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Abstract

The extent of grey matter demyelination and neurodegeneration in the progres-

sive multiple sclerosis (PMS) brains at post-mortem associates with more severe 

disease. Regional tissue atrophy, especially affecting the cortical and deep grey 

matter, including the thalamus, is prognostic for poor outcomes. Microglial 

and complement activation are important in the pathogenesis and contribute 

to damaging processes that underlie tissue atrophy in PMS. We investigated 

the extent of pathology and innate immune activation in the thalamus in com-

parison to cortical grey and white matter in blocks from 21 cases of PMS and 

10  matched controls. Using a digital pathology workflow, we show that the 

thalamus is invariably affected by demyelination and had a far higher propor-

tion of active inflammatory lesions than forebrain cortical tissue blocks from 

the same cases. Lesions were larger and more frequent in the medial nuclei near 

the ventricular margin, whilst neuronal loss was greatest in the lateral thalamic 

nuclei. The extent of thalamic neuron loss was not associated with thalamic de-

myelination but correlated with the burden of white matter pathology in other 

forebrain areas (Spearman r = 0.79, p < 0.0001). Only thalamic neuronal loss, 

and not that seen in other forebrain cortical areas, correlated with disease du-

ration (Spearman r = −0.58, p = 0.009) and age of death (Spearman r = −0.47, 

p = 0.045). Immunoreactivity for the complement pattern recognition molecule 

C1q, and products of complement activation (C4d, Bb and C3b) were elevated 

in thalamic lesions with an active inflammatory pathology. Complement regu-

latory protein, C1 inhibitor, was unchanged in expression. We conclude that 

active inflammatory demyelination, neuronal loss and local complement syn-

thesis and activation in the thalamus, are important to the pathological and 

clinical disease outcomes of PMS.
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1  |   INTRODUCTION

Widespread demyelination, inflammation and neuro-
degeneration are characteristics of progressive multiple 
sclerosis (PMS) [1]. Regional tissue volume loss, be it 
in the cortical grey, white or deep grey matter, reflects 
the extent of myelin and neuronal pathology, and is an 
important surrogate measure of disease outcome [2-5]. 
Magnetic resonance imaging has demonstrated that an 
increased number of lesions in the deep grey matter are 
predictive of disease course and thalamic atrophy is an 
early imaging feature of MS [6-8]. A disease-specific re-
duction in thalamic volume begins early and progresses 
steadily, regardless of the MS subtype [9]. Much recent 
interest has focussed on how deep grey matter and tha-
lamic atrophy may predict later clinical outcomes [5–12].

The deep grey matter nuclei, including the basal gan-
glia and thalamus, are particularly affected in PMS. 
Demyelination, inflammation, and neuronal loss can be 
substantial and the extent and pattern of this pathology 
relate spatially to the CSF-ependymal barriers as well as 
to distal pathology in the adjacent white matter, through 
processes of antero/retrograde degeneration [13-17]. Both 
vascular and CSF-meningeal effectors of demyelination 
and neurodegeneration abound in later diseases [18-21]. 
Inflammatory chemokines, cytokines, mediators of ox-
idative injury, blood-derived serum proteins, including 
fibrin and complement proteins, which can be generated 
locally as well as systemically, are elevated and have been 
shown to effect disease-relevant pathological processes 
associated with a more severe clinical outcome [22-24].

Activated complement is a component of central in-
flammation in MS, both in the early and later, progres-
sive phase [25-27]. Synaptic and neuritic degeneration is 
one underlying cause of tissue volume loss and synaptic 
pruning is driven by complement C3  mediated opsoni-
sation and uptake by complement receptor-bearing mi-
croglia [28]. Complement proteins are elevated in early 
and chronic MS [29-33] and in the brain are localised to 
sites of ongoing inflammatory demyelination [27,34–40]. 
Genome-wide association studies demonstrate that com-
plement C3 gene variants predispose some people with MS 
to accelerated retinal neuropathology [41]. Whilst patients 
with a greater number of chronic active lesions harbour 
more risk variants in early complement genes, including 
C1q and C3 [40]. C1q and products of C3 are present in 
the MS retina, hippocampus and thalamus, where they 
represent a modifiable target in experimental models, sup-
porting a role for products of early complement activation, 
up to and including C3, in disease pathogenesis [40,42–44]. 
Together with a chronic over-activation of complement, 
complement regulation, a crucial check-point to prevent 
damaging complement release or to accelerate the break-
down of activated complement, maybe dysfunctional in 
MS and other neurodegenerative diseases [33,38,45–49].

