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Caught in the Act: In Vivo Mapping of Macrophage
Infiltration in Nerve Injury by Magnetic Resonance Imaging
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In vivo tracking of hematogenous macrophages has been a major challenge because these cells are key players in nerve injury and repair.
We visualized the spatiotemporal course of macrophage infiltration after acute peripheral nerve injury in living rats by using superpara-
magnetic iron oxide (SPIO) particles and magnetic resonance imaging (MRI). A signal loss on MR images indicating iron accumulation
was present in degenerating sciatic nerves between days 1 and 8 after a crush lesion, ceased thereafter, and corresponded to the transient
presence of iron-labeled ED1-positive macrophages in tissue sections. In contrast, no SPIO accumulation was seen after optic nerve crush,
which revealed microglial activation but lacked macrophage infiltration. SPIO-enhanced MRI provides a new tool to selectively visualize
active periods of macrophage transmigration into the nervous system, thus enabling dynamic views on a fundamental process in a
multitude of nerve disorders.
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Introduction
Macrophages play a pivotal role in the pathophysiology of nu-
merous neurological disorders (Benveniste, 1997; Stoll and
Jander, 1999; Kiefer et al., 2001; Williams and Hickey, 2002). In
the CNS, infiltration by hematogenous macrophages often over-
laps with activation of resident microglia. Because of phagocytic
transformation and common phenotypical activation markers,
the two cell populations thereby become indistinguishable in tis-
sue sections (Flaris et al., 1993; Stoll and Jander, 1999). Magnetic
resonance imaging (MRI) has emerged as an indispensable tool
for assessing structural changes in the nervous system. Changes
in MR signals, however, reflect gross tissue alterations but do not
depict histological details such as accumulation of specific cell
types (Higer and Bielke, 1990). So far only positron emission
tomography using the ligand PK11195 delineated further cellular
details, but macrophage and microglial responses could not be
differentiated (Banati, 2002). In the present study, we report on
the in vivo monitoring of macrophage infiltration in nerve lesions
by use of superparamagnetic iron oxide (SPIO) particles and MRI
and their differentiation from microglial responses.

Crush of nerves or fiber tracts is an injury model that leads to
degeneration of the distal stump, a process designated Wallerian
degeneration (WD) (Waller, 1850). On MRI, WD leads to a uni-
form and persistent hyperintensity on T2-weighted (T2-w) im-
ages that does not change during the evolving inflammatory re-

sponse and resolves after successful regeneration (Kuhn et al.;
1988, Titelbaum et al., 1989; Dailey et al., 1997; Grant et al.,
2002). During WD a cellular environment is created in the pe-
ripheral nervous system (PNS) that facilitates prompt nerve re-
generation (Ramon y Cajal, 1991; Stoll and Müller, 1999; Snider
et al., 2002). It is assumed that the rapidly evolving macrophage
infiltration plays a crucial role in this process (Perry et al., 1987;
Stoll et al., 1989a; Brück, 1997; David and Ousman, 2002). In
contrast, macrophages are virtually excluded from entry after
fiber tract or optic nerve (ON) crush lesions in the CNS, where no
spontaneous regeneration occurs (Ramon y Cajal, 1991; Horner
and Gage, 2000; David and Ousman, 2002). Instead, resident
microglia become activated but only slowly undergo phagocytic
transformation (Perry et al., 1987; Stoll et al., 1989b; George and
Griffin, 1994). We used WD of sciatic and optic nerves as lesion
paradigms, allowing a distinction between rapidly evolving mac-
rophage infiltration in the PNS and pure microglial activation in
the CNS to evaluate SPIO-enhanced MRI as a new tool to mon-
itor macrophage migration into the nervous system in vivo.

Materials and Methods
Animal models. Thirty-six male Sprague Dawley rats (250 –300 gm) were
anesthetized with intraperitoneal injections of 100 mg/kg ketamin (Ket-
anest) and 10 mg/kg xylazin (Rompun). In one group (n � 29) the left
sciatic nerve was exposed at mid-thigh level and crushed for 60 sec using
a small forceps; three additional animals were sham-operated. In a sec-
ond set of experiments the left sciatic nerve was crushed in four rats, and
a second crush was performed 6 d later on the contralateral nerve. An
inhalation narcosis with enflurane in a 2:1 N2O/O2 atmosphere via a face
mask was performed in 27 male Wistar rats (250 –300 gm), and the optic
nerve was crushed for 60 sec immediately behind the eyeball. Animal
studies were approved by the State of Bavaria.

