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Abstract

Aims: In Wilson disease (WD), T2/T2*-weighted (T2*w) MRI frequently shows hypointensity in the
basal ganglia that is suggestive of paramagnetic deposits. It is currently unknown whether this
hypointensity is related to copper or iron deposition. We examined the neuropathological correlate
of this MRI pattern, particularly in relation to iron and copper concentrations.

Methods: Brain slices from nine WD and six control cases were investigated using a 7T-MRI system.
High resolution T2*w images were acquired and R2* parametric maps were reconstructed using a
multi-gradient recalled echo sequence. R2* was measured in the globus pallidus (GP) and the
putamen. Corresponding histopathological sections containing the lentiform nucleus were examined
using Turnbull iron staining, and double staining combining Turnbull with immunohistochemistry for
macrophages or astrocytes. Quantitative densitometry of the iron staining as well as copper and iron
concentrations were measured in the GP and putamen and correlated to R2* values.

Results: T2*w hypointensity in the GP and/or putamen was apparent in WD cases and R2* values
correlated with quantitative densitometry of iron staining. In WD, iron and copper concentrations
were increased in the putamen compared to controls. R2* was correlated with the iron
concentration in the GP and putamen whereas no correlation was observed for the copper
concentration. Patients with more pronounced pathological severity in the putamen displayed
increased iron concentration, which correlated with an elevated number of iron-containing
macrophages.
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Conclusions: T2/T2*w hypointensity observed in vivo in the basal ganglia of WD patients is related to
iron rather than copper deposits.

Abbreviations: GP = globus pallidus, MP-RAGE = magnetization-prepared rapid acquisition gradient
echo, GRE = gradient echo, DAB = 3,3’-diaminobenzidine-tetrahydrochloride, CN = caudate nucleus,
ROI = region of interest, ICP-MS = inductively coupled plasma mass spectrometry, AAS = atomic
absorbption spectroscopy, PKAN = pantothenate kinase-associated neurodegeneration, SWI =
susceptibility weighted imaging

Introduction

Wilson disease, formerly referred to as hepatolenticular degeneration, is a genetic disorder caused
by mutation of ATP7B copper transporter. This defect leads to gradual accumulation of copper in the
body and reduced synthesis of ceruloplasmin [1]. Neurologic symptoms are presumably caused by
copper toxicity and are typically associated with distinct neuropathological abnormalities. They
mostly affect the basal ganglia and the brainstem. A soft, brownish, atrophic putamen with
cavitations is a characteristic finding at macroscopic examination. Microscopic evaluation frequently
shows a varying degree of tissue loss in the basal ganglia. It ranges from mild rarefaction with spongy
degeneration and microcavitation to large-scale necrosis with the infiltration of macrophages
causing formation of a cystic cavity that affects the entire putamen [2-4]. These degenerative
changes are associated with marked astrocytic abnormalities including astrogliosis with large,
swollen, multinucleated astrocytes and the presence of enlarged forms with large pale nuclei
referred to as type | and type Il Alzheimer glia [5].

Brain MRI in Wilson disease typically shows increased signal intensity in the basal ganglia, thalamus,
and brainstem on T,-weighted (T,w) images which is likely due to tissue edema, cavitation, myelin
loss and/or gliosis. Longitudinal neuroimaging studies demonstrated a partial recovery of the T,w
hyperintense signal in the majority of Wilson disease patients who received treatment [6].
Furthermore, decreased signal intensity in the basal ganglia on T,w images and/or a shift in
frequency on susceptibility weighted images (SWI) have also been described in Wilson disease [7-
12]. This abnormality, particularly present in the lentiform nucleus (globus pallidus [GP] and
putamen), apparently worsens during the disease course [13] and is suggestive of paramagnetic
metal deposits that cause irregularity in the local magnetic field and subsequent MR signal loss. It
has been argued that these deposits could be formed either by certain copper species with
paramagnetic properties [14] or by iron compounds [7]. Currently, it is, however, not known
whether and to what extent copper ions can affect the tissue MRl signal [15, 16].

Post-mortem brain tissue examinations in Wilson disease cases document an up to 10-fold increase
in copper concentration compared to controls [17-19]. Abnormal brain copper deposits could be
detected even after several years of chelation treatment and correlated fairly well with the severity
of tissue destruction [20]. A few post-mortem case studies also examined cerebral iron content in
Wilson disease [18, 21, 22]. A study of 12 Wilson disease cases reported increased iron content in
the dentate nucleus [17]. In addition to post-mortem examinations, in vivo positron emission
tomography with radioactively labeled iron also showed increased net brain iron uptake in Wilson
disease patients compared to healthy volunteers [23]. Notably, previous studies examining iron
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concentration in Wilson disease did not focus on the lentiform nucleus, where the signal drop is
typically present on T,/T,*w MRI in vivo.

The goal of this study was to investigate the neuropathological correlate of hypointensities on
T,/T,*w MRI in post-mortem Wilson disease brain tissue.

Materials and methods
Study design and sample characteristics

Brain samples from nine Wilson disease patients (seven with neuropsychiatric and two with hepatic
symptoms; Table 1) and six control subjects (Table 2) were investigated. This study was approved by
the local ethics committee. Formalin-fixed brains, cut into 10-15 mm coronal slices, were obtained
from the Department of Neuropathology, Institute of Psychiatry and Neurology, Warsaw, Poland and
the Institute of Neuropathology, University Medicine Gottingen, Germany. Wilson disease was
confirmed according to the Leipzig diagnostic criteria [24] and the American Association for Study of
Liver Diseases (AASLD) recommendations [25], which require typical clinical and neuroimaging
findings, Kayser-Fleischer ring, low serum ceruloplasmin, and high 24-hour urine copper excretion. In
two patients, Wilson disease diagnosis was additionally confirmed by genetic examination (Table 1).
All Wilson disease cases with neuropsychiatric manifestation except one (case 6) deteriorated during
the disease course despite being on chelation therapy, and ultimately died due to complications of
immobilization. Both hepatic cases died from liver failure. Liver cirrhosis was confirmed in all Wilson
disease cases on autopsy. Control cases had no history of neurological diseases or evidence of
pathology upon neuropathological examination.

