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Abstract
Traumatic brain injury (TBI) is a major cause of neurological disability across all ages, but the elderly
are particularly vulnerable and have a worse prognosis than younger individuals. To advance the
understanding of long-term pathogenesis induced by TBI in the elderly, aged mice (21–24 months)
were given a controlled cortical impact (CCI) injury to the sensorimotor cortex, and their brains were
analyzed by MRI and histopathology at 1 and 2 months after CCI injury, a post-acute period. A T2
hypointensity was observed in the ipsilateral thalamus but not in the contralateral thalamus or in the
thalamus of sham operated, control mice. The hypointensity was colocalized with increased
histochemical staining of iron, a paramagnetic substance that causes a shortening of the T2 relaxation
time. Since iron catalyzes reactions that lead to toxic free radicals, the deposition of iron in the
thalamus raises the possibility that it promotes pathogenesis following TBI. Astrocyte gliosis and
microgliosis were also observed in the ipsilateral thalamus in the post-acute period. The ipsilateral
internal capsule displayed a trend for a T2 hypointensity, however, unlike the thalamus it did not
have an increase of iron or GFAP staining, but it did have evidence of microgliosis. In summary,
areas of T2 hypointensity were revealed in both the thalamus and internal capsule during the post-
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acute period following CCI injury, but the underlying pathology appeared to be distinct between
these regions.
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Traumatic brain injury (TBI) is a leading cause of neurological disability across all age
categories. The elderly, whose numbers are expected to double in the United States from 2000
to 2030 [17], are more likely to experience TBI, and they have a worse prognosis, than younger
individuals [9,28]. There is a lack of effective interventions following TBI, and advancing the
understanding of neuropathological changes that are triggered by TBI has the potential to reveal
new therapeutic targets. During the post-acute period following TBI, e.g., when patients have
left the hospital and are undergoing outpatient therapy, ongoing pathogenesis is possibly of
critical importance to long-term patient outcome [4] and yet has received very little study in
animal models. A potentially important treatment target is iron due to its ability to act as a
catalyst of redox reactions that lead to the production of toxic free radicals. CNS levels of iron
increase with age as well as in a variety of neurological diseases [35], and in multiple sclerosis
there is evidence that increases in iron are associated with brain atrophy or cognitive
impairment [3,5]. However, the role of iron in the pathogenesis of TBI is poorly understood.

The objectives of this study were to determine whether abnormal iron deposits develop
following TBI in aged subjects, and to determine whether these deposits are associated with
ongoing inflammatory processes. In order to investigate responses in aged subjects, 21–24
month old male C57BL/6 mice, obtained from the National Institute on Aging colonies, were
utilized. These mice were given a controlled cortical impact (CCI) injury to the sensorimotor
cortex, or a sham operation as described previously [25,26]. In brief, a moderate CCI injury
was induced in the sensorimotor cortex (AP = 0, ML = +2.0 from bregma) using a flat-faced,
3 mm diameter rounded tip with a strike velocity of 1.5 m/s, a 1 mm depth of impact and a
contact time of 85 msec.

At a post-acute period (1 or 2 months), mice received MRI as previously described [25,26].
Briefly, animals were scanned with a 9.4T Varian INOVA horizontal MRI scanner with a 31cm
room temperature bore (Varian Inc., Palo Alto, CA) using a 400mT/m gradient coil set. Given
the small size of mouse brains, approximately 10mm × 16mm × 6mm, and the desire for high
resolution, an inductively coupled surface coil was used. Anatomically coronal images were
acquired with TR=2500ms, TE= 45ms, 0.5mm slice thinkness, 16 × 16 mm field of view.
Analysis was performed with NIH Image J to measure mean intensities in 0.244 mm2 regions
of interest in the thalamus and internal capsule ispilateral to the injury and also at the
corresponding contralateral locations. No intensity normalization nor homogeneity correction
techniques were applied.

