Microglial activation correlates with
severity in Huntington disease
A clinical and PET study
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Abstract—Background: Huntington disease (HD) is characterized by the progressive death of medium spiny dopamine
receptor bearing striatal GABAergic neurons. In addition, microglial activation in the areas of neuronal loss has recently
been described in postmortem studies. Activated microglia are known to release neurotoxic cytokines, and these may
contribute to the pathologic process. Methods: To evaluate in vivo the involvement of microglia activation in HD, the
authors studied patients at different stages of the disease using [*'C](R)-PK11195 PET, a marker of microglia activation,
and [*'Clraclopride PET, a marker of dopamine D2 receptor binding and hence striatal GABAergic cell function. Results:
In HD patients, a significant increase in striatal [*'C](R)-PK11195 binding was observed, which significantly correlated
with disease severity as reflected by the striatal reduction in [*!C]raclopride binding, the Unified Huntington’s Disease
Rating Scale score, and the patients’ CAG index. Also detected were significant increases in microglia activation in cortical
regions including prefrontal cortex and anterior cingulate. Conclusions: These [*'C](R)-PK11195 PET findings show that
the level of microglial activation correlates with Huntington disease (HD) severity. They lend support to the view that
microglia contribute to the ongoing neuronal degeneration in HD and indicate that [*'C](R)-PK11195 PET provides a
valuable marker when monitoring the efficacy of putative neuroprotecting agents in this relentlessly progressive genetic

disorder.
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The mechanisms underlying neuronal death in Hun-
tington disease (HD) are still unknown. Two recent
articles have reported the presence of activated mi-
croglia in postmortem HD brain.!? It is unclear
whether glial activation plays a role in cell death,
but it has been suggested that whereas microglial
activation is unlikely to initiate neuronal death, it
could contribute to the neurodegenerative processes
by releasing proinflammatory cytokines such as tu-
mor necrosis factor-«, interleukin-1B, interferon-vy,
which contribute to the disease progression.*® If mi-
croglial activation plays a role in the pathophysiol-
ogy of HD, this could provide a basis for new
therapeutic interventions that block this immune re-
sponse and alter the progression of the disease.
[''CI(R)-PK11195 PET is a selective in vivo
marker of activated microglia. The peripheral benzo-
diazepine binding sites for the isoquinoline [''C](R)-
PK11195 are expressed by the mitochondrial
membranes of activated but not resting microglia/
brain macrophages.® ['!C]Raclopride PET ,a marker
of the dopamine D2 receptor availability, has been
used to measure striatal functional integrity in

*These authors contributed equally to this article.

HD.™! Reductions of [''C]raclopride binding reflect
both loss and dysfunction of striatal neurons and
correlate with the patients’ disability.”!*

In this study, we sought to 1) determine in vivo
the extent of microglial activation in the brain of HD
patients and 2) investigate the association between
striatal microglial activation, neuronal dysfunction
as evidenced by loss of D2 site binding, and clinical
ratings of disease severity in HD.

Methods. Subjects. Eleven symptomatic HD patients were re-
cruited for the study (table 1). All these patients had genetically
proven disease with an expanded CAG repeat in the IT'15 gene on
chromosome 4. All patients had been tested previously at an ear-
lier stage of their disease, and no genetic testing was repeated for
this study. Three patients had their genetic test reported as
“>36,” whereas the effective length of the CAG repeat was avail-
able for the remaining patients allowing us to calculate their CAG
index,'? a measure of striatal dysfunction, according to the follow-
ing formula: striatal dysfunction = constant X age X (CAG —
35.5).

Patients’ motor disability was rated with the Unified Hunting-
ton’s Disease Rating Scale (UHDRS) Total Motor score '* (ranging
from 0 = no signs of HD to 124 = worst score) by an independent
scorer who was blinded to the PET data.

Ten healthy volunteers (5 men, 5 women; mean = SD age
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Table 1 Clinical characteristics of the 11 patients with Huntington disease

Case no. Sex Age, y CAG repeat Disease duration, y* UHDRS Motor score,t Treatment
1 M 44 >36 No
2 M 47 45 9 4 No
3 F 43 51 NA 28 No
4 F 39 >36 6 30 No
5 M 47 47 6 12 Neuroleptics
6 F 52 >36 9 16 No
7 M 44 41 7 No
8 M 45 40 1 0 No
9 F 49 42 10 14 No
10 M 49 44 8 31 No
11 M 68 45 35 Neuroleptics
479+ 175 52 =*4.1

* Based on patient’s recollection of first symptoms.
T Best possible score = 0, worst possible score = 124.

