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Abstract
Neuropathologic hallmarks of Huntington Disease (HD) include the progressive neurodegeneration of the striatum and the 
presence of Huntingtin (HTT) aggregates that result from abnormal polyQ expansion of the HTT gene. Whether the patho-
genic trinucleotide repeat expansion of the HTT gene causes neurodevelopmental abnormalities has garnered attention in 
both murine and human studies; however, documentation of discrete malformations in autopsy brains of HD individuals has 
yet to be described. We retrospectively searched the New York Brain Bank (discovery cohort) and an independent cohort 
(validation cohort) to determine whether developmental malformations are more frequently detected in HD versus non-HD 
brains and to document their neuropathologic features. One-hundred and thirty HD and 1600 non-HD whole brains were 
included in the discovery cohort and 720 HD and 1989 non-HD half brains were assessed in the validation cohort. Cases with 
developmental malformations were found at 6.4–8.2 times greater frequency in HD than in non-HD brains (discovery cohort: 
OR 8.68, 95% CI 3.48–21.63, P=4.8 × 10-5; validation cohort: OR 6.50, 95% CI 1.83–23.17, P=0.0050). Periventricular 
nodular heterotopias (PNH) were the most frequent malformations and contained HTT and p62 aggregates analogous to the 
cortex, whereas cortical malformations with immature neuronal populations did not harbor such inclusions. HD individuals 
with malformations had heterozygous HTT CAG expansions between 40 and 52 repeats, were more frequently women, and 
all were asymmetric and focal, aside from one midline hypothalamic hamartoma. Using two independent brain bank cohorts, 
this large neuropathologic series demonstrates an increased occurrence of developmental malformations in HD brains. Since 
pathogenic HTT gene expansion is associated with genomic instability, one possible explanation is that neuronal precursors 
are more susceptible to somatic mutation of genes involved in cortical migration. Our findings further support emerging 
evidence that pathogenic trinucleotide repeat expansions of the HTT gene may impact neurodevelopment.
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Introduction

Increasing attention has been afforded to the neurodevel-
opmental abnormalities in Huntington Disease (HD) and 
its possible contributions to neurodegeneration [3, 10, 41, 
42, 47]. The pathogenic CAG repeat expansion in the HTT 
gene that causes HD exists from conception and continues 
to be expressed throughout development and the remain-
der of life [11, 38]. Healthy development depends on the 
gene’s encoded protein, Huntingtin (HTT), which has vital 
roles in gastrulation and corticogenesis [6, 16, 25, 64]. 
Homozygous HTT knockout mice cannot develop beyond 
mid-embryonic stages (E7.5-8.5) and HTT hypomorphic 
mice exhibit neuronal migration defects with later striatal 
degeneration [5, 20, 45]. Limited data in humans suggest 
that there are developmental differences in gene-expanded 
carriers (GEC). The rate of brain growth is reduced in 
GEC and there is a tendency for smaller intracranial vol-
umes when compared to age-matched control subjects [35, 
47, 60]. Furthermore, brains of human fetal GEC have 
wide-ranging anomalies in corticogenesis. At 13 weeks 
gestational age, HTT and junctional complex proteins are 
mislocalized at the ventricular zone, and neural progeni-
tor cells exhibit various defects, including abnormalities 
in cellular polarity, differentiation, and ciliogenesis [10].

However, despite these emerging data, there has been 
no reported evidence of malformations due to either pat-
terning defects or neuronal migration disorders in adult 
human post-mortem HD brains. While the exact frequency 
of cortical malformations in the general population is 
unknown, they are considered to be rare; the most com-
monly detected malformation are periventricular nodular 
heterotopias (PNH) [4, 8, 52]. Gray matter heterotopias are 
characterized by abnormally located islands of gray matter 
within white matter that are the result of aborted neuronal 
migration during cortical development [9]. Although infre-
quent, they have been reported in large neurodegenerative 
brain bank cohorts and can share the proteinopathies found 
within the cortex [12, 31].

We hypothesized that malformations are more frequent 
in brains of individuals with HD than those without. 
We searched the database at the New York Brain Bank 
(NYBB) between 2001 and 2020 for malformations and 
reviewed their neuropathologic characteristics. The stand-
ardized brain bank protocol used at the NYBB permits 
consistent comparisons across neurodegenerative diseases 
and controls without otherwise introducing sampling 
biases across brains. We find that malformations are more 
frequent in HD brains than non-HD brains at the NYBB 
and this observation is replicated in another larger autopsy 
cohort. Similar to other neurodegenerative diseases with 
distinctive proteinopathies, HTT and p62 aggregates can 

coexist within the cerebral cortex and heterotopias. The 
implications of this increased occurrence of developmental 
anomalies in HD and their relationship to the expanded 
HTT gene are discussed.