Animals were sacrificed and tissue was processed according to Onyszchuk et al. [26]. To
localize iron deposition within CNS structures, iron histochemical staining was performed as
described previously [19] except that the dehydration, xylenes and proteinase K steps were
eliminated from the procedure. Astrocytes and microglia were stained by
immunohistochemistry against glial fibrillary acidic protein (GFAP) and ionized calcium-
binding adapter molecule 1 (Iba1), respectively [29]. Image analysis was performed on coronal
sections from levels that corresponded to the locations of the T2 hypointensity (see Table 1).
For each marker, the analyzed sections were stained at the same time, and thus, were processed
with identical staining conditions. The NIH ImageJ program was used to measure staining
density, rather than counting cell numbers, as abnormal iron deposits were not restricted to cell
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bodies. Image analysis of staining density was also utilized for immunohistochemical staining
as microglia undergo hypertrophy and astrocytes undergo pronounced upregulation of GFAP
expression as well as hypertrophy following CCI [23], and we have found that staining density
is a consistent measure of glial activation following CCI [26]. Statistical analyses were
performed using the Wilcoxon two sample test, the Wilcoxon matched-pairs signed-ranks test,
and the Student-t distribution. All procedures involving animals were approved by the
University of Kansas Medical Center Institutional Animal Care and Use Committee.

Large areas of increased signal intensity on T2-weighted images (T2 hyperintensity),
corresponding to the lesion, were observed in the cortex ipsilateral to the CCI and these
extended into the hippocampus (Fig. 1A, B) similar to that previously described [26]. In
contrast, areas of lower signal intensity (T2 hypointensity) were visible by eye in the thalamus
and internal capsule of the ipsilateral hemisphere (Fig. 1A, B). Quantitative image analysis
revealed that the ipsilateral thalamus in injured animals had a greater T2 hypointensity (darker)
than the contralateral thalamus or sham-operated animals (Table 1). T2 hypointensity was not
observed in the thalamus at acute time points, e.g., 7 days or earlier (unpublished observations).
Some noticeable signal reductions in the ipsilateral internal capsule of injured animals were
observed, but while these were statistically darker than those in the contralateral internal
capsule they were not significantly different from sham animals (Table 1).

Iron histochemistry revealed a high staining density in similar ipsilateral thalamic locations as
the T2 hypointensity of animals that received a CCI and there was a low density of iron staining
in the contralateral thalamus (Fig. 1A–C) or in sham operated, control mice, which did not
have a T2 hypointensity (correlation coefficient of contralateral:ipsilateral ratio values between
T2 and iron deposits = 0.694; p ≤ 0.062). There was a high density of punctate labeling in the
ipsilateral thalamus but punctate deposits were not observed in the contralateral thalamus (Fig.
2A, B) nor in the thalamus of sham operated animals. At the margins of thalamic areas with
punctate deposits, labeled cells could be observed with morphologies of degenerating
oligodendrocytes or ameboid microglia (Fig. 2C). Generally, the density of punctate deposits
was less at the margins of these areas and the punctate structures were not generally
concentrated in oligodendrocytes (Fig. 2F). In the contralateral thalamus, labeling of
oligodendrocytes and myelin (Fig. 2A) was similar to that seen in the thalamus of sham-
operated animals (not shown). Image analysis revealed that the iron staining density in the
ipsilateral thalamus was significantly greater than in the contralateral thalamus in CCI-injured
animals as well as to staining in the equivalent structure in the sham-operated animals (Table
1).

In general, the histochemical staining of iron in the ipsilateral internal capsule was similar to
that in the contralateral internal capsule and to that in sham-operated animals as determined
by visual inspection and image analysis (Table 1). However, pathological iron deposits were
occasionally observed in other CNS regions, such as within reactive microglia in the subcortical
white matter or cortex (Fig. 2D, E).

In the post-acute period following CCI injury, both Iba1 and GFAP immunohistochemical
staining were significantly greater in the ipsilateral thalamus of injured mice than in the
contralateral thalamus of injured animals or in the thalamus of sham-operated animals (Fig.
2G–J; Table 1). In injured animals, Iba1 immunohistochemical staining was significantly
greater in the ipsilateral internal capsule than in the contralateral internal capsule and sham-
operated animals (Table 1). GFAP immunohistochemical staining in the internal capsule was
more variable than for Iba1, with no statistical differences between the ipsilateral and
contralateral internal capsule in CCI-injured animals or between CCI-injured and sham animals
(Table 1).
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Examination of thionin stained sections from the level that corresponded to the T2
hypointensity revealed a paucity of neurons in the ipsilateral thalamus of the CCI injured mice
compared to the contralateral thalamus (Fig. 3) or to the thalamus of sham operated animals.

