE specifically showed
marked focal echogenicity in EAE-typical areas of the brain, including the periventricular region, the
cerebellum, and the brain stem. The sonographic results corresponded to in vivo MR imaging findings
of the respective animals as well to the clinical symptoms of EAE and to histology showing iron-laden
macrophages in demyelinated lesions.

CONCLUSION: SPIO particles allow the detection and demarcation of inflammatory CNS lesions on

wo- and 3D imaging by sonography is a widely used real-

time method for noninvasive analysis of various tissue al-
terations. In the central nervous system (CNS), B-mode
sonography can routinely be applied to detect tumor growth
or to evaluate ventricular diameters (eg, as a surrogate param-
eter to determine brain atrophy in multiple sclerosis)."* Iron
can be detected by sonography, as shown previously in animal
models and in patients with Parkinson disease.>* A direct vi-
sualization of inflammatory lesions in the brain by sonogra-
phy has not been feasible so far. Recently, the development of
more specific molecular and cellular imaging approaches has
been an important issue in medical sonography research.’

Cell-type specific imaging of macrophages is already pos-
sible by MR imaging after the application of superparamag-
netic iron oxide (SPIO) particles,® which specifically accumu-
late in phagocytic cells.” Preliminary studies have shown that
SPIO-enhanced MR imaging allows the detection of macro-
phages in inflammatory CNS lesions.® Moreover, macrophage
visualization on MR imaging has been shown in animal mod-
els of tumor, nerve trauma, brain ischemia, and autoimmune
neuritis.””"!
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sonograms by specific macrophage imaging.

As a paradigm for CNS inflammation, we chose experi-
mental autoimmune encephalomyelitis (EAE), a prototype T-
cell-mediated autoimmune disease of the CNS, which is his-
topathologically characterized by demyelination, axonal
damage, and inflammation, the most prevalent cell type being
macrophages.'> We focused on a chronic relapsing demyeli-
nating disease model induced by immunization with myelin
oligodendrocyte glycoprotein (MOG) in congenic Lewis
rats.'” Here, we investigated the potential of high-resolution
sonography by using SPIO particles as a contrast agent to de-
lineate inflammatory CNS lesions and to compare sonography
with MR imaging.

Methods

Induction of EAE and SPIO-Particle Injection Protocol

1AV1 congenic Lewis rats were obtained from the University of
Hanover and bred and housed at the in-house animal care facilities at
the Department of Neurology, Wiirzburg. All experiments were ap-
proved by the local Bavarian state authorities. Six- to 8-week-old
1AV1 rats with body weights ranging from 140-180 g were immu-
nized with 50 pg of recombinant human myelin-oligodendrocyte gly-
coprotein (thMOG) protein (prepared after being emulsified in 75 ug
of Freund’s complete adjuvant)."* The resulting EAE course is
chronic with superimposed relapses and mimics many clinical and
histopathologic features of the human disease multiple sclerosis with
a predominant macrophage infiltration.'> Animals were weighed and
their disease state was scored according to clinical signs, on a daily
basis. Animals were examined at the height of disease. According to
disease severity, rats were stratified into 3 groups. In the first group, 1
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mmol of iron per kg of body weight of SPIO particles (Resovist, Scher-
ing, Berlin, Germany) was administered intravenously 24 hours be-
fore every MR imaging and sonographic examination (n = 4, animals
pooled from 2 independent experiments). In the second and third
groups, 6 control rats received either phosphate buffered saline (PBS)
after induction of EAE as described previously (n = 3) or 1 mmol of
iron per kg of body weight of SPIO particles without prior induction
of EAE (n = 3). In dose titration experiments, 0.2 mmol of iron per kg
of body weight was used.