MR Image acquisition

Coronal brain slices containing the basal ganglia from nine Wilson disease patients and one control
case were scanned while embedded in 4% formaldehyde solution in a plastic container using a 7T
whole-body MRI system (Magnetom, Siemens Healthcare, Erlangen, Germany). A quadrature
birdcage volume coil was used for transmission in conjunction with a 24 channel receive head RF coil
array (Nova Medical, Wilmington, MA, USA). Brain samples were kept at room temperature (air-
conditioned room, 23°C) for several hours before scanning to achieve standard thermal conditions
for relaxation time measurements [26].

For visual analysis, high spatial resolution images covering whole brain slices were acquired using the
following pulse sequences: T,*weighted 3D double-echo gradient echo (GRE) (TR=50 ms, TE=6.1 and
19 ms, a=15°, pixel bandwidth=148 Hz, spatial resolution 0.15x0.15x0.5 mm?3, 7 averages, scan-time
01:31 h) and magnetization prepared rapid acquisition gradient echo (MP-RAGE) (TR=2300 ms,
TE=5.9 ms, a=15°, TI= 700ms, pixel bandwidth=148 Hz, spatial resolution 0.1x0.1x0.5 mm?, 15
averages, scan-time 2:36 h).

For T,* parametric mapping, a single image slice, that was chosen as 1) it was the best depiction of
the putamen and the GP, and 2) it showed the most pronounced hypointensity on the high-
resolution images, was acquired using a 2D multi-echo GRE pulse sequence (TR=500 ms, o=35°, 8
equidistant echoes ranging from 4.6 to 47.2 ms, pixel bandwidth=260 Hz, spatial resolution
0.5x0.5x2.0 mm3, 32 averages, scan-time 0:35 h).
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Image reconstruction and analysis

For the high spatial resolution MP-RAGE and GRE images, a slight intensity homogenization was
applied to compensate for spatial coil sensitivity variations [27]. Subsequently, the images were de-
noised employing a spatially adaptive non-local means filter [28] as implemented in the VBMS8
(http://dbm.neuro.uni-jena.de/vbm8/) toolbox of the SPM package

(http://www. fil.ion.ucl.ac.uk/spm/). The presence of abnormal hypointensities was confirmed on the
MP-RAGE and the GRE image from the first echo acquisition.

T,* parametric maps were reconstructed from the multi-echo GRE images using the Levenberg—
Marquardt curve-fitting algorithm in conjunction with a mono-exponential decay model as
implemented in the MRI processor plugin (Dimiter Prodanov, 2009) for Imagel (NIH, MD, USA) [29].
Reciprocal value R,*=1/T,* representing transverse relaxivity was calculated. On these parametric
maps, we measured R,* values in regions of interest (ROI) drawn manually in areas with the most
pronounced hypointensity in the GP and putamen and in an area covering the whole caudate
nucleus (CN).

Neuropathological examination

Following MRI examination, we collected tissue blocks from the following ROI: frontal lobe, insular
region, lentiform nucleus, CN, pons, and mesencephalon. These samples were embedded in paraffin
and sliced with a microtome into 5 um thick sections, which were stained with hematoxylin and
eosin, and 3,3’-diaminobenzidine-tetrahydrochloride (DAB) enhanced Turnbull staining for Fe*"and
FeZ”** iron as described previously [30, 31].

Immunohistochemistry was performed using primary antibodies to detect ferritin, macrophages,
and astrocytes. Pretreatment as well as primary and secondary antibody incubation were carried out
according to a standard protocol. The following primary antibodies were used: rabbit anti-ferritin
(dilution 1:1000; Sigma, St.Louis, MQ), mouse anti-KiM1P (dilution 1:5000) for macrophages, as well
as mouse and rabbit anti-glial fibrillary acidic protein (GFAP; dilution 1:1000; Dako, Glostrup,
Denmark) for astrocytes. Bound antibodies were visualized using an avidin-biotin technique with
DAB as chromogen. Sections were briefly counterstained with Mayer’s hemalum solution.

To examine the colocalization of iron with cell-type specific markers on sections from the lentiform
nucleus, we performed double-labeling combining immunohistochemistry for macrophages or
astrocytes with enhanced Turnbull staining. These Turnbull stainings used 3-amino-9-ethylcarbazole
(AEC) as chromogen while alkaline phosphatase-anti alkaline phosphatase (APAAP; Dako) was
employed for the visualization of primary antibody (anti-KiM1P and anti-GFAP) with Fast Blue as
chromogen.

Morphometry and semiquantitative analysis of neuropathological findings

The density of cells double stained by Turnbull and KiM1P (iron-containing macrophages) as well as
cells double stained by Turnbull and GFAP (iron-containing astrocytes) was quantified in the
putamen and GP using a 40x objective with 10x10 counting grid. To obtain median cell counts per 1
mm? we performed manual counts within ten visual fields to calculate the densities per cases. The
degree of tissue disruption in the putamen and GP was evaluated semiquantitatively based on the
level of rarefaction, disruption of myelin bundles and neuronal loss as none (-), mild (+), medium (++)
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and severe (+++). Tissue disruption graded as "-" or "+" was regarded as mild, and "++" or "+++" as

severe pathology in further analyses.