Materials and methods

Study subjects and dissection protocol

The majority of brains included in the discovery cohort 
(NYBB) were processed using the standardized protocol as 
outlined previously [62]. Most fresh brains were divided by 
a sagittal cut through the corpus callosum and brainstem 
resulting in two half brains; one half brain would then be 
processed for banking of fresh-frozen samples for research. 
A pathologist macroscopically examined all fresh brain 
slices. The non-banked half or whole brain was then fixed 
by immersion in 10% neutral-buffered formalin solution 
for 2 weeks and then evaluated as per the NYBB protocol. 
Briefly, the cerebral hemispheres were sectioned in the coro-
nal plane, the brainstem in the transverse plane, and cerebel-
lum in the sagittal plane. All sections were performed at 0.3 
cm intervals. The Brodmann map was utilized for blocking 
cortical regions to allow for consistent comparisons of neo-
cortical regions across brains [14]. A standardized series of 
formalin-fixed tissue blocks was then processed, embedded 
in paraffin wax and sectioned at 7 μm thickness. The vast 
majority of cases were examined and diagnosed by one of 
the authors who has extensive expertise in neurodegenera-
tive disease (JPV).

The validation cohort represented an independent cohort 
of brains that were examined by one of the authors (JPV) 
before 2001 at the Harvard Brain Tissue Resource Center 
(HBTRC) at McLean Hospital, Boston, USA. This cohort 
of brains often had one half brain either frozen en bloc or 
dissected by a research technician, while the other fixed half 
brain was macroscopically and microscopically examined by 
a neuropathologist.

All brain donors were consented for autopsy and brain 
donation. All procedures performed were in accordance with 
the ethical standards of the institution and with the 1964 
Helsinki declaration and its later amendments. This study 
is considered exempt from Columbia’s institutional review 
board, since it utilizes only post-mortem human tissues.

Database searches

The discovery cohort was assembled from brains banked 
at the NYBB between 2001 and 2020. The relational data-
base used at the NYBB is a customized archive of data that 
uses the scripting language of FileMaker Pro to contain all 
specimens that have been studied at the NYBB [32]. Of 
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1766 cases, 1731 cases met the inclusion criteria of hav-
ing an intact brain specimen that was macroscopically and 
microscopically examined. In May 2020, this database was 
searched using the keyword search terms, “heterotopia” and 
“malformation”. One case with a heterotopia was excluded, 
because the individual had a genetic predisposition for 
developmental malformations. Twenty cases were identified 
and histology slides were reassessed. Then, 12 cases with 
malformations of the following conditions were assessed in 
the non-HD cohort: (1) Alzheimer Disease neuropathologic 
changes (ADNC) with or without Lewy body-containing 
neurons, (2) Diffuse Lewy body disease (DLBD)/Parkinson 
Disease (PD) with or without ADNC, and (3) Cases with-
out neurodegenerative disease (control). Histologic changes 
associated with aging, such as primary age-related tauopathy 
[28] or age-related vascular disease, were included in this 
latter group.

A second database using Microsoft Excel comprised 
the cohort of brains assessed by one of the authors (JPV) 
between 1981 and 2000 at the HBTRC. This anonymized 
database included age, sex, whether a half brain or whole 
brain was examined by a pathologist, and the primary neu-
ropathologic diagnoses of each brain. After excluding con-
sult cases, the database was searched for the proportion of 
half brains examined by a pathologist that harbored a brain 
malformation in HD and non-HD cases. Additionally, the 
non-HD groups were then subdivided into three further cat-
egories as follows: (1) Cases with ADNC with or without 
DLBD/PD, (2) DLB/PD with or without ADNC, and (3) 
Controls, defined as cases without neurodegenerative disease 
as outlined in the validation cohort.

Histochemical staining protocols

Luxol-fast blue counterstained with hematoxylin and eosin 
sections were examined. Paraffin sections of ten cases 
(#1–5, #7–8, #13, #16, and #18) were immunostained on 
an automated immunostaining platform using a DAB with 
or without alkaline phosphatase dual staining system on a 
Roche Ventana staining platform (Table 1). Hematoxylin 
counterstains were performed. We used the 2B4 anti-HTT 

antibody that targets a.a. 1-82 of the N-terminal end of HTT; 
this antibody has been validated in human HD brains [18, 
27]. The anti-CD34 antibody (QBEND/10 clone) targets a.a. 
43-49 of the extracellular domain and is expressed in stem 
cells as well as endothelial cells [2].

Statistical analyses

Statistical analyses were performed on GraphPad Prism 
version 8.4.2 and IBM SPSS® Statistics software version 
27. Statistical comparisons between the demographic dis-
tribution and frequency of malformations of HD and non-
HD groups were performed using two-sided Fisher’s exact 
tests (Supplemental Table 1). Odds ratios (OR) and 95% 
confidence intervals (CI) were determined using the Bap-
tista–Pike method. For a final overall model, we applied 
binary logistic regression to both cohorts with malformation 
as the dependent variable to examine the interactions of age 
at death, sex, and HD status. One-hundred and thirty-one of 
4049 participants lacked data for age and/ or sex (43 HD and 
88 non-HD) and were therefore excluded from this analy-
sis. Then, to explore the association between sex and age at 
death with malformation in HD, binary logistic regression 
was assessed only in HD participants using the combined 
cohort. Thirty-eight participants lacked data for age and/or 
sex and were thus excluded in this latter assessment.