We hypothesised that the extent of thalamic damage 
is an important correlate of clinical disease severity, and 
that neuron loss and local complement activation are im-
portant to this process. To address our hypothesis, we 
quantified the extent of thalamic demyelination, neuro-
degeneration and complement activation in samples of 
thalamus and neocortex, from PMS and age and region-
matched controls.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Cohorts and sampling strategy

Tissue from 21 progressive MS (17  secondary progres-
sive MS and 4 primary progressive MS [PPMS]), 10 
non-neurological control cases, 4 inflammatory disease 
controls (viral encephalitis) and three cases of ischae-
mic encephalopathy were provided by the MS Society 
Tissue Bank and the Oxford Brain Bank (under research 
ethical approval 13/WA/0292 and 08/MRE09/31). Cases 
were pooled as the pathological mechanisms and over-
all burden of tissue damage underlying PP and SPMS 
are broadly similar [50,51]. Sampled areas, neuroana-
tomically matched between cases and irrespective of the 
presence or absence of macroscopically visible lesions, 
were selected by the attendant neuropathologist and in-
cluded the frontal cortex, cingulate cortex, thalamus and 
the hippocampus/temporal lobe (please see Table 1 and 
Figure 1 for details). All blocks, with the exception of 
those used for in situ hybridisation, were formalin-fixed 
and paraffin-embedded as standard and sectioned at 
6 µm.

2.2  |  Identification of thalamic nuclei and 
extra thalamic structures

The thalamus was sub-divided into medial and lateral 
nuclei groups according to the anatomical and cyto-
architectonic descriptions of Macchi and Jones [52] and 
with reference to the Allen Brain atlas [53]. The intral-
aminar nuclear complex (central lateral nucleus, cen-
tromedian, paracentral and paracentral nuclei) served 
as the boundary between medial and lateral nuclear 
groups. The medial thalamic group of nuclei contained 
the periventricular medial dorsal and anterior thalamic 
nuclei, both easily identifiable and adjacent to the ven-
tricular lumen. The anterior and posterior groups of the 
intralaminar nuclear complex were considered part of 
the lateral thalamic complex of nuclei, alongside the ven-
trolateral nucleus, extending laterally to the boundary 
with the internal capsule. The zona incerta was used as 
the boundary marker to differentiate the thalamus from 
sub-thalamic nuclei.
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TA B L E  1   Details of multiple sclerosis, non-neurological and other neuroinflammatory disease (ONID) controls used in this study

Multiple 
sclerosis Disease Gender Disease duration Age at death Cause of death

Available 
blocks

MS402 SPMS M 20 46 MS, bronchopneumonia 4

MS405 SPMS M 25 62 MS, septicaemia, metastatic colon cancer 4

MS407 SPMS F 19 44 Septicaemia, pneumonia 4

MS408 SPMS M 10 39 Pneumonia, septicaemia 4

MS422 SPMS M 58 Chest infection because of MS 4

MS423 SPMS F 30 54 Pneumonia 4

MS425 SPMS F 21 46 MS, pneumonia 4

MS438 SPMS F 18 53 MS 4

MS444 SPMS M 20 49 Renal failure 4

MS473 PPMS F 13 39 MS, pneumonia 4

MS485 PPMS F 29 57 MS, pneumonia 4

MS491 SPMS F 26 64 Anaphylactic reaction 4

MS492 PPMS F 31 66 Sigmoid cancer 4

MS497 SPMS F 29 60 MS, pneumonia 4

MS510 SPMS F 22 38 MS, pneumonia 4

MS513 SPMS M 18 51 MS, respiratory failure 4

MS517 PPMS F 25 48 MS, septicaemia 4

MS527 SPMS M 25 47 MS, pneumonia 4

MS528 SPMS F 25 45 MS 4

MS530 SPMS M 24 42 MS 4

MS538 SPMS F 39 62 MS, pneumonia 4

N = 21 17 SPMS
4 PPMS

13 F
8 M

24.5 year
(10–39)

49 year
(38–66)