Matching of MRI and histopathology

Digital images of Turnbull and ferritin-stained sections from the lentiform nucleus were taken using
the Olympus dotSlide 2.1 digital scanning system. Overview images were compared side by side with
the appropriate high-resolution GRE and MP-RAGE MRI slices to determine possible matching
between the intensity of Turnbull and ferritin stainings and the degree of MR hypointensity.

To correlate the R,* parameter with the intensity of iron staining, quantitative densitometry of the
Turnbull staining in ROIs from the putamen, GP, and CN sections was performed. High power (200x)
images were obtained using a BX51 Olympus light microscope equipped with a DP71 digital camera,
and the DAB channel was separated using the color deconvolution plugin for Imagel [32].
Afterwards, 8-bit grayscale images were inverted and thresholded so that only gray values above
234/255, representing the most intense staining, were segmented. An index representing the
proportion of tissue with positive Turnbull signal was defined as area fraction reflecting the
percentage of pixels with an intensity above 234 (Suppl. Fig. 1). Measurements were averaged
across five images per ROl

Metal concentration measurement

Tissue specimens (each approximately 2x2x2 mm?) from all Wilson disease and control cases were
collected using a ceramic knife to avoid metal contamination. The following regions were sampled:
frontal cortex, insular cortex, GP, putamen, CN, pontine tegmentum, dentate nucleus and substantia
nigra. Specimens were taken at identical locations from the same hemisphere as samples for
histopathological examination. Specimens from the GP and putamen were taken from the location
with the most pronounced hypointensity on MR images.

Brain specimens were left in a mixture of 2 ml of 65% nitric acid (Merck, Germany) and 10 pL of 70%
perchloric acid (Merck, Germany) for at least 15 hours at room temperature. The samples were then
kept in an ultrasonic bath at 50 °C for three hours. Next, the solutions obtained were diluted with
distilled water. To prevent the clogging of inductively coupled plasma mass spectrometry (ICP-MS)
tubes, diluted samples were filtered using polyvinylidene fluoride (PVDF) syringe filters with a pore
size of 0.45 um. Copper concentration was analyzed using ICP-MS (NexION 300D, PerkinElmer, USA);
the ®Cu and ®Cu isotopes were monitored. Because of potential isobaric interference in
measurement of iron isotopes using ICP-MS, iron concentration was analyzed using flame atomic
absorption spectroscopy (ContrAA 700, Analytik Jena, Germany). Iron was monitored at 248.3 nm
and air-acetylene flame was used as an atomizer. The accuracy and overall performance of the
analysis were verified using the following certified reference materials: Bovine Liver 1577c, NIST;
LUTS-1, NRC-CNRC; Cod Muscle BCR 422; Mussel Tissue SRM 2976, NIST. Mili-Q water (Milipore,
USA) was used for all samples and standard procedures. The results are presented as the mean of
three consecutively repeated measurements of each sample and concentrations are expressed as
pg/g fixed wet weight.
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Statistics

Group differences were tested using the non-parametric Mann-Whitney U test. Dependencies of
variables were assessed using Pearson correlation coefficients after tested values passed the
D'Agostino-Pearson normality test. Correlations are expressed as r* (R squared). P-values <0.05 (two-
tailed) were considered significant. Statistical evaluations and graph plots were performed using
GraphPad Prism version 6 (GraphPad Software, Inc., San Diego, CA, USA). Additionally, a hierarchical
multivariate linear regression analysis to calculate independent effects of iron and copper
concentrations on R2* value was performed using SPSS version 22 (Armonk, NY, IBM Corp.).

Results
Comparison of MRI and histopathology

First, we examined the high resolution GRE and MP-RAGE MR images for the presence of abnormal
hypointensities in the basal ganglia and matched them visually with the intensity of iron staining.
Compared to control cases, abnormally hypointense signals suggestive of paramagnetic deposits
were observed in the GP and/or the putamen of all seven Wilson disease cases with neuropsychiatric
presentation (neuro-WD). Two neuro-WD cases displayed an only slightly hypointense signal in the
CN. No signal alterations were detected in the two cases with hepatic presentation (hepato-WD).
The appearance and extent of hypointensities were similar for MP-RAGE and GRE images. The

23* iron was stained, while there was virtually no Fe?

Turnbull staining was positive only when Fe
iron staining. This is consistent with the vast predominance of Fe** iron in post-mortem tissue [31,
33]. On visual inspection, the intensity of the Turnbull staining (here and further in the text Turnbull

2+/3+

refers to the Fe iron staining) in the GP and putamen appeared to be closely matched with MR

signal loss in the corresponding region (Fig. 1, Suppl. Fig. 2).

Upon neuropathological examination, Wilson disease subjects exhibited typical changes with the
most severe tissue disruption seen in the putamen (Fig. 2A-F). The putamen displayed variable
shrinkage and tissue changes ranging from mild astrogliosis, neuronal loss and rarefaction to severe
cavitation with marked astrogliosis. At the edge and in the center of the cavitation a perivascular and
diffuse infiltration by macrophages could be detected. Most of the reactive astrocytes showed
enlarged vesicular nuclei and inconspicuous cytoplasm, indicating Alzheimer type Il glia. Occasional
large, sometimes multinucleated, astrocytic cells were also observed (Fig. 2E, F). Compared to the
putamen, the tissue damage, cellular infiltration, and astrogliosis were considerably less pronounced
in the GP and CN (Table 3).