As a contrast medium, commercially available superparamagnetic
iron oxide particles (Resovist; Schering, Berlin, Germany) were applied
at a dose of 0.2 mmol Fe per kilogram of body weight by intracardial
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injection usually 24 hr before MRI and tissue removal for histological
analysis (n � 47). In additional experiments, nine rats were crushed at
the sciatic nerve, received SPIO particles immediately after crush, and
were scanned by MRI with a delay of 1, 3, or 5 d.

Magnetic resonance imaging. MR measurements were performed on a
clinical 1.5 T unit (Magnetom Vision; Siemens, Erlangen, Germany). For
anesthesia the same intraperitoneal protocol was used as for surgery.
Animals with a sciatic nerve crush lesion were lying in prone position
with both legs positioned in a round surface coil (diameter, 4 cm). Ani-
mals with an optic nerve crush lesion were lying in supine position with
the head fixed in a round surface coil (diameter, 4 cm). The MR protocol
included T1-w [repetition time (TR), 460 msec; echo time (TE), 14 msec]
and T2-w (TR, 2500 msec; TE, 80 msec) sequences in the axial plane with
a slice thickness of 3 mm. Moreover, a three-dimensional constructed
interference in steady state (CISS) sequence (TR, 16.4 msec; TE, 8.2
msec) (Casselman et al., 1993) was applied in the axial and coronal plane
with a slice thickness of 1 mm. MRI was performed in sham-operated rats
and rats with sciatic nerve crush at days 1, 3, 5, 8, and 14. At each time
point, three to four animals were examined. Rats with the sequential
crush lesions were examined on day 11 after the first crush, which corre-
sponds to day 5 of the second crush. Animals with optic nerve lesions
were scanned on days 4 and 14.

Histological and immunocytochemical studies. After MRI, rats were

killed by an overdose of CO2; sciatic nerves and the intracranial propor-
tions of crushed optic nerves were quickly removed, fixed by immersion
in 4% paraformaldehyde, and embedded in paraffin. Additional optic
nerves were collected at 1, 2, 7, 21 and 28 d after crush for histological
analysis only. Paraffin sections (10 �m thick) were cut, deparaffinized
with xylene, rehydrated, and washed in water and PBS. For iron staining,
tissue sections were rinsed in deionized water and immersed in Perl’s
solution containing 2% potassium ferrocyanide and 2% HCl at a 1:1
concentration for 30 min. Sections were then rinsed in deionized water,
dehydrated, and coverslipped, or further processed for ED1 immunocy-
tochemistry. Additional sections were stained by immunocytochemistry
using the antibody ED1, a marker for monocytes and macrophages (Se-
rotec, Oxford, UK), at a dilution of 1:1000. Binding of ED1 antibodies to
macrophages was visualized by the avidin– biotin–peroxidase method
with diaminobenzidine as chromogen according to routine procedures
(Stoll et al., 1989a). To assess the cellular distribution of iron particles, in
addition we combined Perl’s stain with ED1 immunocytochemistry. Sec-
tions were examined with a Zeiss-Axiophot microscope.

Results
In normal sciatic nerves, the nerve signal on MRI was isointense
to the surrounding soft tissue and did not change after systemic