Controls Gender
Age at Death, 
year Cause of death

Available 
blocks

CO25 M 35 Carcinoma of the tongue 4

12/023 M 69 Unknown 4

12/046 M 72 Unknown 4

12/048 F 55 Ovarian cancer 4

12/052 F 42 Pancreatic cancer 4

12/088 M 51 Coronary heart disease 4

11/093 F 52 Chronic liver disease 4

11/122 F 65 Chronic obstructive pulmonary disease 4

12/132 F 67 Unknown 4

1231/93 M 58 Unknown 4

N = 10 5 F
5 M

56 year
(35–72)

ONID controls Disease Gender
Disease 
duration

Age at death, 
year Cause of death

Available 
blocks

B 4938 HSV encephalopathy M n/d 18 N/A 4

C2342 HIV encephalopathy M n/d 17 Brain stem 
granuloma

4

C3727 HIV encephalopathy M n/d 41 Encephalopathy and 
myelopathy

4

C4178 CMV encephalopathy M n/d 59 Encephalopathy 4

1062/00 Ischaemic encephalopathy F n/d 49 Unknown 1

(Continues)
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2.3  |  Single and dual-labelling 
immunohistochemistry

All single and dual-label tissue staining was carried out 
using standard avidin-biotin amplification with either a 
peroxidase or phosphatase enzyme-linked detection sys-
tem and diaminobenzidine or vector blue (Vector labs) as 
the chromogen [32]. Immunohistochemistry-identified 
essential components of myelin, monocytes (overwhelm-
ingly activated microglia/macrophages in the brain pa-
renchyma), post-mitotic neurons and components of the 
complement system (all primary antibodies used in this 
study are listed in Table 2). All sections from all cases 
were immunostained for a single or dual target as part 
of the same experiment and included primary antibody-
negative controls and irrelevant species-specific antisera 
as positive controls.

2.4  |  Digital pathology workflow

Whole stained sections for control and PMS were digit-
ised using a ZEISS Axio Scanner and the resulting an-
notated.czi files managed as a project within QuPath 
(https://qupath.github.io/; [54]). Gross anatomy was first 
delineated using the scanned LFB-stained section of 
each case to outline the area of cortical and sub-cortical 
white matter (cortical blocks) and thalamic nuclei (me-
dial and lateral nuclei). Following the outlining of ana-
tomical ROIs, and using the QuPath multi-image viewer, 
annotations generated from the LFB section were then 
overlaid onto the subsequent anti-MOG and anti-HLA-D 
slides, so that areas of demyelination and lesion inflam-
matory activity could be calculated with reference to tis-
sue architecture. Lesion and non-lesion annotations per 
anatomical ROI were then transferred to the sequential 

ONID controls Disease Gender
Disease 
duration

Age at death, 
year Cause of death

Available 
blocks

1078/95 acute and severe ischaemic 
encephalopathy

M n/d 32 Ischaemic 
encephalopathy

1

1140/95 Ischaemic encephalopathy F n/d 10 Ischaemic 
encephalopathy

1

Note: The median age of death and disease duration are shown in years where applicable (with range). Available blocks indicate the number of unique brain tissue 
blocks analysed per case - corresponding to superior frontal gyrus, cingulate gyrus, inferior temporal lobe and thalamus.

Abbreviations: F, female; M, male; n/a, not applicable; n/d, not determined; PP, primary progressive; SP, secondary progressive.

TA B L E  1   (Continued)

TA B L E  2   Primary antibodies used in this study. Antibody name, target, clonality and source

Antigen Clone and source Dilution
Product 
code

Myelin oligodendrocyte glycoprotein Ms mc (Z12)
In house

1:50 –

Proteolipid protein Ms mc (PLPC1)
AbD serotec/Merck

1: 2000 MCA839G

Human Leukocyte Antigens DP-DQ-DR Ms mc (cr3/43)
Dako/Agilent

1: 200 M0775

ionised calcium binding adapter molecule1 Polyclonal
Wako/Fuijifilm

1: 1000 019-19741

Human HuC, HuD & Hel-N1 neuronal proteins Ms mc (16A11)
Fisher

1: 1500 11524027

Glial fibrillary acidic protein Polyclonal Dako/Agilent 1: 1200 Z0334

Complement pattern recognition protein C1q Polyclonal
Dako/Agilent

1: 800 A013602-2

Complement activation fragment C4d Ms mc Pathway Diagnostics 1: 400 A213

Complement activation fragment Bb Ms mc Pathway Diagnostics 1: 400 A252

Complement activation fragments C3b and iC3b Ms mc (C3-30)
In house

1: 500 –

Complement C9 neo antigen (MAC) Ms mc (B7)
In house

1: 200 –

Complement C1inhibitor Polyclonal
In house

1: 500 –

Note: Epitope retrieval was performed in 0.05% citraconic anhydride (v/v).