The histological examination revealed dense Turnbull staining located predominantly in phagocytic
cells (Fig. 2C) in the areas with MR signal loss. The ferritin immunostaining matched very closely the
Turnbull iron staining, which was also predominantly positive in phagocytic cells (Fig. 2D). MR signal
loss was even detected in cases with profound tissue rarefaction where deposits with dense iron
staining and ferritin positivity were present. This finding suggests that these iron deposits composed
of aggregated ferritin are likely to be the principal source of local magnetic field inhomogeneity in
the lentiform nucleus. Very few dense iron deposits were observed in the CN.
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Iron localization in the lentiform nucleus

To determine the cellular source of iron deposits in the lentiform nucleus in Wilson disease, we
performed standard histology as well as immunohistochemistry combined with Turnbull staining. In
control cases, iron was observed mostly in oligodendrocytes and myelinated bundles passing
through the putamen and GP. In neuro-WD cases, more intense iron staining with a different
histological pattern of iron distribution was apparent. In contrast to controls, neuro-WD cases
showed less iron in remaining myelinated bundles but displayed additional cellular, and to a lesser
degree also apparently extracellular, iron deposits. The highest iron load was visible in numerous
phagocytic cells and a few reactive astrocytes (Fig. 2C, D). Intracellular iron appeared as diffuse
cytoplasmic deposits in many KiM1P+ macrophages (Fig. 2G) and as small cytoplasmic granules in a
few reactive GFAP+ astrocytes (Fig. 2H).

Combining Turnbull with immunohistochemical staining for macrophages or astrocytes, quantitative
analysis revealed that the number of iron-positive macrophages was higher than iron-positive
astrocytes. The cellular infiltration by iron-positive KiM1P+ macrophages and GFAP+ astrocytes was
more prominent in the putamen compared to the GP (Table 3).

Correlation between R2* parametric mapping and quantitative densitometry of iron staining

To assess the dependence of the MR signal loss and the intensity of dense iron particles we
correlated the R,* value with the quantitative densitometry of the iron staining. The R,* value
closely correlated with the proportion of tissue with positive Turnbull signal in the GP (r’=0.57,
p=0.02; Fig. 3A) and putamen (r’=0.64, p=0.01; Fig. 3B), confirming that R,* is strongly influenced by
dense iron deposits mainly located in macrophages. Quantitative densitometry yielded a very low
proportion of tissue with positive Turnbull signal in the CN (Fig. 3C) in agreement with the
observation of a low number of dense iron deposits in this region.

Quantitative analysis of tissue metal content and its correlation with R2* parametric mapping

Next, we quantitatively analyzed the concentration of iron and copper in control and Wilson disease
tissue samples. In controls the highest iron concentration was found in the substantia nigra and the
GP while the highest copper concentration was found in the substantia nigra and the dentate
nucleus (Fig. 4, Suppl. Table 1) as reported previously [34]. Iron levels were higher in all analyzed
brain regions in neuro-WD subjects compared to controls, but significant differences were only
found in the putamen, CN, and pontine tegmentum. In contrast, cerebral iron levels were not
increased in the hepato-WD cases. Copper levels were significantly increased by a factor of 5-10in
all analyzed brain regions in neuro-WD, and to a lesser degree in hepato-WD cases, compared to
controls. In controls, a weak but significant inter-elemental correlation was observed between iron
and copper concentrations when data from all examined brain regions were merged (r’=0.19,
p=0.002). In Wilson disease, the correlation between iron and copper concentrations was not
significant (r’=0.05, p=0.056; Suppl. Fig.3). A subanalysis in the basal ganglia (merged data from the
GP, putamen, and CN) showed a significant correlation between iron and copper concentrations in
control (r’=0.63, p<0.0001) and Wilson disease (r’=0.19, p=0.02) cases, respectively.

To assess the contribution of iron and copper to the T,* transverse relaxation of the tissue, we
correlated the R,* value with metal concentrations in the entire Wilson disease group (hepato-WD
and neuro-WD). Both hepato-WD cases were included to extend the range of values for the
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correlation analysis by including tissue samples containing high copper and normal iron
concentration. R,* values were significantly correlated with the iron concentration in the GP
(r’=0.77, p=0.002; Fig. 3D), putamen (r’=0.80, p=0.001; Fig. 3E) and CN (r’=0.49, p=0.03; Fig. 3F)
while no significant correlations were observed for the copper concentration (Fig. 3G-I).
Additionally, a hierarchical multiple regression analysis was run to predict R,* values in the basal
ganglia for either iron concentration alone (model 1) or for the combination of iron and copper
concentrations (model 2). Iron concentration significantly predicted R,* value (F (1,25)=58.7,
p<000.1, r’=0.70). Adding copper concentration did not improve the prediction; in model 2, only iron
concentration significantly contributed to the prediction of R,* value in the basal ganglia, whereby
for every 1 pg/g of tissue iron concentration, the R2* value was increased by 0.001 ms™ (Table 4).

Correlation of metal content and neuropathological severity in the putamen

Finally, we aimed to examine whether iron accumulation in the putamen was an early or late feature
of Wilson disease neuropathology. Therefore, we analyzed the dependence of iron and copper
concentrations, the degree of tissue disruption and the density of iron-containing cells in the
putamen. The degree of pathological severity in the putamen of Wilson disease cases revealed no
association with copper concentration (p=0.73) while there was a trend for a positive association
with iron concentration (p=0.06) (Suppl. Fig. 4).

The quantitative analysis showed that iron-positive macrophages and astrocytes were more
abundant in the putamen of cases with more severe pathology (Fig. 5A, C). The number of iron-
positive KiM1P+ macrophages was significantly correlated with the iron concentration (r’=0.73,
p=0.003; Fig. 5B), indicating that pathological iron deposits in the putamen are mainly caused by an
increase in iron-containing macrophages. There was only a weak correlation between the number of
iron-positive GFAP+ astrocytes and iron concentration in the putamen (r2:0.41, p=0.06; Fig. 5D). In
summary, iron accumulation seems to be a rather late event in the pathophysiological cascade, and
neurodegeneration in the putamen in Wilson disease is apparently associated with a significant
influx of iron-containing macrophages.