Throughout this study, a P value < 0.05 was deemed sta-
tistically significant.

Results

Malformations are more frequent in HD 
than non‑HD brains

1730 brains were included in the discovery cohort and the 
demographic details are provided in Supplemental Table 1. 
Of these, 130 brains were diagnosed as HD and 6.2% had 
at least one malformation that was either a periventricular 
nodular heterotopia (n = 4), multinodular and vacuolat-
ing neuronal tumor of the cerebrum (MVNT) (n = 1), a 

Table 1  Details regarding primary immunohistochemical stains used in this study

Antibody Company Catalogue number Dilution Primary antibody 
incubation time 
(min)

Protocol Platform Chromagen

Huntingtin/
p62 double 
stain

Millipore/Abcam MAB5492/ 
ab207305

1:2000 each 32/24 64 min (CC1) Roche Ventana 
Instrument

Brown- Huntingtin
Red-p62

Huntingtin Millipore MAB5492 1:2000 32 64 min (CC1) Brown
P62 Abcam Ab207305 1:2000 24 64 min (CC1) Brown
CD34 Leica PA0212 Predilute 30 20 min (ER2) Leica Bond III Brown
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glioneuronal hamartoma (n = 1), or a cerebellar nodular 
heterotopia (n = 2). This frequency was 8.2-fold greater than 
that found in non-HD brains (0.75%, n = 12 of 1600, OR 
8.68, 95% CI 3.48–21.63, P = 4.8 ×  10–5, two-sided Fisher’s 
exact test). Aside from the midline hamartoma (case #4), all 
HD malformations were asymmetric and solitary. Individu-
als with malformations in this discovery cohort are shown 

in Table 2. Other malformations, such as tubers or type II 
focal cortical dysplasia, were not recognized.

To replicate our findings, we assessed the files of an 
independent cohort of 2709 half brains, of which 720 were 
half brains from HD individuals that were received at the 
HBTRC (Table 3; Supplemental Table 1). Seven of 720 
(0.97%) HD half brains had heterotopias whereas only 3 

Table 2  Demographics, clinical information and locations of malformations between HD versus non-HD brains of the discovery cohort

* Refers to Vonsattel grade of HD [63]

Group Case # Age at 
death 
(years)

Sex CAG repeat length 
of expanded allele

Post-mortem diagnosis Location Malformation type

HD 1 41 Woman 47 HD 3/4* Atrium, left Periventricular nodular 
heterotopia

2 68 Woman 44 HD 3/4 Roof of temporal horn of 
lateral ventricle, left

Periventricular nodular 
heterotopia

3 58 Woman Unknown HD 3/4 Above tail of caudate 
nucleus, left

Periventricular nodular 
heterotopia

4 59 Woman 42 HD 3/4 Tuber cinereum Hypothalamic hamartoma
5 75 Woman 42 HD 2/4 Prefrontal subcortical 

white matter, left
Multinodular and vacuolat-

ing neuronal tumor of the 
cerebrum (MVNT)

6 72 Man 40 HD 2/4 Cerebellar white matter, 
left

Cerebellar nodular hetero-
topia

7 72 Woman Unknown HD 1/4 Cerebellar white matter, 
left

Cerebellar nodular hetero-
topia

8 36 Woman 52 HD 4/4 1) Above tail of caudate 
nucleus, right

2) Insular cortex, right

1) Periventricular nodular 
heterotopia

2) Glial microhamartoma/ 
heterotopia

Non-HD 9 92 Woman N/A ADNC Frontal subcortical white 
matter, left

Periventricular nodular 
heterotopia

10 91 Man ADNC Superolateral angle of the 
lateral ventricle, left

Periventricular nodular 
heterotopia

11 79 Woman ADNC Prefrontal subcortical 
white matter, left

Subcortical nodular hetero-
topia

12 86 Man ADNC Roof of temporal horn Periventricular nodular 
heterotopia

13 90 Woman ADNC Temporal pole, subcortical 
white matter, left

Subcortical band heterotopia

14 67 Woman ADNC Alveus, hippocampus, left Periventricular nodular 
heterotopia

15 74 Man Control Frontal, right Multiple heterotopia, nodu-
lar and band

16 66 Man Control Superolateral angle of 
lateral ventricle, right

Periventricular nodular 
heterotopia

17 90 Man ADNC Temporal pole, subcortical 
white matter, left

MVNT

18 80 Man DLB/ PD Optic radiation, temporal, 
left

Periventricular nodular 
heterotopia

19 81 Man Multi-infarct dementia Cerebral leptomeninges Leptomeningeal gli-
oneuronal heterotopias, 
multifocal

20 93 Woman ADNC Cerebellar white matter, 
left

Cerebellar nodular hetero-
topia
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of 1989 (0.15%) non-HD half brains had such malforma-
tions. Although the overall detection of malformations was 
approximately three times less than in the discovery cohort, 
heterotopias in HD were still 6.4 times more frequent in 
HD than non-HD half brains (OR 6.50, 95% CI 1.83–23.17, 
P = 0.0050, two-sided Fisher’s exact test), akin to that found 
in the discovery cohort.