Abbreviation: Ms mc, mouse monoclonal antibody.

https://qupath.github.io/
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F I G U R E  1   Inflammatory demyelination in cortical, white matter and thalamus of progressive MS. (A) Neuroanatomical matched blocks 
of frontal gyrus, cingulate gyrus, thalamus and temporal lobe (inferior) were sampled to quantify the number and extent of demyelinating 
lesions per case. (B) Samples of cortical grey matter (Cx GM lesion) displayed the greatest and most varied extent of demyelination as a 
proportion of total measured cortical grey matter, compared to that seen in paired thalamus (thal lesion) and sub-cortical white matter (WM 
lesion) areas. (C) Characterisation of lesions based on their inflammatory activity revealed the thalamus had a greater proportion of cases 
displaying inflammatory active and chronic active demyelinating lesions than cortical grey or white matter. (D, E) The relative area occupied 
by active, chronic active (demyelinating or post-demyelinating; note the presence of PLP+ material within an IBA-1+ macrophage, arrow), 
inactive or fully remyelinated (shadow plaque) lesions plotted per thalamus per case in descending order (% area thal demyelinated). Note 
the majority of cases were characterised by an overtly active/chronic active thalamic demyelinating pathology with n = 4/21 presenting only 
inactive lesions. (F) Representative example from a case displaying <0.1% demyelination of total thalamus area (MS492, red arrow) and a case 
presenting with 24.4% of total thalamus affected by active demyelination (MS438, red arrows). Friedman's paired test with Dunn's multiple 
comparison post-test. Scale bars: D = 100 µm (except PLP, IBA-1 image = 10 µm); F = 5 mm
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anti-HuC/D and anti-complement immunostained slides 
to guide the automated quantification of these markers.

2.5  |  Lesion classification

Inflammatory demyelinating lesions of the thalamus 
and cortical white and grey matter were categorised 
dependent on the density and distribution of HLA-D+ 
microglia/macrophages. Active (A), chronic active de-
myelinating (CAD) or chronic active post-demyelinating 
(CAPD) lesions were differentiated based on the pres-
ence/absence of recently phagocytosed myelin protein 
(PLP+) within phagocytes (IBA-1+; revealed by dual 
colour immunohistochemistry according to published 
criteria [55]). Chronic Inactive (CI) demyelinating le-
sions presented a well-demarcated lesion edge with few 
reactive microglia-like cells. Cortical grey matter lesions 
were characterised based on their location within the 
cerebral cortex [55].

2.6  |  Quantification of neurons

Automated cell counting of anti-HuC/D+ neurons was 
performed in QuPath by first estimating stain vectors (to 
first optimise the automatic detection of brown DAB re-
action product through a process of colour deconvolution 
and optimisation of parameters to define the background 
and immuno-positive signal). Using the positive cell de-
tection command, we then determined the total number 
of anti-HuC/D+ neurons (defined as being >60  µm2 to 
discount any immunoreactive oligodendrocyte-like cells) 
in the total lesion and normal-appearing tissue of the 
medial and lateral thalamus, respectively. Our optimised 
counting command was compared to manual counting 
across 110 ROIs from 8 representative cases where there 
was a > 97% agreement between manual and automated 
counts (data not shown). Anti-HuC/D+ neuron counts 
were determined per individual lesion per thalamic ROI 
and later combined to give the mean HuC/D+ cell den-
sity in medial and lateral lesions, respectively. All neu-
rons in the normal-appearing thalamus were counted. 
Control anti-HuC/D cell counts were captured from the 
entire medial and lateral nuclei, respectively.

2.7  |  Quantification of complement 
recognition molecules, activation fragments, 
regulator proteins and the extent of microglial/
macrophage activation