Figure 1. MRI of crushed and normal sciatic ( A–E) and optic nerves ( F): coronal MR images (CISS sequence; slice thickness, 1 mm) at days 1 ( A), 3 ( B), 5 ( C), and 8 ( D) after a proximal crush lesion
of the left sciatic nerve. SPIO particles were given intracardially 24 hr before MRI at each time point. On day 1, a focal signal loss (arrowhead) is present at the proximal sciatic nerve corresponding
to the lesion site ( A). On days 3 and 5, the signal loss extends farther into distal nerve segments (B, C, arrowheads). Arrows point to the contralateral normal sciatic nerve revealing an isointense signal
to the surrounding soft tissue. On day 8, there is only a moderate signal loss at the lesion site (D, arrowhead). E shows a coronal MR image at day 11 after crush of the left sciatic nerve and at day 5
after crush of the right sciatic nerve in the same animal (sequential crush). Iron-induced signal loss is restricted to the recently crushed right sciatic nerve (arrowheads), whereas the left sciatic nerve
crushed 11 d before in the more chronic stage of Wallerian degeneration shows a signal increase (arrow). F, Semicoronal MR image (CISS sequence; angulation along the axis of both optic nerves;
slice thickness, 1 mm) 4 d after retro-orbital crush lesion of the left optic nerve and 24 hr after SPIO application. Arrowhead denotes olfactory bulb; arrows point to optic nerves. In contrast to the sciatic
nerves, no focal signal loss is present in the crushed optic nerve.
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application of SPIO particles. Similarly,
exposing sciatic nerves without crush by
sham operation did not change the MR
signal. Without injection of SPIO parti-
cles, the distal segment of crushed sciatic
nerves became hyperintense on T2-w im-
ages as reported previously (Kuhn et al.,
1988; Titelbaum et al., 1989; Dailey et al.,
1997; Grant et al., 2002). After application
of SPIO particles, we observed a signal loss
of the crushed nerves on MR images that
developed with a proximodistal gradient
and was indicative of local iron accumula-
tion (Fig. 1). The signal loss was best seen
on CISS images. SPIO particles were al-
ways injected intracardially 24 hr before
MRI. At day 1, a marked hypointensity was
present at the lesion site on MR images on
the crushed left but not the unaffected
right sciatic nerves, which served as con-
trols (Fig. 1A). Signal loss further ex-
tended distally in animals scanned at days
3 (�8 mm) and 5 (�12 mm) that had re-
ceived SPIO particles on days 2 or 4, re-
spectively (Fig. 1B,C). Surprisingly, 8 d af-
ter nerve injury, there was only a focal
signal loss at the lesion site, whereas more
distal nerve segments were spared in con-
trast to days 3 and 5 (Fig. 1D). Rats exam-
ined 14 d after crush did not exhibit any
signal loss in nerve segments undergoing
WD. These MR findings indicated that
iron contrast-mediated signal loss in de-
generating nerves was a transient event.

After MRI, sciatic nerves were removed
and fixed, and paraffin sections were im-
mersed in Perl’s solution to detect iron
deposition and stained by immunocyto-
chemistry using the antibody ED1 to doc-
ument macrophage infiltration. In accor-
dance with our MRI findings (Fig. 1A), we
found focal accumulation of iron-positive
cells at the crush site on day 1 (Fig. 2A). Iron-positive cells were
mainly associated with vessel walls; some appeared to transmi-
grate into the endoneurium (Fig. 2B). At days 3 and 5, the num-
ber of iron-positive blue cells had increased concomitantly with
the number of ED1-positive macrophages, and their distribution
further extended into more distal parts of the degenerating nerves
(Fig. 3A,C), paralleling our MRI findings (Fig. 1B,C). Iron-
positive cells now were often associated with degenerating nerve
fibers and located close to ovoids of degenerating myelin, which is
typical for macrophages (Fig. 2C) (Stoll et al., 1989a). At day 8,
only small foci of iron-positive cells were still present in degener-
ating nerves (Fig. 3E). On day 14, virtually no iron-positive cells
were found within the endoneurium (Fig. 3G), despite the per-
sistence of high numbers of ED1-positive macrophages (Fig.
3H), which reside in injured nerves for months (Kuhlmann et al.,
2001). Thus, passive diffusion of SPIO through the defective
blood–nerve barrier and local uptake is unlikely because then one
would expect continuing iron uptake in the presence of macro-
phages. Rather, the intracardially applied SPIO particles must
have been phagocytosed by monocytes and macrophages in the
circulation and were actively transported into the nerves by cel-

lular migration. Accordingly, by immunocytochemistry on sec-
tions first immersed in Perl’s solution, we could show that endo-
neurial monocytes with small dots of ED1 immunoreactivity, as
well as postphagocytic macrophages within degenerating nerve
fibers, revealed extensive colocalization of iron and ED1 (Fig.
2D,E).