Further subdivisions of malformation frequency between 
both cohorts are shown in Table 4. In the discovery cohort, 
the frequencies of malformations in HD were significantly 
greater than all of the other categories. In the validation 
cohort, the frequency of malformations was also signifi-
cantly greater in HD brains than in non-HD and in ADNC 
brains with similar odds ratios to that of the discovery 

Table 3  Demographics, clinical information, and locations of heterotopias between HD versus non-HD brains of the validation cohort.

ADNC Alzheimer disease neuropathologic changes
*Refers to Vonsattel grade of HD [63]

Group Case # Age at 
death 
(years)

Sex CAG repeat length 
of expanded allele

Post-mortem diagnosis Location Malformation type

HD 21 75 Man Unknown HD, 3/4* Roof of temporal horn Periventricular nodular 
heterotopia

22 47 Woman Unknown HD, 4/4 Roof of temporal horn, right Periventricular nodular 
heterotopia

23 58 Man Unknown HD, 4/4 Superolateral angle of lateral 
ventricle, frontal, left

Periventricular nodular 
heterotopia

24 69 Woman 40 HD, 4/4 Roof of temporal horn, right Periventricular nodular 
heterotopia

25 36 Woman Unknown HD, 1/4 Cerebellar white matter, left Cerebellar nodular het-
erotopia

26 60 Woman Unknown HD, 3/4 Roof of temporal horn, left Periventricular nodular 
heterotopia

27 49 Woman Unknown HD, 2/4 Roof of temporal horn, right Periventricular nodular 
heterotopia

Non-
HD

28 71 Woman N/A Control Parietal white matter, right Periventricular nodular 
heterotopia

29 91 Man ADNC Roof of temporal horn, right Periventricular nodular 
heterotopia

30 43 Man Hippocampal sclero-
sis (schizophrenia, 
clinical)

Roof of temporal horn, right Periventricular nodular 
heterotopia

Table 4  Comparisons of malformation frequency between HD and other diseases/controls in the cohorts.

In contrast to the discovery cohort, where the figures represent the total number of whole brains examined, the figures in the validation cohort 
represent the total number of half brains. P values represent two-sided Fisher’s exact tests comparing the frequency of heterotopias in HD and 
that of the other respective conditions.

Discovery cohort Validation cohort

Proportion with 
malformations

HD Non-HD P OR (CI) HD Non-HD P OR (CI)
8/130 (6.15%) 12/1600 (0.75%) 4.8 ×10-5 8.68 (3.48–

21.63)
7/720 (0.97%) 3/1989 (0.15%) 0.0050 6.50 (1.83–23.17)

ADNC P OR (CI) ADNC P OR (CI)
8/685 (1.17%) 0.0014 5.55 (2.06–

14.88)
1/798 (0.12%) 0.031 7.83 (1.18–88.3)

DLB/ PD P OR (CI) DLB/ PD P OR (CI)
1/212 (0.47%) 0.0023 13.84 (2.09–

154.3)
0/ 118 (0%) 0.60 –

Control P OR (CI) Control P OR (CI)
2/235 (0.85%) 0.0049 7.64 (1.84–

36.03)
1/626 (0.16%) 0.075 6.14 (0.8–69.27)
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cohort. However, significance could not be achieved in the 
DLB/PD and control groups, probably because they were 
underpowered.

In the discovery cohort, malformations were more fre-
quent in women (11.5%) than in men (1.4%) with HD (OR 
8.82, 95% CI 1.48–100.6, P = 0.026, two-sided Fisher’s 
exact test). This was in contrast to brains without HD 
where there was no significant difference between women 
(0.6%) and men (0.9%) with malformations (OR 0.72, 95% 
CI 0.26–2.04, P = 0.77, two-sided Fisher’s exact test). In 
the validation cohort, however, significance could not be 
achieved as to whether malformations were more frequent 
in women (1.7%) than men (0.63%) with HD (OR: 2.70, 
95% CI 0.58–13.63, P = 0.27, two-sided Fisher’s exact test). 
There was no significant difference in frequency between 
the proportion of women in the HD and non-HD cohorts in 

either the discovery or validation cohorts (Supplementary 
Table 1).