MR Imaging Protocol

All measurements were performed on a clinical 1.5T MR imaging unit
(Magnetom Vision, Siemens, Erlangen, Germany). Before the MR
imaging measurements were obtained, rats were anesthetized by in-
traperitoneal injection of 100 mg per kg of body weight of ketamine
(Ketanest) and 10 mg per kg of body weight of xylazin (Rompun). For
all MR imaging examinations, animals were in a supine position with
their heads fixed in a round surface coil (40 mm in diameter). The MR
imaging protocol included T1-weighted (TR/TE, 460/14 ms) and T2-
weighted (TR/TE, 2500/80 ms) sequences in the coronal plane with a
section thickness of 3 mm. Moreover, a 3D-constructed interference
in steady state (CISS; TR/TE, 16.4/8.2 ms) sequence was applied in the
coronal plane with a section thickness of 1 mm."®

Sonographic Examination

Following MR imaging, rats were killed by CO, narcosis, and the
brains were rapidly and carefully removed and placed into a water
tank. Sonography was performed ex vivo by using a color-coded
phased-array sonographic system equipped with a VX 13.5 13-MHz
transducer (Sonoline Elegra, Siemens) with an emission frequency of
12 MHz. The axial resolution in the focus zone was approximately 0.7
mm. The sonographic system indices chosen were penetration depth,
1.5 cm; dynamic range, 60 dB; low persistence; and focus length, 1 cm.
Image brightness and gain (26 dB) were not changed for sonification
of the different groups. The sonographic transducer was fixed above
the water tank, and the brain was imaged in coronal planes and a
rostrocaudal direction by continuously moving the tank underneath
the transducer with a mechanical table.

Histology

After sonography, brains were immersion-fixed for 2 hours in 4%
paraformaldehyde, washed in tris-hydroxymethyl aminomethane—
buffered saline (TBS), and embedded in paraffin. Subsequently,
5-um-thick paraffin sections were cut at multiple levels through the
lesions as detected on MR imaging and sonography, deparaftinized
with xylene, rehydrated, and washed in water and TBS. For iron de-
tection, tissue sections were rinsed in deionized water and immersed
in Perls solution containing 2% potassium ferrocyanide and 2% hy-
drochloride at a 1:1 concentration for 30 minutes. Sections were then
rinsed in deionized water and either dehydrated and cover slipped or
further processed for ED1 immunocytochemistry. Additional sec-
tions were only stained by immunocytochemistry by using the anti-
body ED1 at a dilution of 1:1000, as a marker for monocytes/macro-
phages and phagocytic microglia (MCA 341R; Serotec, Oxford, UK).
Binding of ED1 antibodies to cells was visualized by the avidin-biotin-
peroxidase method with diaminobenzidine as a chromogen, accord-
ing to routine procedures.'” For unequivocal identification of iron-
labeled cells, Perls stain and ED1 immunocytochemistry were
performed on the same sections. Sections were examined with a Zeiss-
Axiophot microscope (Zeiss, Stuttgart, Germany).
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Results

Induction of recombinant human MOG-EAE in congenic
1AV1 Lewis rats resulted in a severe disease course with tetra-
paresis or prominent ataxia 12 days after immunization. At
that time point, sonography of the brains 24 hours after appli-
cation of SPIO particles revealed circumscribed and sharply
delineated areas of marked echogenicity in a frontal and
periventricular distribution or location in the brain stem or
cerebellum, respectively (Fig 1, upper row). The pattern of
echogenicity correlated well with the clinical symptoms of in-
dividual animals: Tetraparetic rats had brain stem lesions; a
severely ataxic animal showed a cerebellar lesion.

In contrast, sonography of brains from EAE-diseased rats
after injection of PBS or healthy control rats 24 hours after
injection of identical SPIO particle doses revealed no similar
focal hyperechogenicity (compare Fig 1, upper row, with Fig 1,
middle and lower rows). Application of a lower dose of SPIO
particles (0.2 mmol per kg of body weight) gave a similar re-
sult, with circumscribed echogenic lesions depicted on the
sonography of the brain and spinal cord (data not shown).