We next examined whether iron-labeled macrophages that
have infiltrated the crush site further migrate intraneurally to the
distal stump. Nine rats received SPIO at the time point of sciatic
nerve crush, and groups of three each were examined by MRI at
days 1, 3, and 5. Signal loss remained restricted to the crush site in
all animals regardless of the date of MRI at days 1, 3, or 5. This
indicates that hematogenous macrophages remain stationary af-
ter nerve infiltration.

To further prove that iron accumulation is a transient event
reflecting periods of monocyte and macrophage entry into
crushed nerves, we performed a sequential crush experiment. In
four animals, SPIO particles were injected 10 d after crushing the
left sciatic nerve and 4 d after crushing the right sciatic nerve. MRI
24 hr later revealed iron-induced signal loss in the 5-d-old right
nerve crush, whereas the left 11-d-old crush did not exhibit signal

Figure 2. Localization and identification of iron-loaded cells in crushed sciatic nerves. Paraffin sections were stained for iron
(A–E, blue) and counterstained with hematoxylin to reveal morphological details ( A–C) or immunolabeled with antibody ED1 to
identify monocytes and macrophages (D, E, brown) at days 1 (A, B) and 5 ( C–E) after nerve injury. Note that iron-positive cells at
the crush site are closely associated with vessels at day 1 ( A). At higher magnification ( B), it appears that iron-loaded cells
transmigrate through the vessel wall (V) to infiltrate the endoneurium. At day 5 ( C), iron-positive cells are associated with
degenerating nerve fibers that contain ovoids (O) of degenerating myelin. Iron-positive cells can be identified as ED1� mono-
cytes and macrophages (D, E, brown). The numerous small iron–ED1� cells represent monocytes (open arrows), whereas other
iron-positive cells are already engaged in myelin phagocytosis as indicated by large ED1� vacuoles in their cytoplasm. Magnifi-
cations (before 33% reduction): A, 370�; B, D, F, 1150�; E, 770�.
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loss but did exhibit the typical unspecific signal increase on T2-w
images indicating injury as described during WD (Titelbaum et
al., 1989; Grant et al., 2002) (Fig. 1E).

To investigate whether SPIO application can differentiate be-
tween macrophage and microglial responses, we crushed ONs
retro-orbitally and studied the distribution of iron particles in the
degenerating intracranial proportions of the nerves at days 1, 2, 4,
7, 14, 21, and 28. Again, SPIOs were injected 24 hr before histo-
logical analysis on paraffin sections. Virtually no iron deposition
was seen in ON sections (data not shown), despite increasing
levels of phagocytic activation revealed by ED1 immunoreactivity
as described previously (Stoll et al. 1989b). Accordingly, no signal
loss was detectable in ON scanned by MRI at days 4 and 14 after
ON crush (Fig. 1F).

Discussion
As a principal finding, we show that macrophage infiltration can
be visualized and tracked in vivo in an acute experimental nerve

lesion. Macrophages entered crushed pe-
ripheral nerves with a proximodistal gra-
dient starting at the lesion site, and their
recruitment was restricted to a tight time
frame of several days after injury. After
nerve infiltration, macrophages remained
stationary. In vivo mapping of macro-
phage infiltration was possible by injecting
SPIO particles intracardially 24 hr before
MRI. SPIO particles are eliminated from
the plasma by uptake of the mononuclear
phagocyte system (Hamm et al., 1994).
Local accumulation of SPIO particles leads
to a signal loss on MR images because of
their paramagnetic effect (Chen et al.,
1999). In our study, areas of macrophage
invasion could be identified as focal signal
loss on MR images of crushed sciatic
nerves that corresponded to the presence
of iron-loaded ED1� cells in tissue sec-
tions. Iron labeling in nerves was preferen-
tially associated with small monocytes
rather than large phagocytic macrophages,
supporting the notion that these cells have
been recruited only recently from the
circulation.