Values for CAG repeat expansion in the HTT gene were 
available for 102 HD brains in the discovery cohort and the 
median expanded CAG allele was 45 (interquartile range: 5). 
In this cohort, HD brains with malformations with known 
CAG expansions had expanded CAG values that were typi-
cally found in the lower ranges of CAG repeat expansion 
(CAG: 40–52).

We next sought to model the clinicopathologic associa-
tions with malformations using binary logistic regression 
on both cohorts combined (Table 5). Overall, malforma-
tions were significantly associated with HD (OR 5.12, 95% 
CI 2.25–11.66, P < 0.0001), but not with age at death or 
sex. When only HD individuals were assessed, women sig-
nificantly associated with malformations (OR 4.56, 95% CI 
1.27–16.3, P = 0.020), whereas age at death was not sig-
nificant (OR 0.99, 95% CI 0.96–1.03, P = 0.68). No signifi-
cant difference between the age at death (OR 1.03, 95% CI 
0.99–1.08, P = 0.17) or sex (OR 0.44, 95% CI 0.15–1.32, 
P = 0.14) was found in the non-HD participants.

Pathologic features of malformations in the HD 
groups

Slides and formalin-fixed paraffin-embedded blocks of cases 
#1–20 of the NYBB discovery cohort were available for 
reassessment. Additional sections of cases #1–5, #7–8, #13, 
#16, and #18 were immunohistochemically stained against 
Huntingtin and p62.

The periventricular nodular heterotopias (PNH) in HD 
cases #1 (Fig. 1), #2–3 (Fig. 2), and #8 (Fig. 5c) were 
morphologically similar to those found in non-HD brains 
(supplemental Fig.  1) and comprised a population of 

Table 5  Associations with malformation in both cohorts

Binary logistic regression with malformation as dependent variable. 
HD status was dichotomized as HD  =  1, non-HD  =  0 and sex as 
female = 1, male = 0.

Characteristic Odds ratio (95% CI) P

All participants (HD and non-HD), n = 3918
HD status 5.12 (2.25–11.66) 9.9 ×  10-5

Age at death 1.01 (0.98–1.03) 0.60
Sex 1.37 (0.66–2.85) 0.40
HD only, n = 711
Age at death 0.99 (0.96–1.03) 0.68
Sex 4.56 (1.27–16.3) 0.020
Non-HD only, n = 3207
Age at death 1.03 (0.99–1.08) 0.17
Sex 0.44 (0.15–1.32) 0.14

Figure 1:  Macroscopic and microscopic photographs of a 41-year-old 
woman (CAG: 47/14) with a PNH (case #1). a The PNH in case 1 
is beneath the ependymal lining of the left atrium (dashed rectangle 
outlines the malformation). b This multinodular heterotopia is sur-
rounded by myelinated fibers. c The heterotopia comprises non-dys-

morphic neurons with haphazardly arranged apical dendrites amongst 
oligodendrocytes and astrocytes. d This heterotopia harbored HTT 
and p62 aggregates. Brown arrows indicate HTT aggregates; red 
arrows indicate p62 aggregates. Stains: b, c LH&E; d HTT/p62 
immunostain. Scale bars: b 200 µm; c 50 µm; d 20 µm.
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Figure 2:  Three examples of individuals with HD (cases #2, #3, and 
#22) that have PNH around the temporal horn of the lateral ventricle. 
In all three instances, the tail of the caudate nucleus (black arrow) is 
severely atrophic, whilst the nearby heterotopia (red arrow) appears 
relatively spared of injury. a Coronal slice of the left cerebral hemi-
sphere at the level of the mammillary body revealing a flattened body 
of the caudate nucleus with atrophy of the lenticular nucleus and a 
focal nodule protruding into the temporal horn of the lateral ventri-
cle (red arrow, a’). b A photomicrograph of an LH&E-stained sec-
tion indicating the ovoid heterotopia. The heterotopia (red arrow) is 
in close proximity to the atrophic tail of the caudate nucleus (black 
arrow). c, d In contrast to the tail of the caudate nucleus (d), the het-
erotopia (c) does not show neuronal loss or gliosis, but a collection of 