In a prior study, thalamic T2 hypointensity observed in rats following CCI or fluid percussion
injury was associated with a reduction in neuronal cell numbers and an increase in astrocyte
and microglial immunohistochemical staining [24]. In the present study, we confirm the T2,
neuronal and glial findings and make several extensions. Foremost, we show that the
distribution of iron deposits in the thalamus corresponds anatomically with the T2
hypointensity in aged mice receiving CCI. Iron deposits and T2 hypointensity were also
observed in the ipsilateral thalamus of adult 6 month old mice receiving CCI (not shown), but
the results were comparable to those for aged mice receiving CCI indicating that age was not
a determinant in the development of the pathological features. Increases in iron levels are
thought to account for a T2 hypointensity in other neurological disorders [6,30,36], and it is
likely that iron deposits are a significant contributor to the T2 hypointensity in the thalamus
following TBI. Increased iron staining could be due to a variety of sources: hemorrhage,
increased iron uptake from the blood or CSF, or neuronal or oligodendrocyte death leading to
the release of tightly bound iron from sites where it is normally utilized (e.g., mitochondria).
Hemorrhage is a questionable source of the iron deposits in the thalamus during the post-acute
CCI injury since hemorrhage is readily observed in other structures, e.g., cortex and internal
capsule in the fluid percussion injury model [15], but not the thalamus. Increased iron uptake
into the brain has been suggested for other neurological disorders [18], and it is a plausible
source of elevated iron levels in the thalamus following TBI. Elevated uptake would be
expected to give rise to a concentration of staining around vessels [34], but this was not the
case in the mice receiving a CCI injury in this study. A more likely explanation is the release
of tightly bound iron from sites where it is normally utilized. The punctate deposits are
suggestive of a degenerative process. This is consistent with thalamic neurons undergoing
degeneration following CCI [26] or fluid percussion injury [15], and in the present study there
was a paucity of neurons in the ipsilateral thalamus of the CCI injured mice compared to
contralateral thalamus or sham control animals at the level that corresponded to the T2
hypointensity. Other models of cortical injury also have shown retrograde degeneration of
neurons in the thalamus in mice and rats [1,22]. Thalamic neurons rapidly die off by 1 week
following cortical injury with only one-third of normal levels of neurons remaining [1,22]. By
1 and 2 months after injury the number of remaining neurons in the rat is 28% and 20%,
respectively, and this loss slowly progresses so that only 17% of the neurons are still present
by 24 weeks [1]. It is plausible that an accumulation of abnormal iron deposits in the thalamus
contributes to the progressive loss of neurons at these later time points and this could counteract
recovery efforts especially in aged subjects where motor improvement is slower than for
younger subjects.

Although much of the stainable iron in the normal brain appears predominantly in
oligodendrocytes [31], and degenerating oligodendrocytes and myelin likely contribute to the
abnormal punctuate staining, the large increase of iron deposition that is stained in the thalamus
following CCI is likely due, at least in part, to the release of iron from degenerating neurons,
which are the prevalent cell type within nuclei of the thalamus. Iron bound to heme is generally
not thought to be stained by the Perls iron histochemical procedure [21], although some iron
associated with heme is apparently accessible to this staining method since red blood cells
[11] and degenerating mitochondria in Gomori-positive astrocytes [33] can be stained. Heme,
which is utilized by many enzymes, is broken down by heme oxygenase yielding carbon
monoxide, biliverdin, and free iron. The expression of heme oxygenase is elevated in the
thalamus following TBI [32]. Thus, as thalamic neurons undergo degeneration [26] iron bound
to heme can be released and transition from an suboptimal stainable state (i.e., bound within
heme) to a readily stainable one (i.e., loosely associated with other molecules), which could
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account for the increase in stained iron in the present study. In addition, the freed iron would
have greater access to protons and water and thus have greater ability to affect the T2 relaxation
signal leading to a hypointensity. Also, free or loosely bound iron is more likely to catalyze
redox reactions that produce toxic free radicals that can promote pathology [13], and reactive
oxygen species appear to be involved in the pathogenesis of TBI [16]. Thus, iron chelation
treatment might have value to lessen the secondary injury of TBI. The iron chelator
deferoxamine was shown to improve spatial memory performance following TBI, but not some
pathological measures of disease [20]. Dextran-coupled deferoxamine has a longer plasma
half-life than deferoxamine and its administration was found to allow for an improved grip test
compared to the administration of deferoxamine or dextran alone following head injury in mice
[27]. However, deferiprone, an iron chelator that crosses the blood-brain barrier [12] and
ameliorates iron-catalyzed oxidative damage effects in other experimental conditions [2,8,
10,14], has the potential to lessen pathology within the CNS following TBI to a greater degree
than deferoxamine or dextran-deferoxamine.