The time course of macrophage entry
into peripheral nerves in our study corre-
sponds very well to the expression of the
chemokine monocyte chemoattractant
protein-1 (MCP-1). MCP-1 was upregu-
lated within 3 hr after nerve crush in
Schwann cells at the lesion site and in more
distal segments from 24 hr to day 5 (Toews
et al., 1998; Subang and Richardson, 2001;
Tofaris et al., 2002). In support of a critical
role of MCP-1 in macrophage recruit-
ment, transgenic mice lacking cysteine–
cysteine chemokine receptor 2, the main
macrophage receptor for MCP-1, showed
impaired macrophage invasion after nerve
injury and a significant decrease in myelin
clearance (Siebert et al., 2000). The abrupt
disappearance of iron-mediated signal loss
in crushed nerve after day 8 corresponds to
downregulation of MCP-1. The fact that

endoneurial macrophages at later stages of WD did not phagocy-
tose systemically injected SPIO particles argues against passive
diffusion of SPIO into nerves through the leaky blood–nerve bar-
rier and subsequent local SPIO particle uptake. Disturbance of
the blood– brain barrier in WD by far outlasts the signal loss
observed on MR images (Seitz et al., 1989).

Our notion that macrophage recruitment is a transient event
was further confirmed by a sequential crush experiment that re-
vealed signal loss caused by iron-labeled macrophages only
within nerves that had been crushed 5 d before. By contrast,
nerves that had been crushed 11 d before in the same animals
revealed a hyperintense signal as an unspecific sign for nerve
damage but no areas of signal loss indicative of infiltration by
iron-labeled macrophages. A persistent prolongation of the T2
relaxation time as seen in the 11-d-old crushed nerves is a typical
finding in experimental and human nerve lesions that normalizes
only after successful nerve regeneration (Titelbaum et al., 1989;

Figure 3. Time course of macrophage infiltration in crushed sciatic nerves: corresponding sections of distal nerve segments
undergoing Wallerian degeneration at days 3 (A, B), 5 (C, D), 8 (E, F ), and 14 (G, H ) stained for iron (Fe) with Perl’s stain (A, C, E, G)
and immunocytochemistry (M�) with the macrophage marker ED1 (B, D, F, H ). ED1 is a lysosomal antigen; its expression in
macrophages increases along with their phagocytic activity. Note the increasing density of ED1 labeling from days 3 to 14 (B–H ).
In contrast, iron labeling is restricted to early time points. At days 3 and 5 (A, C), numerous blue iron-labeled macrophages are
present. At day 8, only small clusters of iron-positive cells are detectable ( E), whereas at day 14 virtually no iron deposits are found
in the endoneurium ( G), despite the persistence of large numbers of ED1� macrophages ( H ). These findings correspond to the
transient signal loss on MRI as shown in Figure 1. Magnifications (before 33% reduction): A–H, 140�.
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Dailey et al., 1997). The prolongation of the T2 relaxation time
has been attributed to various, nonspecific processes such as de-
myelination, inflammation, and axonal loss (Stanisz et al., 2001).
In contrast, signal loss on SPIO-enhanced MRI specifically iden-
tifies areas of recent macrophage entry.

It is of note that no SPIO particle accumulation was seen in the
distal segments of optic nerves undergoing WD. We thereby sup-
port the notion that hematogenous macrophages do not infiltrate
degenerating central nerves (optic nerve) or fiber tracts remote
from the lesion site as indicated by previous immunocytochem-
ical studies (Perry et al., 1987; George and Griffin, 1994). Thus,
SPIO labeling can differentiate between microglial and acute he-
matogenous macrophage responses in the nervous system. This
opens a broad range of possible experimental and clinical appli-
cations. It is possible to determine in vivo the dynamics of mac-
rophage infiltration that is instrumental in autoimmune and in-
fectious disorders, stroke, and possibly also neurodegenerative
disorders (Benveniste, 1997; Stoll and Jander, 1999; Kiefer et al.,
2001; Williams and Hickey, 2002) and to monitor anti-
inflammatory treatment strategies. Because commercially avail-
able SPIO particles (Resovist) that are commonly applied to di-
agnose liver tumors (Shamsi et al., 1998) were used in our study,
our technique of macrophage mapping may be applicable to hu-
man use.
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