NA = the patient was not able to recall the onset of her symptoms; UHDRS = Unified Huntingdon’s Disease Rating Scale.

57.4 + 11.3 years) were used as controls for the [11C](R)-PK11195
PET studies and 10 healthy volunteers (8 men, 2 women;
mean * SD age 46.7 * 14.1 years) were controls for the
[*'Clraclopride PET studies.

PET methodology. This study received approval from the
Ethics Committee of Hammersmith, Queen Charlotte’s and
Chelsea and Acton Hospitals Trust. Permission to administer
[*'CI(R)-PK11195 and [*'Clraclopride was obtained from the Ad-
ministration of Radioactive Substances Advisory Committee of the
United Kingdom.

Nine patients were studied with both [*'C](R)-PK11195 and
[*'Clraclopride PET 1 week apart, whereas two patients only had
an [11CI(R)-PK11195 study as they were receiving D2 blocking
neuroleptics. None of the nine patients who had both scans was
taking medication known to affect clinical status or to alter the
binding of the radioactive tracers used for PET scanning (benzodi-
azepine, tetrabenazine, neuroleptics, or N-methyl-D-aspartate re-
ceptor blocking agents) at any time during the study. In addition,
none of the patients in the study was taking anti-inflammatory
medications.

Normal healthy volunteers and HD patients were scanned us-
ing an ECAT EXACT HR++ (CTI/Siemens 966; Siemens, Knox-
ville, TN) PET tomograph with a total axial field of view of 23.4
cm. The tomograph has a transaxial spatial resolution of 4.8 * 0.2
mm and axial resolution of 5.6 = 0.5 mm after image reconstruc-
tion.!* For [*'C](R)-PK11195, a mean dose of 294 MBq (range 292
to 300 MBq) was administered IV over 30 seconds. Dynamic data
were collected over 60 minutes as 18 time frames. The mean
tracer dose for [''C]raclopride was 183 MBq (range 180 to 186
MBgq). Scanning began at the start of tracer infusion, generating
20 time frames over 65 minutes.

PET analysis. Parametric images of [*'C](R)-PK11195 bind-
ing potential (BP), reflecting B ,,./K 4, were generated with the
simplified tissue reference compartmental model. As HD has a
widespread distribution of pathologic changes, finding a reference
region free of disease can be difficult. Cluster analysis was there-
fore used to extract and identify a distributed cluster of voxels
that mirrored a normal population cortical reference input func-
tion for individual HD cases, as previously described.®'>!¢ In brief,
voxels in the raw dynamic data were segmented into 10 clusters
distinguished by the shape of their time-activity curves (TACs).®
In normal brain, 90% of the voxels segregate into two clusters: one
representing a TAC with the shape of the ligand kinetic as seen in
normal healthy cortex and the other representing a TAC mainly
from extracerebral structures. The patient cluster representing a
“normal” cortical reference TAC was tested for dissimilarity with
a previously established normal mean population input TAC (x?
test, p < 0.05). HD patient reference clusters contained mainly
cortical voxels.

Parametric images of ['!Clraclopride BP were generated from
the dynamic scan series using a basis function implementation of
the simplified reference region compartmental model with the
cerebellum providing the reference tissue input function.”

Parametric images of [\'C]raclopride and [*!C](R)-PK11195 BP
for each subject were anatomically coregistered and resliced to
their respective T1-weighted MRI using the Mutual Information
Registration algorithm in the SPM’99 software package (Wellcome
Department of Cognitive Neuroscience, Institute of Neurology,
London, UK) implemented in Matlab5.

BP values for the whole striatum, caudate, putamen, and pal-
lidum were obtained by defining regions of interest (ROIs) on the
individual MR images that were subsequently used to sample the
parametric images. For each patient, the left to right averaged
striatum, putamen, and caudate BPs were calculated.

Extrastriatal regions. Two methods of analysis were em-
ployed to evaluate the extent of microglial activation in the extras-
triatal regions: 1) the ROI approach and 2) statistical parametric
mapping (SPM), which allows exploratory group comparisons at a
voxel level throughout the entire brain volume without requiring
an a priori hypothesis.

To extract extrastriatal ROI data, we applied a standard object
map to spatially transformed parametric images of [''C](R)-
PK11195 BP. The standard object map contained regions defined
for hypothalamus, frontal, parietal, temporal, and occipital lobes
that had been traced free hand onto the Montreal Neurologic
Institute (MNI) single-subject MRI in standard space found in the
SPM’99 package using ANALYZE software (Analyze AVW, Mayo
Clinic).