Discussion

Our study shows i) that iron accumulates in the lentiform nucleus of Wilson disease patients with
neuropsychiatric presentation and ii) that iron, but not copper, content in the putamen and GP
correlates with the presence of hypointensities on T,*w MR images. Moreover, iron concentration
and the degree of tissue disruption in the putamen are associated with the presence of iron-
containing macrophages.

These findings are important for the interpretation of the MRI examination that frequently shows
hypointensities on T,/T,*w and SWI images. Importantly, R,* values cannot be used for brain copper
content estimation and monitoring of anti-copper treatment. On the other hand, our results suggest
that the development of putaminal T,/T,*w hypointensity in a Wilson disease patient indicates
progressive degenerative changes and unfavorable prognosis. These findings may be helpful in the
understanding of the pathophysiology of Wilson disease that apparently involves inflammatory
changes.
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Iron concentration in the neuropsychiatric Wilson disease group was higher in all examined brain
areas compared to controls, but only reached significance in the putamen, caudate, and pontine
tegmentum. A previous study on Wilson disease reported increased iron concentration in the
dentate nucleus [17]. Our present study differs from this study in the use of MRI navigation for
sampling; here, we were able to take samples directly from the regions showing the most prominent
hypointensity. Apart from this, the disparate results between the two studies might be due to the
high clinical heterogeneity in Wilson disease along with the small number of cases examined in each
study. Indeed, the elevated iron concentration combined with prominent pathological changes in
the putamen in our cases may be related to the fact that all of our neuropsychiatric WD cases
presented with the dystonic subtype which has previously been associated with putaminal
abnormalities [35]. Similarly to previous studies [34, 36], a significant correlation between regional
cerebral iron and copper concentrations was found in control cases, suggesting a close relationship
between metabolic roles of iron and copper under physiological conditions [37]. This correlation
between iron and copper was not observed in Wilson disease, most likely due to the global cerebral
copper accumulation that occurs in this disorder.

In our study, age at death of control subjects as well as fixation time of Wilson disease brains were
higher than in the control group due to the scarcity of post-mortem material from Wilson disease
patients and young healthy control subjects. Metals are prone to leach from fixated tissue during
storage [38], and the content of iron in the brain increases with age [39]. The differences in age at
death and fixation duration between Wilson disease and controls subjects, however, do not
invalidate our findings of higher iron concentration in Wilson disease, since both of these
parameters would bias the results towards a lower difference between the groups. It is likely that
the true differences in iron content would be even more pronounced if Wilson disease and control
cases were matched in an ideal way for age and fixation time in formalin.

The iron concentration was closely correlated with the R,* value in all examined regions, thus
confirming that the MR signal loss is determined by iron species. On the microscopic level, the MR
signal drop was associated with the presence of particles with a very intense iron and ferritin
staining. This observation was confirmed by the positive correlation between R,* and the
guantitative densitometry of the Turnbull staining that segmented the densest iron-positive
particles. These particles, located predominantly in macrophages, may be composed of highly
clustered ferritin or hemosiderin with strong paramagnetic properties. This is in agreement with an
in vitro study showing that R, transverse relaxivity of ferritin solution is proportional to the size of
ferritin clusters under the condition of constant iron concentration [40]. Despite a significant
increase in iron concentration in the CN, a mild T,*w hypointensity in this region was observed only
in two Wilson disease cases. The moderate increase in iron concentration in the CN, which
correlated with R,* value, together with a low number of dense iron particles were apparently not
sufficient to cause a consistent T,w hypointensity detectable with the applied MR parameters.

Although a weak correlation between the copper concentration and R,* value was observed, several
factors suggest that copper does not significantly contribute to the MR signal loss in the lentiform
nucleus. Adding copper concentration to the multiple regression analysis did not improve the
prediction of R,* value in the basal ganglia compared to the analysis with iron concentration alone.
Additionally, copper concentration in the cortex of all neuropsychiatric Wilson disease cases, and in
the lentiform nucleus of both hepatic Wilson disease cases was increased to a level comparable to
the lentiform nucleus of neuropsychiatric Wilson disease cases. Despite this, MR signal loss was not
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observed in these structures. A previous case study documented that the area of T,w hypointensity
increased during chelation treatment when cerebral copper concentration is thought to be
decreasing [13]. Paramagnetic properties of copper species are not different in Wilson disease brain
tissue compared to controls, as was shown by an electron spin resonance study [41]. It is thus likely
that in Wilson disease, similarly to physiological conditions, copper is stored in a diamagnetic form
bound to metallothionein, which is a protein involved in metal detoxification [42]. In contrast to a
previous study [20] we did not observe any association between the copper concentration and the
degree of pathological severity. Although the association between dose and toxicity in metal
accumulation is evident in vivo, the interpretation of post-mortem measurements in severely
affected tissue is not straightforward. Accumulated metals may gradually disappear from the
rarefied tissue by drainage through extracellular space and phagocytosis.