neurons and glia. The tail of the caudate nucleus is without neurons 
but with fibrillary gliosis. e, f Similar to the neocortex of this case 
(not shown), both HTT (e) and p62 (f) aggregates are found within 
the heterotopia. g In case #22, the heterotopia (red arrow) is seen 
adjacent to the tail of the caudate nucleus (black arrow). h, i The tail 
of the caudate (i) shows gliosis and neuronal loss in contrast to the 
relatively spared heterotopia (h). j–l In case #3, the tail of the caudate 
nucleus (black arrow) shows neuronal loss and fibrillary gliosis (l) in 
contrast to the oval-shaped heterotopia (k). m, n HTT (brown chro-
magen, m’ inset) and p62 aggregates (red chromagen, n’ inset) were 
found in the heterotopia and adjacent tail of caudate nucleus, respec-
tively. Scale bars: b, j 200 µm; c–f, k–n 50 µm.
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non-dysmorphic, pyramidal-shaped neurons intermixed 
with monomorphic glial cells. The neuropil of these nod-
ules lacked gliosis or evidence of neuronal degeneration. 
One of the striking histologic findings seen in cases #2, 
#3, #8 (discovery cohort) and #22 (validation cohort) was 
the distinct contrast between the bland appearance of the 
heterotopia and the severe gliosis and neuronal loss seen 
in the adjacent tail of the caudate nucleus (Fig. 2b–d, g–l). 
However, p62/ HTT inclusions were found in both the het-
erotopias and in the tail of the caudate nuclei (Fig. 2e–f, m, 
n). Neurofibrillary tangles were absent in the heterotopias 
in cases #1–3 and #8 by LH&E and p62 immunostaining. 
In contrast to heterotopias found in the HD brains, het-
erotopias of non-HD cases did not show HTT aggregates 
(n = 3, Supplemental Table 1). However, tau-related and 
synuclein-related aggregates were seen depending on the 
respective comorbid neurodegenerative conditions as pre-
viously described [12, 31]. Accordingly, p62 aggregates 
reflective of the specific brain proteinopathy were seen in 
these heterotopias.

The subcortical malformation of case #5 differed with the 
PNH by morphology and immunohistochemistry. This lobu-
lated mass comprised well-circumscribed foci of immature 
neurons intermixed with glial cells that were surrounded 
by a vacuolated neuropil (Fig. 3a, c). A subset of neurons 
exhibited intracytoplasmic vacuoles. Neither gliosis nor 
infiltration of the surrounding parenchyma was seen. This 
morphology was consistent with a multinodular and vacu-
olating neuronal tumor of the cerebrum (MVNT) [29]. NeuN 
immunostaining highlighted differentiated neurons within 
the neighboring cortex; however, the neurons within the 
malformation were negative (not shown), consistent with 
the immature neuronal development that is characteristic of 
MVNT. Moreover, immunohistochemistry failed to detect 
pathologic HTT or p62 aggregates within this malformation 
in contrast to that seen in the nearby neocortex (Fig. 3d–g).

Case #4 revealed a 0.7 cm firm, tan, solid mass with a 
smooth surface involving the tuber cinereum (Fig. 4a, b). 
This nodule was composed of a mixture of glia and non-
dysmorphic neurons, a subset of which exhibited neurofibril-
lary tangles (Fig. 4c, d). The location of this mass and its 
histomorphology was consistent with that of a hypothalamic 
hamartoma [15]. Immunostaining against p62 identified neu-
rofibrillary tangles and neuropil threads (Fig. 4e); however, 
no HTT aggregates were detected by immunohistochemistry 
(Fig. 4f).

A focal collection of mature, ovoid neurons, and glial 
cells were present in the subcortical white matter ventral 
to the dentate nucleus in case #6. Case #7 had a subcortical 
nodule of mature Purkinje-like neurons and glial cells within 
the album cerebelli. There were no HTT or p62 inclusions 
identified within this heterotopia nor in the cerebellar cortex 
by immunohistochemistry.

The whole brain of case #8 was fixed and each half was 
processed according to the same protocol for comparing lat-
erality of the cerebral hemispheres (Fig. 5). A PNH (Fig. 5c, 
e, g) and a malformation in the insular cortex (Fig. 5j, l, n) 
were found in the right cerebral hemisphere. The 1 × 1 mm 
circumscribed insular malformation appeared as a focal dis-
organization of the laminar architecture in the infragranular 
layers of the cortex (Fig. 5j). This malformation was com-
posed of a collection of haphazard, enlarged, pleomorphic 
glial cells spread amongst closely apposed neurons with 
hyperchromatic nuclei. Neither neuronal dysmorphism nor 
balloon cells were evident. CD34 immunostaining demon-
strated a cluster of cells with bushy processes (Fig. 5n), con-
firming cellular immaturity within this malformation. HTT 
and p62 aggregates were not seen in the anomaly; however, 
they were found in the nearby neocortex. Altogether, the 
histomorphology appeared most consistent with that of a 
glial microhamartoma (alternatively known as a glial het-
erotopia) that has been described in the context of neurofi-
bromatosis type 2 (NF2) [53, 65]. This individual did not 
have a history of NF2 nor other stigmata of the syndrome at 
post-mortem examination.