Stereotaxic image transformation involved spatial normaliza-
tion of individual parametric images of ['1C](R)-PK11195 BP into
standard MNI space. This was done by first normalizing the indi-
vidual’s T1-weighted MRI to the template in MNI space available
in SPM’99 and then applying the transformation parameters to
the respective BP images previously coregistered to individual’s
T1-weighted MRI. In one patient, the spatial normalization of her
MRI to the MNI template was unsuccessful, and this patient was
excluded from the analysis.

SPM was performed using the SPM’99 software package. Nor-
malized [''C](R)-PK11195 parametric images were spatially
smoothed using a 6 X 6 X 6 mm (full-width at half maximum)
isotropic Gaussian kernel.

Between-group comparisons of ['C](R)-PK11195 binding in
HD patients and normal subjects were performed by using a
weighted contrast to localize significant increases in mean voxel
BP values in HD. The contrast was used to generate maps of Z
scores on a voxel basis using the general linear model.'® The sta-
tistical maps were visualized at a threshold of p < 0.01 (Z score =
2.33), and any resulting clusters with a p < 0.05 are reported.
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Table 2 Mean ["'C](R)-PK11195 binding potential in striatal and
extrastriatal areas in Huntington disease patients compared with
healthy volunteers

Table 3 Areas of significant increases in [1?CJ(R)-PK11195
binding potential in Huntington disease patients compared with
healthy volunteers

Healthy Huntington
volunteers, disease patients,

n =10 n =10
Caudate 0.08 = 0.01 0.20 = 0.037
Putamen 0.18 = 0.01 0.34 = 0.047
Pallidum 0.22 = 0.02 0.44 = 0.047
Hypothalamus 0.42 = 0.08 0.36 = 0.08
Frontal lobe 0.15 = 0.01 0.19 = 0.01*
Parietal lobe 0.13 = 0.01 0.17 = 0.01*
Temporal lobe 0.15 = 0.01 0.17 = 0.01
Occipital lobe 0.17 £ 0.01 0.19 £ 0.01

Values are means = SE.

#p < 0.05; 7 p < 0.01.

Statistical analysis. Statistical analyses of clinical data were
performed with InStat3 for Macintosh (University of Medicine and
Dentistry, Piscataway, NJ). Comparisons between groups were
made using a nonparametric unpaired test (Mann—Whitney statis-
tic). Linear regressions were used for correlations between BP
values and variables of interest.

Results. ["'C](R)-PK11195 PET findings. The HD pa-
tients, compared with a group of normal subjects, showed
increased mean [''Cl(R)-PK11195 BP levels in the whole
striatum (0.31 * 0.03 vs = 0.013 * 0.013 mean * SE; p <
0.001), caudate (0.20 = 0.03 vs 0.08 = 0.01; p < 0.01),
putamen (0.34 + 0.04 vs 0.18 = 0.01; p < 0.01), and palli-
dum (0.44 + 0.04 vs 0.22 = 0.02; p < 0.01).

Significant increases in mean [''C](R)-PK11195 BP
were also observed in frontal and parietal ROIs of HD
patients compared with the normal subjects.

The results of the ROI analysis are summarized in
table 2.

SPM categorical comparisons between control and HD
groups localized clusters of significant bilateral increases
in mean [*'C](R)-PK11195 BP in striatum, pallidum, thal-
amus, frontal areas, and the insulae (table 3; figure 1) of
the HD cohort.

[**CJRaclopride PET findings. Mean whole striatum,
caudate, and putamen [''C]raclopride BP values were de-
creased (p < 0.001) in the HD patients compared with the
normal subjects (striatum 1.49 * 0.12 vs 3.51 *= 0.4; cau-
date 1.38 = 0.14 vs 3.21 * 0.29 and putamen 1.54 = 0.11
vs 3.62 + 0.3). The normal mean striatal [*'C]raclopride
BP values were similar to those reported in previous stud-
ies from this unit.*2!

Figure 2 shows [''CI(R)-PK11195 and [*'C]raclopride
PET BP maps from a HD patient (Patient 3) and a normal
subject.

Figure 3 shows scatter plots of individual HD and con-
trol BPs for each of the two ligands.