Similar to physiological conditions, the iron concentration in Wilson disease subjects was highest in
the GP and substantia nigra. While total iron concentration was not significantly increased in the GP,
alterations in iron localization were apparent in this structure in the neuropsychiatric Wilson disease
cases. In control cases, fine cytoplasmiciron granules were observed in oligodendrocytes, microglia,
and in the perivascular extracellular space [43, 44]. In contrast, neuropsychiatric Wilson disease
cases displayed additional iron deposits in macrophages and astrocytes. This observation, together
with previous in vivo data [14, 45], suggests that iron metabolism in the GP may be disturbed at least
in a subgroup of Wilson disease patients. Iron accumulation in the GP is a rather unspecific process
observed in neurodegenerative diseases, inflammatory disorders, and aging [39, 46]. The reason for
the propensity of the GP to accumulate iron and other metals is unclear. Several authors suggested
that it could be related to cellular energy production failure in the brain [47], which may also be the
case in Wilson disease since mitochondria are the principal targets of copper-mediated toxicity [48].

The putamen was the region with the most profound tissue disruption and significantly increased
iron concentration. The MR signal drop in this area reflected the increased number of phagocytic
cells densely packed with iron that were more abundant in the cases with more pronounced
pathological changes. The association between neurodegeneration and the presence of iron-
containing phagocytic cells seems to be common, but its causes and consequences are unclear [49,
50]. Macrophages may be attracted to phagocyte iron accumulated either due to damage of iron-
rich oligodendrocytes and neurons or due to impairment of its transport across the disrupted blood-
brain barrier. It has also been proposed that iron may be brought in by iron-containing phagocytic
cells that migrate into the CNS as part of the inflammatory response that accompanies
neurodegeneration [51].

Alternatively, iron may accumulate in astrocytes due to ceruloplasmin dysfunction inherent to
Wilson disease. Since ATP7B is expressed in the brain [52], its dysfunction may lead to impaired
production of ceruloplasmin in astrocytes, with the consequence of impaired cellular iron efflux
similar to aceruloplasminemia [53]. Accordingly, studies on systemic iron metabolism in Wilson
disease found increased serum ferritin and liver iron content [54-56].The distribution of pathological
changes in our Wilson disease cases was notably similar to aceruloplasminemia, showing the highest
degree of tissue disruption and iron deposits in the putamen [57]. Also, iron is deposited in enlarged,
deformed and multinucleated reactive astrocytes in both disorders [58]. On the other hand, iron
accumulation in astrocytes is not specific to aceruloplasminemia and was also described in other
neurodegenerative disorders, e.g. pantothenate kinase-associated neurodegeneration (PKAN) [59].
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Based on the published data [60] there is little doubt that copper, particularly that accumulated in
astrocytes, is the primary toxic agent in Wilson disease. Our results suggest that iron may also
contribute to astrocytic dysfunction. Nevertheless, iron-containing macrophages and astrocytes
were sparse in the putamen of Wilson disease cases with mild pathological severity while large
numbers were observed in cases with severe cavitation, suggesting that iron accumulation is a late
event associated with tissue disruption rather than an initial factor triggering pathological changes.
On the other hand, neuropathological studies are inherently biased towards more severe patients in
whom treatment was unsuccessful. Our study thus serves as proof of concept while the true
prevalence, extent, dynamics, and clinical correlates of iron accumulation can only be estimated
from in vivo MRI studies.

In a SWI MRI study, signs of iron deposits in the lentiform nucleus were apparent in all Wilson
disease patients with a neuropsychiatric presentation [7]. A case study of a WD patient exhibiting
eye-of-the-tiger-sign, a feature fairly specific for PKAN, has also been reported [45]. Several other
cross-sectional studies reported significant negative (paramagnetic) phase shift or increased
susceptibility in the basal ganglia of Wilson disease patients compared to controls [10, 14, 61].
Future longitudinal studies should clarify whether iron accumulation in Wilson disease precedes
neurodegenerative changes or vice versa.

In conclusion, our results provide evidence that Wilson disease with neuropsychiatric presentation is
associated with iron accumulation in the brain, and that T,/T,*w hypointensities observed in vivo in
the deep gray matter nuclei of Wilson disease patients seem to be related to iron rather than to
copper deposits. The finding of significant cerebral iron accumulation may contribute to a better
understanding of Wilson disease, and may also be relevant for advances in therapeutic strategies.
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Figure legends

Fig.1 Correlation of T2/T2*w hypointensity on MRI and iron staining in the basal ganglia in control
and neuro-WD subjects

A, C, E) coronal MP-RAGE MR images (TR=2300 ms, TE=5.9 ms) at the level of the basal ganglia. A)
Control case with a slightly lower signal in the globus pallidus (black arrowhead) compared to the
putamen (empty arrowhead) and the caudate nucleus (arrow). C) Neuro-WD with moderate disease
severity (case 4) and with pronounced hypointensity in the globus pallidus (black arrowhead) and
the subthalamic nucleus/substantia nigra region (white arrowhead). Milder hypointensity is present
in the putamen (empty arrowhead) and the caudate nucleus (arrow). E) Severe neuro-WD (case 5)
with pronounced hypointensity in the caudal part of the putamen (arrowhead) and lateral part of
the globus pallidus and mild hypointensity in the caudate nucleus (arrow). Asterisks denote the
anterior commissure.