To compare the sonographic findings with an established
technique for noninvasive lesion detection in inflammatory
CNS diseases, we performed in vivo MR imaging before
sonography. MR imaging revealed focal areas of signal-inten-
sity loss on T2-weighted and CISS images (Fig 2D—F), which
are indicative of local accumulation of SPIO particles in cor-
responding areas of hyperechogenicity on sonography. Equiv-
alent to the distribution of lesions in sonography, all SPIO-
enhanced lesions could also be detected on MR imaging, in
periventricular areas as well as in the cerebellar or brain stem
region. The extent of the signal intensity loss could best be
demonstrated on high-resolution CISS images. Imaging of
healthy control rats after application of SPIO particles did not
demonstrate areas of focal signal-intensity loss. All lesions
seen on MR imaging were also found on sonography by an
observer masked to the MR imaging results; this result attests
to the specificity of our sonographic findings.

We aimed to confirm our imaging results by histologic
evaluation of regions with focal sonographic/MR imaging ab-
normalities. Immunostaining with ED1 as a marker for
phagocytic monocytes/macrophages revealed extensive
perivascular and intraparenchymal macrophage infiltration in
the regions of interest (Fig 3A). In confirmation of our sono-
graphic and MR imaging findings, we could demonstrate focal
iron deposition in sequential histologic sections stained with
Perls solution (Fig 3B). The nature of iron-laden cells in in-
flammatory brain lesions could be identified by immersion in
Perls stain for iron detection and subsequently processing for
ED1 immunostaining, revealing clear colocalisation and
thereby identifying macrophage-like cells as definitively iron-
laden cell types in the CNS (Fig 3C).

Perls staining of liver sections with massively iron-laden
Kupffer cells served as a histologically positive control for cor-
rect intravenous SPIO-particle injection (Fig 3B, inset).

Discussion

Here we applied sonography for macrophage-specific imaging
of inflammatory CNS lesions by using SPIO particles. In vivo
labeling of macrophages by iron particles has already been
demonstrated by MR imaging.”” Previous experimental and
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Fig 1. SPIO-based macrophage imaging in EAE lesions of the rat brain by sonography. hMOG-EAE was induced in congenic 1AV1 Lewis rats. During relapse, whole brains were removed
and imaged ex vivo in a water tank by using a 13-MHz phased-array sonographic transducer 24 hours after SPIO injection. On coronal planes, sharply delineated circumscribed areas of
focal echogenicity could be identified in different rats, predominantly involving the frontal, periventricular, cerebellar, and brain stem region (upper row, lesions marked by white arrows,
representative images from different rats are shown), a pattern that is typical for MOG-EAE. Imaging of rat brains with injection of PBS after induction of rhMOG-EAE (middle row,
anatomically equivalent areas from different rats are shown) or SPIO injection without prior induction of EAE (lower row) did not reveal similar areas with focal hyperechogenicity and served
as negative controls.

Fig 2. Comparison of SPIO-enhanced sonographic imaging of EAE lesions with MR
imaging. We performed in vivo MR imaging to correlate the sonographic results with a
well-established technique to monitor SPIO-particle accumulation. On coronal CISS images
(D-A corresponding to the brain regions depicted by sonography (A-C), we identified areas
of focal hypointensity in the periventricular area (A, -D) and in the cerebellar (B, -£) or brain
stem region (C, -A of rat brains (lesions marked by white arrows). Hypointense areas are
indicative of local SPIO-particle accumulation. Note the marked similarity of lesion
distribution between sonograms and MR images (compare A-C with D-F).

clinical studies have shown an increase of tissue echogenicity
on sonograms because of local iron deposition. Stereotacti-
cally injected ferric chloride into rat substantia nigra causes

hyperechogenicity.” In a postmortem brain analysis of 20 pa-
tients without extrapyramidal disorders, hyperechogenicity of
the substantia nigra on sonography was related to a higher
tissue iron level.* The present study shows that accumulation
of iron-laden macrophages can lead to increased echogenicity
on sonograms. Echogenicity may result from packed iron de-
posits in macrophages, which, altogether, create a front of
small scatterers, whereas single SPIO particles in the nanome-
ter range may be well below the detection threshold for
sonography.