Discussion

By examining two large, independent autopsy cohorts, we 
demonstrate an increased frequency of malformations in 
the brains of individuals with HD and thus provide further 
evidence that pathogenic trinucleotide repeat expansions of 
the HTT gene may impact neurodevelopment. The majority 
of these malformations in HD were PNH (10 of 15) and 
appeared asymmetric at macroscopic examination, sug-
gesting that these may have developed secondary to a post-
zygotic somatic mutation or another developmental disrup-
tion [48]. Malformations were found in patients with varied 
disease severity and were individuals with adult-onset of 
motor signs that had HTT repeat expansions between 40 and 
52 CAG repeats. In both of our HD cohorts, women more 
frequently harbored malformations than men, thereby sug-
gesting the possible presence of sexual dimorphism in spe-
cific developmental contexts, such as malformations within 
the rostral neuraxis.

These malformations would have formed early during 
neurodevelopment and before the clinical onset of HD. The 
increased occurrence of malformations in HD brains there-
fore reflects a focal disturbance in usual brain development 
caused by HTT gene expansion rather than as a consequence 
of clinical disease. However, the pathogenic HTT-related 
deleterious process may be occurring earlier and closer to 
the timing of neurodevelopmental events than previously 
envisaged. Well documented are the subtle clinicopatho-
logic changes that occur before the clinical disease onset; 
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Figure 3:  Histopathology of 
case #5. a Photomicrograph of 
the multinodular vacuolating 
tumor of the cerebrum (MVNT) 
that is surrounded by white 
matter and rests beneath the 
prefrontal cortex (BA9). b, c 
The malformation is vacuolated 
(c) in contrast to the infra-
granular layers of the nearby 
prefrontal cortex (b). d–g In 
contrast to the prefrontal cortex, 
which has many HTT (d) and 
p62 aggregates (f), the MVNT 
has none (e, g). Arrows indicate 
aggregates. Scale bars: a 200 
µm; b, c 50 µm; d–g 20 µm.
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premanifest carriers with pathogenic HTT gene expansion 
show striatal atrophy, cortical thinning, focally increased 
oligodendrocyte densities, and demonstrate cognitive and 
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behavioral changes that can occur up to several decades prior 
to the onset of motor signs [19, 26, 46, 49, 58].

We found 5 types of developmental malformations that 
were hitherto not associated with HD and PNH were the 
most common. Many molecular mechanisms regulating 
heterotopia formation are recognized, and the etiology 
includes both genetic aberrations and epigenetic phenom-
ena. Filamin A (FLNA) mutations are the most well-known 
cause of PNH. FLNA is an actin-binding protein that is 
cell autonomous in neuronal migration by its expression in 
cortical precursors. Inheritance of an X-linked mutation of 
the FLNA gene causes bilateral PNH in females or lethal-
ity in males, whereas missense mutations that functionally 
result in hypomorphic alleles lead to viable males and focal 
PNH in females [23, 44, 55]. Such a missense mutation 
in FLNA could produce the focal PNH in the HD women 
in this study (cases #1–3, 8, 22, 24, 26–27). In MVNT, a 
malformation that was identified in HD case #5, mutations 
in genes involved in the MAP kinase pathway have been 
reported [50]. This increased frequency of malformations 
in HD may be caused by disease-related genomic instabil-
ity as a result of HTT gene expansion [1, 33, 34, 43, 57]. 
The rate of somatic mutation is high during neurogenesis at 
approximately 5.1 single-nucleotide variants per progenitor 
per day and pathogenic mutations during this period may 
cause malformations [7, 17]. HTT is implicated in DNA 
repair and, if this is partially defective through HTT gene 
expansion, this could further increase the frequency of post-
zygotic somatic mutations in neuronal precursors and lead 
to an increased occurrence of malformations in GEC [22, 
24, 30, 37, 39, 40, 51].

However, loss-of-function of HTT may also play a role. 
Clearly, the developmental biology of HTT species, its 
modifications, protein interactors, and molecular pathway 
effectors are critical for establishing the dynamic scaffolds 
necessary for cortical organization (summarized in [54]). 
Supporting the loss-of-function hypothesis, the murine HTT 
hypomorph model investigated by Arteaga-Bracho and col-
leagues developed subpallial heterotopias and, later in life, 
striatal neurodegeneration [5]. Moreover, Barnat et al. have 
demonstrated abnormal localization of HTT and junctional 
complexes within neural progenitor cells at 13 week ges-
tational age in human fetal GEC [10]. Such junctions are 

crucial for apicobasal polarity within the neuroepithelium 
and for cellular cohesion. If perturbed, this could affect neu-
ronal migration and also lead to heterotopia formation [21, 
36, 56, 61].

The variety and differing pathogenesis of these malfor-
mations provides further insight into the neurodegenera-
tive aspects of HD. The relative sparing of neurodegenera-
tion within the PNH in the roof of the temporal horn was 
in stark contrast to the nearby atrophic tail of the caudate 
nucleus and emphasizes the selective vulnerability of cell 
types and connections in HD, particularly the neostriatal 
medium spiny neurons. Furthermore, the presence of HTT/
p62 aggregates in PNH is similar to that of the HD neocor-
tex. This occurrence is expected as these heterotopic neurons 
would have been destined for the cortex which is usually rich 
in aggregates. Moreover, this would also explain why defi-
nite neuronal loss is not obvious in the PNH compared to the 
adjacent neostriatum; although the HD neocortex undergoes 
neuronal loss, it occurs to a lesser extent than that seen in 
the neostriatum.