Clinical correlations. Within the HD cohort, higher in-
dividual striatal [*'C](R)-PK11195 BPs correlated with
lower striatal [*!C]raclopride BPs (r = —0.69, p < 0.05)
(figure 4A). In the subgroup of patients where the exact
CAG repeat length was available, higher individual stria-
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Talairach coordinates

p Value
Z score x y z Area corrected
3.67 20 4 —2 R putamen <0.001
3.58 -16 -19 L thalamus <0.001
3.57 14 14 3 R caudate <0.001
3.38 —23 -2 —1 L putamen <0.001
3.38 -16 -4 —2 L pallidum <0.001
3.24 -14 10 10 L caudate <0.001
3.22 12 2 -5 R pallidum <0.001
3.11 18 -13 6 R thalamus <0.001
3.11 51 1 18 R inferior frontal gyrus <0.001
3.10 16 54 —3 R medial frontal gyrus <0.001
3.08 —44 20 10 L inferior frontal gyrus <0.001
3.05 57 2 R precentral gyrus <0.001
3.0 —-14 47 0 L anterior cingulate <0.001
2.64 18 45 —2 R anterior cingulate <0.01
2.59 -36 14 10 L insula <0.01
2.52 —42 10 7 L precentral gyrus <0.01

Coordinates are from the brain atlas of Talairach and Tour-
noux.*®

tal [**C](R)-PK11195 BPs also correlated with higher CAG
indexes (r = 0.90, p < 0.01) (figure 4B).

Clinical severity, assessed with the UHDRS, correlated
with both striatal [**C]raclopride BP (r = —0.77, p < 0.05)
and striatal [*'C](R)-PK11195 BP values (r = 0.69, p <

Figure 1. Increased microglia activation in Huntington
disease patients. Sagittal (x = 17) and transaxial (z = —2)
projections of statistical parametric maps showing areas of
significant increases in [*'CJ(R)-PK11195 binding poten-
tial in the patients with Huntington disease (n = 10) com-
pared with normal subjects (n = 10). In the sagittal
image, increases are seen in the right caudate (x = 18,

y = 14, z = 3), right putamen (x = 18, y = 4, z = -2), and
right anterior cingulate (x = 18,y = 45, z = -2). In the
transaxial image, increases are seen in the right (x = 14,
y=14,z = —2) and left (x = —14,y = —10, z = -2)
caudate, right (x = 20,y = 4, z = —2) and left (x = —23,
y = —2, z = -2) putamen, right (x = 12,y = 2,z = -2)
and left (x = —16, y = —4, z = -2) pallidum, and right

(x =18,y =45,z =-2) and left (x = —14,y = 47,z = -2)
anterior cingulate. The color stripe indicates t values.
Areas are superimposed on the normalized T1-weighted
MRI of one of the Huntington disease patients.
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Huntington disease Normal subject

U
Figure 2. ["ICJ(R)-PK11195 (A and B) and [*'CJraclopride
(C and D) PET binding potential maps from a Huntington
disease patient (Patient 3) (left) and a normal subject
(right). The color stripes indicate binding potential values
for ["'CJ(R)-PK11195 (top) and [*'CJraclopride (bottom).

0.05), indicating that worse individual UHDRS scores cor-
related with lower striatal [*'Clraclopride BPs and with
higher individual striatal [*'C](R)-PK11195 BPs (figure 4,
C and D).

Discussion. In this in vivo PET study, we found
significant increases in [*!C](R)-PK11195 binding in
the striatum and in extrastriatal areas (frontal and
parietal cortex) of HD patients compared with nor-
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Figure 3. Scatterplots of Huntington disease patients and

normal subjects’ binding potential values of [**CJ(R)-
PK11195 (A) and [*'CJraclopride (B). Filled circles repre-
sent individual Huntington disease patients and open
circles represent normal subjects.
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Figure 4. Activated microglia and measurements of dis-
ease severity in Huntington disease patients. (A) Correla-
tion between striatal values of [*CJ(R)-PK11195 and
[*1CJraclopride binding potential (correlation coefficient
r = —0.68 p < 0.05). (B) Correlation between striatal
values of ["'CJ(R)-PK11195 and CAG indexes (correlation
coefficient r = 0.90, p < 0.01). (C) Correlation between
striatal values of ["'CJ(R)-PK11195 and Unified Hunting-
don’s Disease Rating Scale (UHDRS) scores (correlation
coefficient r = 0.69, p < 0.05). (D) Correlation between
striatal values of [*'Clraclopride and UHDRS scores
(correlation coefficient r = —0.77, p < 0.05).

mal control subjects. Observer independent SPM
confirmed and extended the ROI analysis by localiz-
ing clusters of significant bilateral increases in
[11C](R)-PK11195 BP in neostriatum, pallidum, fron-
tal cortex, anterior cingulated, and insulae in these
same HD patients. Interestingly, there was no signif-
icant difference between the two groups in [M'C](R)-
PK11195 binding in the hypothalamus, a structure
reported to be severely affected in HD.?? It should be
noticed, however, that the BP values in the hypo-
thalamus are probably overestimated owing to the
spillover from the thalamus, which usually has high
levels of activated microglia even in normal subjects.