B, D, F) Low power magnification of the basal ganglia (corresponding to areas marked by orange
rectangles on MR images) stained by Turnbull iron staining. B) Control case with normal pattern of
iron staining, i.e. diffuse staining in the globus pallidus and weaker staining in the putamen, where
iron is present mostly in myelinated bundles (arrows). D) Diffuse iron staining in the lentiform
nucleus that is stronger in the globus pallidus than in the putamen, in correspondence with the MR
signal. Note that myelinated bundles are still detectable (arrows) within diffusely increased iron
staining. F) Strong diffuse iron staining in lentiform and caudate nuclei; the area of low MR signal in
the caudal putamen corresponds to the area of rarefied and profoundly disrupted tissue (dashed
circle). Note the disrupted structure of iron-containing myelinated bundles in the putamen, while
these are preserved in the caudate nucleus (arrows); asterisks denote the anterior commissure.
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Fig.2 Iron accumulation in the putamen in neuro-WD

A) Corresponding MP-RAGE (TR=2300 ms, TE=5.9 ms) MRI and B) low power magnification of the
Turnbull iron staining displaying the corresponding area in the putamen (dashed circles) also shown
in high power images for different stainings C-H (MRI and all histological images from neuro-WD
case 5). C) Turnbull iron staining shows tissue disruption and granular, dense iron deposits in
macrophages (orange arrows) and a few enlarged reactive astrocytes (black arrow). D) Ferritin
staining matches well with the Turnbull staining and shows numerous strongly positive macrophages
(orange arrows) and faint staining in a few astrocytes (black arrow). E-F) Two exemplary pictures of
HE-stained putamen showing tissue rarefaction and spongious degeneration with numerous
macrophages (E) and astrogliosis (F); black arrows denote reactive astrocytes, arrowheads denote
exemplary macrophages. G) Double staining for Turnbull iron (red) and KiM1P (blue) showing double
stained cells representing iron-containing macrophages (orange arrows). Note that several
apparently extracellular iron deposits are found in cells with round shape and foamy appearance
with a morphology resembling macrophages (orange arrowheads). H) Double staining for Turnbull
iron (red) and GFAP (blue) showing double-stained cells representing iron-containing astrocytes
(black arrows). Note that iron is not only associated with astrocytes but is also deposited in a
perivascular round cell without GFAP staining most likely to be a macrophage (orange arrow). A few
astrocytes are negative for Turnbull iron staining (black arrowheads). Scale bars represent 5 mm (B)
or 50 um (C-H).

Fig.3 Correlation between R,* value, density of iron staining and metal concentration in Wilson
disease cases

Graphs show data for the GP, putamen, and caudate nucleus. In the upper row, Y axes indicate the
proportion of tissue with positive Turnbull signal in % as a measure of iron staining density. The R,*
value is significantly correlated with the density of iron staining in the globus pallidus (A) and
putamen (B); no correlation was observed in the caudate nucleus (C).

In the middle and bottom rows, Y axes indicate the concentration of metals in pg/g, whereby the
correlations of iron (Fe) concentration and R,* value is shown in the middle row and the correlation
of copper (Cu) concentration and R,* is given in the bottom row. The R,* value is significantly
correlated with the iron concentration in the globus pallidus (D), putamen (E) and caudate nucleus
(F) while it is not correlated with the copper concentration in any of the examined areas (G-I).

Fig.4 Mean cerebral concentration of iron and copper in Wilson disease cases and controls

Y axes indicates the concentration of metals in ug/g, whereby the results for iron (Fe) are shown in
the left graph, and the results for copper (Cu) are given in the right graph for different areas of the
brain. Note that the scales of Y axes are different for both metals. Bars indicate mean metal
concentrations in neuro-WD (grey bars) and control (black bars) cases. Diamonds represent iron and
copper concentrations in individual hepato-WD cases whose values are not included in the bars.

* p<0.05, error bars denote SD.
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Fig.5 Increased phagocytic and astrocytic iron deposits in the putamen of cases with severe Wilson
disease pathology

A) The number of KiM1P+ cells positive for iron in samples with mild (none or mild tissue disruption)
and severe (moderate or severe tissue disruption) pathology in the putamen. B) Positive correlation
between iron concentration and the number of KiM1P+ cells positive for iron. C) The number of
GFAP+ cells positive for iron in samples with mild and severe pathology in the putamen. D) Positive
correlation between iron concentration and number of GFAP+ cells positive for iron.

* p<0.05, error bars denote SD.
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Table 1. Clinical characteristics of patient cases

Age at | Disease Treatment Fixation
Case Neuropsychiatric Liver Cause of Postmortem
Sex | death | duration Diagnostic findings | Treatment duration duration
number symptoms symptoms death interval (hrs)
(yrs) (yrs) {(months) (yrs)
At onset: tremor subtype
Pneumonia,
1 M 35 2 At progression: Cirrhosis | KF ring, Cp 8.7mg/dI Zinc 13 21 24
cachexia
choreodystonia
At onset: tremor subtype
KF ring, Cp
2 M 33 1 At progression: mania and | Cirrhosis D-PNC, BAL 10 Pneumonia 16 24
11.1mg/dl
generalized dystonia
At onset: tremor subtype
with mania
3 M 22 4 Cirrhosis | KF ring, Cp 0.8mg/dI D-PNC 5 Pneumonia 16 24
At progression: generalized
dystonia
At onset: tremor subtype Cp 14.1.mg/d|,
4 F 41 2 At progression: generalized | Cirrhosis | urine Cu excretion | Zinc, D-PNC 3 Sepsis, DIC 16 48
dystonia 56ug/24h
At onset: parkinsonism KF ring, Cp
subtype with depression 13.8mg/dl, urine Cu
5 F 42 4 Cirrhosis D-PNC 8 Pneumonia 15 24

At progression: generalized

dystonia

excretion

217ug/24h
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At onset: tremor subtype
KF ring, Cp 12mg/dl,
with anarthria
6 F 31 1 Cirrhosis homozygous D-PNC 12 Sepsis, DIC 8 48
At progression: moderate
p.H1069Q mutation
dystonia
KF ring, Cp
At onset: dystonic subtype Pneumonia,
2.2mg/dl,
7 M 21 1 At progression: generalized | Cirrhosis D-PNC, Zinc 5 sepsis, 7 12
homozygous
dystonia with mania cachexia
p.G1186C mutation
Acute Cp 6.5mg/dl, urine
Acute liver
8 F 35 0.5 None liver Cu excretion None 0 19 300
failure
failure 1650ug/24h
Acute
LTX 2006 and Acute liver
9 F 22 7 None liver N/A N/A 0.6 24
relTX 2013 failure, sepsis
failure