Unlike in the thalamus, iron staining was not increased in the ipsilateral internal capsule
compared to the contralateral internal capsule of CCI injured animals, despite the appearance
of greater T2 hypointensity in the ipsilateral internal capsule compared to the contralateral
internal capsule. However, there was evidence of an increased microglial response in the
ipsilateral internal capsule compared to the contralateral internal capsule. These data suggest
that distinct pathological processes are at work between these different structures and they
indicate that neuronal loss is a key determinant of the deposition of iron in a CNS region, e.g.,
thalamus, during the post-acute period.

In summary, CCI injury to the sensorimotor cortex led to the accumulation of abnormal iron
deposits and increased astrocyte and microglial staining in the thalamus that corresponded
spatially with a thalamic T2 hypointensity. These changes, observed at one and two months
post-injury, are suggestive of ongoing, post-acute pathological processes. The continued
presence of activated astrocytes and reactive microglia well after the primary injury has taken
place, in areas removed from the site of primary injury, implicates chronic neuroinflammation
in the long-term damage process, consistent with previous animal [29] and human [7] studies.
Chronic neuroinflammation may act as a contributor to the elevated iron deposits and/or as a
response to the elevated iron levels. Since iron is a catalyst for redox reactions that can lead to
the production of free radicals that induce tissue damage, further studies are warranted to
examine the role of abnormal iron deposits and chronic inflammation on the pathology that
develops from TBI.
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Fig. 1.
A, B) T2 weighted images, 0.5 mm thick, coronal, and centered at −1.0 mm (A) and −1.5 mm
(B) relative to Bregma from an aged C57BL/6 mouse (~24 months) given a CCI injury 2 months
previously. The primary injury site appears as a hyperintensity in the sensorimotor cortex. T2
hypointense areas are present in the ipsilateral thalamus (arrowheads) and ipsilateral internal
capsule (arrow) relative to the contralateral structures. C) Abnormal iron deposits
(arrowheads), revealed by iron histochemistry, co-localize to the T2 hypointensity in the
thalamus (the same animal as for A, B). Bar = 2 mm (A–C).
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Fig. 2.
A) Oligodendrocytes and myelin are labeled by iron histochemical staining in the contralateral
thalamus relative to the CCI injury. B) A high density of punctate iron deposits is present in
the ipsilateral thalamus. C) Degenerating oligodendrocytes and ameboid microglial cells,
located at the periphery of areas with a high density of punctate labeling, are stained by iron
histochemistry. D) Iron histochemistry reveals labeled reactive microglia in the subcortical
white matter and in the overlying cortex. E) Reactive microglial cells in the cortex labeled by
iron histochemistry. F) A high power, Normarski field illustrating that most of the punctate
labeling is not present within stained oligodendrocytes. G, H) Iba1 immunohistochemistry
reveals microglia in the contralateral thalamus (G) and a pronounced microgliosis in the
ipsilateral thalamus (H). I, J) GFAP immunohistochemistry reveals astrocytes in the
contralateral thalamus (I) and astrocyte gliosis in the ipsilateral thalamus (J). Bars = 40 μm
(A–C), 80 and 40 μm (D, E), 10 μm (F), 50 μm (G, H), and 50 μm (I, J).
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Fig. 3.
A thionin stained section from an aged mouse at 60 days following CCI at the level
corresponding to T2 weighted images as well as to the level of sections used for iron
histochemistry and GFAP and Iba1 immunohistochemical staining. Note the lower density of
neurons in ipsilateral thalamic nuclei (arrowheads) compared to the contralateral thalamus. Bar
= 1 mm.
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