Our in vivo PET results are in line with the find-
ings of two postmortem studies in HD'? where acti-
vated microglia were observed in neostriatum,?
globus pallidus,? and in Brodmann areas 9 and 10 of
the frontal cortex but show more extensive disease
activity.

In one study,? the density of reactive microglia
was related to the degree of neuronal loss, but no
premortem clinical data were available. In our HD
cohort, we have demonstrated that higher individual
BP values of [MC](R)-PK11195 correlated with lower
BP values of [''Clraclopride in striatum and with
higher CAG indexes, another measurement of stria-
tal dysfunction.!'? Finally, we have shown that higher
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UHDRS scores correlated with higher striatal BP
values of [M'C](R)-PK11195. Taken together, these
results suggest a close association between level of
microglial activation and severity of clinical disease.

We found that the location of increased cortical
['1C](R)-PK11195 binding in our HD patients corre-
sponds well with the known distribution of neuronal
loss in the disease.?® Activated microglia were partic-
ularly evident in the frontal cortex of these patients.
Interestingly, symptoms of frontal lobe involvement
occur early in HD and sometimes can precede the
motor symptoms of the disease, although reductions
of frontal lobe volume, metabolism, and blood flow
have not consistently been found in HD patients
with mild to moderate clinical disease.?*?° Given
this, ['C](R)-PK11195 PET may represent a more
sensitive in vivo marker of “ongoing” pathology in
cortical areas in HD with respect to these other im-
aging techniques.

Activation of microglia in response to acute and
chronic brain insults is in part an attempt of the
body to initiate reparative measures in the affected
areas. These cells, in fact, are able to support neuro-
nal survival by releasing growth factors and contrib-
uting to remodeling of synapses.?*3' However, there
is cumulative evidence suggesting that activated mi-
croglia also result in neuronal death through the
release of a variety of immune cytokines and other
neurotoxic factors.>® It is likely that in conditions
characterized by extensive chronic microglial activa-
tion, these harmful effects overwhelm the beneficial
ones, leading to a self-propagating cycle where ac-
tivated microglia promote further neurodegenera-
tion and subsequent further induction of microglia
activation and production of neurotoxic factors.
Our finding of significantly increased levels of mi-
croglia activation in HD striatum, which corre-
lated with measures of disease severity, supports
this view. Our findings also suggest that activation
of microglia occurs in the early stages of HD. Two
of our patients showed increased binding of stria-
tal [''C](R)-PK11195 and reduced dopamine D2 re-
ceptor function despite very mild clinical
involvement (Patients 1 and 8). It has been previ-
ously reported that reduced striatal dopamine
receptor function can be seen in the presymptom-
atic phase of the disease.'®

The exact role of activated microglia in the neuro-
degenerative process of HD, however, remains to be
clarified, as we cannot exclude the possibility that it
is just a “bystander effect” of neuronal death. Fur-
ther studies in preclinical HD gene carriers will in-
crease our knowledge concerning the extent of
microglial activation in the early stages of the dis-
ease and the temporal relationship between micro-
glial activation and HD pathology.

Finally, it may be argued that the atrophy re-
ported in active HD could confound quantification of
the functional PET data in our study. However, as
we have found increased ['!C](R)-PK11195 binding
in the HD patients compared with controls despite
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any partial volume effects due to atrophy, the cor-
rected [''C](R)-PK11195 BPs would be, if anything,
even higher. Conversely, partial volume effects due
to brain atrophy could result in our underestimating
striatal [*'C]raclopride BPs in our patients. As we
are using [''Clraclopride as an in vivo marker of
striatal degeneration, the extent to which reductions
in measured BP are due to volume effects as opposed
to loss of function within remaining neuron is se-
mantic as both these processes reflect underlying
disease progression.

Taken together, our results show that [''C](R)-
PK11195 PET, although not disease specific, pro-
vides a valid in vivo marker of the microglial
activation occurring in HD. The close association be-
tween microglia activation, neuronal dysfunction,
and clinical disability in our patients lends support
to the view that activated microglia contribute to the
pathology of HD. It also suggests that microglial ac-
tivation is likely to increase over the time course of
the disease. Longitudinal clinical studies will further
elucidate the temporal relationship between these
two processes and will give more information on
whether the progressive increase in microglia activa-
tion occurs in a linear or nonlinear fashion.

In the future, longitudinal assessment with
['1CI(R)-PK11195 PET in clinical trials could be of
value in demonstrating the mechanistic effects of pu-
tative neuroprotective agents such as minocycline??34
and anti-inflammatory agents in HD.
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