Although increased cell attenuation can sometimes lead to
increased echogenicity in sonography,'® this effect is not suf-
ficient to properly identify inflammatory lesions in the present
case because imaging of EAE brains without prior injection of
SPIO fails to reproducibly delineate similar lesions, such as
those seen after SPIO injection. The specificity of our findings
was confirmed by corresponding results on MR imaging and
histology. All lesions detected by MR imaging could also be
delineated on sonography by a blinded observer. These results
strongly argue for a specific imaging of iron-laden macro-
phages with our sonographic approach. Although lesion local-
ization was similar, lesion size and shape could, in fact, differ
between sonography and MR imaging (compare Fig 2B and
E). The actual extent of lesions as proved by histology was
more closely reflected on sonograms. A possible reason for this
mismatch might be oversizing at MR imaging because of sig-
nal-intensity annihilation.

Moreover, we used relatively high SPIO dosages in the first
experiments to assure a sufficient signal intensity. Preliminary
dose titration studies indicate that similar results are also fea-
sible with lower SPIO dosages (0.2 mmol per kg of body
weight). In the future, we will perform additional in vivo stud-
ies with iron particles at different dosages to assess the feasi-
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Fig 3. Histologic evaluation. Paraffin sections were cut through the lesions as detected on
MR imaging and sonography. A and B, The histology corresponds to the cerebellar lesion
depicted in Figs 14 and 2A. A, Staining of macrophages and activated microglia by
immunohistochemistry for ED1 (bar = 50 wm). Note the massive infiltrate of brown-stained
ED1—positive cells. On a consecutive section (B, bar = 15 um), Perls blue staining was
performed to detect focal iron accumulation. Note the extensive perivascular iron deposi-
tion. Perls staining of liver sections with massively iron-laden Kupffer cells served as a
histologically positive control for correct intravenous SPIO-particle injection (B, inset).
Combination of Perls staining with ED1 immunohistochemistry reveals a clear colocalisa-
tion (C, bar = 10 pm), thereby identifying macrophage-like cells as one of the definitively
iron-laden cell types in the CNS.
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bility of in vivo detection of iron particles by sonography in the
CNS.

One drawback of the present study is the ex vivo design.
However, it was recently possible to perform sonography
through the intact rodent skull with antibody-conjugated gas-
filled microbubbles as a contrast agent'?; this procedure shows
that in vivo imaging in rodents is feasible with advanced sono-
graphic technology.

SPIO particles are already in clinical use for MR imaging of
liver disease.”” In this condition, the feasibility of sonography
after SPIO injection has already been described in humans.*!
Yet, the use of intravenous injection of SPIO for diagnosing
inflammation on sonography must become more sensitive
and specific before it can be applied routinely. In a first step,
iron-enhanced sonography may serve more as a complemen-
tary rather than an entirely competitive approach to SPIO-
enhanced MR imaging.

SPIO-based sonography may evolve to be of particular in-
terest to diagnose CNS inflammation in neonatal imaging.
Postnatal transcranial sonography is already a widely used
technique because of its portability, low cost, minimal mor-
bidity, and diagnostic image quality.”* Sonographic changes in
brain parenchyma or extracerebral fluid and ventricles of the
neonate have been described, in particular with inflammatory
conditions like cerebritis, abscess, empyema, or ventriculitis;
but also edema, hemorrhage, infarction, or hydrocephalus can
be identified. With the imaging of iron accumulation as a
marker for macrophage infiltration, SPIO-enhanced sonogra-
phy may provide valuable information in making the diagno-
sis, identifying complications, and directing decisions in man-
agement of CNS inflammation. Yet, in the neonate, the issue
of iron toxicity will have to be critically considered.

Conclusion

Intravenous injection of SPIO particles allows the detection
and demarcation of inflammatory lesions on sonograms. This
pilot ex vivo study reveals that iron-enhanced sonography is
feasible for the detection of macrophage infiltration during
autoimmunity of the CNS.
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