Abbreviations: M — male, F — female, N/A — not available, yrs — years, Cp — ceruloplasmin (normal range: 20 - 50 mg/dl), Cu excretion — daily urinary copper excretion

(normal range: 0-50 pg/24 hours), KF ring — Keyser-Fleischer ring, D-PNC — D-penicillamine, LTX - orthotopic liver transplantation, DIC — disseminated intravascular

coagulopathy
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Table 2. Characteristics of control cases

Globus
Age —_— .
Fixatio Putame | Globus | Pallidu
Case . at Postmorte | Putame .
Se Medical Cause of n . n Pallidu s
numbe . deat . m interval | nlron
X history death duratio Copper | slron | Coppe
r h (hours) (ne/s)
n (yrs) (ne/g) | (ne/e) r
(yrs)
(ne/g)
Multiple
injury
without
1 M None 37 4 48 37.1 1.35 64.2 2.41
head
involveme
nt
Cardiac
tamponad
2 M N/A 61 1 48 38.9 3.09 58.4 4.54
e/ aortal
dissection
Cardiac
3 M N/A 56 . . 1 120 104 6.56 86.5 4.64
infarction
4 F N/A 34 N/A 3 24 80.2 4.75 148 5.98
Atrial
fibrillation
5 F 56 N/A 1 48 46.4 3 75.8 3.68
anticoagulatio
n
Carcinoma of
6 F the rectum, 53 Sepsis 1 36 50.2 4.5 102 5.04

renal failure

Abbreviations: M — male, F — female, N/A — not available, yrs — years
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Table 3. Descriptive and quantitative neuropathological findings in Wilson disease cases

Descriptive pathology Putamen Globus pallidus
GFA | KiM GFA | KiM
P+ |[1P+ P+ |[1P+
cells | cells cells | cells
Case . Tissue p.osit Posit Iro | Cop Tissue p.osit Posit Iro | Cop
hum Cortical Brainstem Basa.I disrup ive |ive n | per disrup ive |ive n | per
ber areas ganglia tion for |for (ng | {ng/ tion for |for (ng | {ng/
Fe |Fe /g) | g Fe |Fe /g) | @)
(per | (per (per | (per
mm? | mm’ mm? | mm’
) ) ) )
Putamin
al
cavitatio
n; severe
astroglio
sis;
Three medium
microscopic | neuronal
1 Inconspi nec'rotlc loss; s 48 136 | 107 | 86 - 16 32 91. 121
cuous lesions numero 2
(infarction) us
in pons macroph
ages;
loss of
myelinat
ed
bundles
in GP
Putamin
al
cavitatio
n; severe
astroglio
Two sis';
microscopic medium
. neuronal
Inconspi mmrohemor loss; 70. 93.
2 rhages in ! +++ 32 | 120 11.8 + 0 136 12.6
cuous . numero 3 1
pons; mild Us
sp?:ill\c:sw macroph
ages;
loss of
myelinat
ed
bundles
in GP
. Mild
Inconspi Inconspicuo astroglio 93.
3 CUOUS us sis. loss + 16 80 5 17.9 + 24 16 |110(31.5
(SN N/A) ,of
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myelinat
ed
bundles,
medium
neuronal
loss, few
macroph
ages
. Mild
Mild sol\:lli(isis astroglio
4 | astroglio 'p & . sis, few 0 0 56 | 103|325 0 40 |101| 39
. in SN, mild
sis .| macroph
astrogliosis
ages
Focal
putamin
al
Mild cavitatio
spongiosis n; severe
Inconspi with small aStsric;'gllo
5 P superposed .' ++ 40 176 | 149|364 16 40 | 182 | 46.7
cuous .. | medium
cavitation in neuronal
SN, mild
L loss,
astrogliosis
numero
us
macroph
ages
Inconspi | s ol\:”isis Mild 68
6 P | SPONBIOSIS 1 4y oglio | 0 o | 16 |°® 199 o | o |109]427
cuous in SN, mild sis 1
astrogliosis
Severe
putamin
al
cavitatio
n and
shrinkag
e; severe
Pronoun astroglio
7 ced N/A o1 +++ | 16 | 136 | 105 |13.7 g | 96 | ®% |31
astroglio severe 6
sis neuronal
loss in
putamen
numero
us
macroph
ages
Mild spol\:lgliisis Mild 21 35
8 astrc'>gllo in SN, mild astrc'>gI|o 0 0 0 5 4.1 0 0 3 16.2
sis . sis
astrogliosis
. . Mild
9 Inconspi | Inconspicuo E— 0 0 0 26. 185 0 0 49. 173
cuous us sic 2 8
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Wilson disease cases with hepatic presentation are highlighted in grey color. Abbreviations: SN — substantia

nigra, N/A - not available

Table 4. Coefficients of multiple regression models of R2* value in the basal ganglia based on iron (Model 1)
and iron and copper (Model 2) concentrations

B SEB B

Model 1

Constant 0.033 0.012

Iron 0.001 0.0001 0.837*
Model 2

Constant 0.033 0.013

Iron 0.001 0.0001 0.844*

Copper -0.0001 0.0004 -0.015

B = unstandardized coefficient, SE = standard error of mean, B = standardized coefficient
Note: r’=0.70 for Model 1; Ar’= 0.0002 for Model 2 (p=0.9); *p<0.0001
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