In contrast to the PNH, aggregates were not found within 
the MVNT, hypothalamic hamartoma, cerebellar heteroto-
pia, and glial microhamartoma of HD brains. This likely 
reflects the different neuronal subtypes within the respec-
tive malformation and/or the different stages of neuronal 
development within these anomalies. For example, the vacu-
olated neurons of MVNT usually express OLIG2 but not 
NeuN, which has led to the hypothesis that these cells may 
be the sequela of interrupted development of neural progeni-
tor cells [59]. Furthermore, the presence of CD34, a stem 
cell marker expressed during neurulation, in the glial micro-
hamartoma (case #8) indicates cellular immaturity within 
this malformation and might explain why aggregates do not 
occur within these cells in contrast to those of the adjacent 
cortex [13].

The reduced detection of malformations in HD in the 
validation cohort than the discovery cohort is to some extent 
due to the differential processing methods between the two 
centers and the cumulative experience over time. In the dis-
covery cohort at the NYBB, trained pathologists examine 
the macroscopic slices of both halves of the brain, whereas 
only one fixed half brain was usually examined by a neuro-
pathologist in the validation cohort [62]. Furthermore, the 
standardized series of blocks obtained for the microscopic 
examination of most half brains in the validation cohort uti-
lized only 14 blocks, whereas four additional blocks were 
taken in the discovery cohort. Therefore, this greater sam-
pling and professional experience in the discovery cohort 
increases the probability of detecting malformations.

There are limitations to this study. Given that HD is herit-
able, it is possible that some of the brains with malforma-
tions are related and thus share common genes that predis-
pose for such anomalies, thereby biasing the HD cohort. 

Figure 4:  Macroscopic and microscopic photographs of the hypotha-
lamic hamartoma of case #4. a, b A 0.7 cm, tan, round, firm nodule 
was noticed in the tuber cinereum next to the hypothalamus in the 
fresh state. The head of the caudate nucleus shows mild atrophy and 
retains the normal, medial convexity (HD grade: 2/4). c, d LH&E-
stained sections show a solid glioneuronal mass with haphazardly 
arranged neurons and intermixed glia (c). Occasional neurofibrillary 
tangles are seen (d, d’ inset). e, f Whilst a p62 immunostain high-
lights tangles and neuropil threads within the lesion (e), the HTT 
immunostain is negative for aggregates (f). Scale bars: 50 µm.

◂
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Figure 5:  Macroscopic and microscopic photographs of case #8. a–g 
At the level of the lateral geniculate body, a PNH (red arrow, c) is 
noted above the atrophic tail of the caudate nucleus (black arrow, c), 
but not in the left cerebral hemisphere (b). Similar to the other PNH 
in HD, the heterotopia (e) shows relative sparing of neurodegenera-
tion in comparison to the nearby tail of the caudate nucleus (d) and 
demonstrates p62 (red arrow, g and g’ inset) and HTT aggregates 
(black arrow, g’’ inset). An intranuclear HTT aggregate is shown in 

the tail of the caudate nucleus (black arrow, f, f’). h–n At the level of 
the nucleus accumbens, an abnormal cluster of cells is noted in the 
right insular cortex (dashed circle, j, l). An inset (l’) shows enlarged 
glial cells and a neuron within the focus. A CD34 immunostain high-
lights immature cells with bushy processes within this malformation 
(n). The corresponding side on the left insular cortex is provided for 
comparison (I, k, m). Note the severe cortical atrophy in this HD 
brain. Scale bars a, h: 1 cm; b–n 100 µm.
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Review of the medical charts did not reveal any association 
of heterotopias between siblings. Birth and maternal his-
tories were unavailable. Furthermore, brains received at a 
brain bank may be subject to referral bias, such that patients 
with diagnostically interesting or unusual presentations 
may be encouraged to consent for brain donation. This is 
unavoidable, although using a validation cohort of a much 
larger size based from a different region of the United States 
of America, we have aimed to overcome this potential bias. 
Finally, we cannot provide a potential biological mechanism 
by employing these formalin-fixed tissue samples.

In conclusion, we document an increased frequency of 
neurodevelopmental malformations in the HD brain com-
pared to non-HD brains in the largest neuropathologic series 
of HD to date that spans a period of nearly 40 years. We 
further demonstrated that cortical malformations of the cer-
ebrum that contain mature neurons were susceptible to HTT/
p62 aggregation, whereas those with immature neuronal 
populations lacked such aggregates. Whether more subtle 
neurodevelopmental abnormalities are occurring in the HD 
brain is conceivable and merits further study.
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