C1q, the recognition molecule of the classical pathway, 
was used to demonstrate classical pathway engagement, 
whilst the presence of C4d, an activation product of C4, 
revealed early classical pathway activation. Complement 

activation fragments C3b and iC3b demonstrate cleavage 
of C3, the convergence point of all the complement path-
ways. Complement activation fragment Bb demonstrates 
cleavage of factor B, a marker of alternative comple-
ment pathway activation, whilst C1-inhibitor (serping1), 
a regulator of the C1 activation complex, was examined 
to investigate classical pathway regulation. The pres-
ence of the cytolytic membrane attack complex (MAC, 
C5b-9) was detected using an anti-C9neo antibody. The 
positive pixel count command was used to determine 
the per cent area of anti-complement immunoreactivity 
(as complement immunoreactivity represented both cell 
and neuropil-associated signal) and the area of immu-
noreactivity in lesion, non-lesion and control thalamic 
ROIs captured. Measurements were taken from both le-
sion centre and lesion edge per lesion class (active, CAD 
and CI lesions) and from areas of normal thalamus (de-
fined as being >10  mm away from the nearest area of 
inflammatory demyelination), per case with available 
lesion types of interest. The area of anti-HLA-D+ im-
munoreactivity was captured from the same equivalent 
normal-appearing thalamus ROIs used to capture the 
complement data.

2.8  |  In situ hybridisation

To detect single mRNA molecules of complement C1QA 
(Homo sapiens C1q A chain, NM_001347465.2) and C3 
(Homo sapiens complement C3, NM_000064.4), we used 
BaseScope triple-z probes (Advanced Cell Diagnostics, 
Bio-techne Ltd). Probe detection was performed on 
10  µm thick frozen sections prepared from 2 control 
(12/048 and 12/052) and 4 PMS cases (MS422, MS425, 
MS527 and MS538), alongside positive (Homo sapiens 
PPIB), negative (Escherichia coli DAPB) and no-probe 
(blank) control slides. Sections were thawed, immedi-
ately fixed, washed and dehydrated, before treating with 
H2O2 prior to antigen retrieval and probe incubation (2 h 
at 40°C using the ACD HybEZ system). Specific probe 
binding was detected using the BaseScope Detection 
Reagent Kit v2 according to the manufacturer's instruc-
tions, using fast red as the chromogen. Sections were 
then processed for subsequent anti-HuC/D immuno-
histochemistry following washing in Tris-HCl buffer, 
peroxidase and phosphatase quenching using Bloxall 
endogenous blocking solution (Vector Labs, Inc.) and 
overnight incubation with primary antibody for Avidin-
Biotin and alkaline phosphatase and vector blue chro-
mogenic detection, as described above. Sections were 
mounted in Vectamount (Vector Labs, Inc.) and viewed 
with a Zeiss Axio Scope 1 at 100-630x magnification fit-
ted with a Zeiss MRm 503 colour camera. Positive con-
trol probe PPIB yielded widespread cell-specific signal 
as anticipated, whilst DAPB and blanks were negative 
(images not shown).
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2.9  |  Statistical analysis

Statistical analysis and graphing were performed using 
GraphPad Prism (v. 9.1.1). The majority of data were 
non-normally distributed (Shapiro-Wilks test for normal-
ity) and non-parametric statistical analysis methods were 
applied throughout. Data was presented on a per-case 
basis in scatter plots with group mean and standard de-
viations (SD) displayed. Differences between two groups 
(for example, the relative extent of demyelination of me-
dial versus lateral thalamic samples) was compared using 
the unpaired Mann–Whitney test. When comparing three 
or more groups (e.g. when comparing HuC/D+ neuron 
density in control, non-lesion and lesion medial or lateral 
thalamic samples) the Kruskal–Wallis test with Dunn's 
multiple comparison post-test was used. Spearman cor-
relation was used to test for statistically significant asso-
ciations between groups (e.g. between the relative extent of 
neuron loss in the non-lesion MS thalamus to the reported 
age of death or duration of disease) and the Spearman r- 
and p-values reported in each instance. Statistical signifi-
cance was considered when p < 0.05.

3  |   RESU LTS

We conducted an analysis of lesions, microglial and com-
plement activation, and neuronal loss, in samples of the 
thalamus and paired cortical blocks to assess the patho-
logical burden, and the immune mechanisms, associated 
with progressive MS disease outcome.

3.1  |  Demyelination in cortical and 
thalamic blocks

We first quantified the area of thalamic, cortical grey 
matter and sub-cortical white matter demyelinated le-
sions in 21 PMS cases (Figure 1A). The mean per cent 
lesion area of cortical grey matter demyelination in sam-
ples of the frontal, cingulate and temporal cortex was 
greater than the extent of demyelination of the thalamus 
(total thalamus) or sub-cortical white matter (total white 
matter in the same frontal, cingulate and temporal lobe 
blocks; Figure 1B). Percentage area of demyelination 
varied from 6.0% to 76.5% (mean  =  33.7%) for cortical 
grey matter, 0%–52.6% (mean = 12.8%) for sub-cortical 
white matter and 0.1%–25.6% (mean  =  10.09%) for the 
thalamus.

3.2  |  Active inflammatory demyelinating 
lesions of the thalamus are more common than in 
other brain areas

We annotated and quantified the number and area of 
individual demyelinated lesions, classified based on 

microglia/macrophage density and evidence of recent 
demyelinating activity (Figure 1C,D). By comparing the 
incidence and relative size of thalamic lesions to lesions 
of the cortical grey and white matter, we found that the 
proportion of cases containing active and chronic active 
and demyelinating (CAD) lesions in the thalamus was 
greater than the number of cases displaying active or 
CAD grey or white matter lesions in the cortical blocks 
(Figure 1C). The area occupied by active and CAD tha-
lamic lesions (13.4 ± 30% and 73.4 ± 40%, respectively) 
was greater as a proportion of the total lesion area than 
it was for cortical active (0%) and CAD (5.8 ± 12%) le-
sions in the same case (p < 0.05). The proportion of tha-
lamic lesions of each class was similar to that seen in the 
sub-cortical white matter (9.4 ± 23% classified as active, 
53.8 ± 44% classified as CAD; Figure 1C,D). By plotting 
the relative proportion of each type of lesion per case, we 
show how affected the PMS thalamus was by active and 
chronic active and demyelinating lesions (Figure 1E,F).

3.3  |  Demyelination was more extensive in the 
medial thalamic nuclei

The distribution of the individual lesions was assessed 
in the medial nuclei adjacent to the ependymal lining 
of the 3rd ventricle and the more lateral thalamic nuclei 
(Figure 2). The extent of demyelination was greater in 
the medial thalamic nuclei compared to the lateral tha-
lamic nuclei (Figure 2A). Individual thalamic lesions of 
the medial nuclei were typically larger (Figure 2B) and 
were mainly classified as periventricular (i.e. lying di-
rectly adjacent to and associated with the ependyma). 
The number of perivascular lesions (all other lesions) 
was greater, but they were smaller in area, in comparison 
to those classified as periventricular. The overwhelming 
majority of both periventricular and perivascular lesions 
were classified as active or CAD (Figure 2B,C).

3.4  |  Neurodegeneration and microglial 
activation were present throughout the thalamus

Neuron densities (Figure 3A) were reduced in the lesion 
and non-lesion medial and lateral thalamic nuclei, com-
pared to controls. Neuronal loss was variable (0–68.9% 
reduction compared to control), with a mean of 16.6% 
reduction in the non-lesion and 38.8% reduction for the 
lesion medial nucleus, and a 28.3% and 45.1% reduction 
in the non-lesion and lesion lateral nuclei, respectively 
(Figure 3B). The per cent reduction in neuron count was 
greater for the lateral non-lesioned nuclei in comparison 
to the medial nuclei (p  =  0.039, Wilcoxon paired test), 
but the extent of neuron loss between medial and lateral 
lesions was not different (p = 0.153).

The reduction in thalamic neuron density was equal 
to or substantially greater than that seen in the cortical 
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grey matter for the same cases: comparing normal thal-
amus neuron count (as a percentage of control) to corti-
cal grey matter neuron count as a percentage of control 
(76.43  ±  15.33% vs 82  ±  17%, p  =  0.296), and compar-
ing total thalamus neuron count in lesion thalamus 

(compared to control) to lesion cortical grey matter 
neuron count (56.04 ± 15.31% vs 75.8 ± 21.5%, p = 0.003).

The density of HLA-D+ microglia/macrophages was 
elevated in non-lesion thalamus (p < 0.0003; Figure 3C,D). 
The area of HLA-D+ immunoreactivity did not correlate 

F I G U R E  2   Regional vulnerability to inflammation and demyelination in the PMS thalamus. (A) The extent of demyelination was greater 
as a proportion of the area of the medial thalamus than it was of the lateral thalamus. (B) To investigate the contribution of perivascular 
or periventricular lesions to overall thalamic demyelinating pathology, we re-classified lesions based on their location in relation to the 
periventricular wall of the 3rd ventricular (referred to as periventricular) or if the lesion was contained within the thalamus without contacting 
the ependyma (referred to as perivascular). Lesions categorised as periventricular were larger (lesion area in mm2) but less frequent (each data 
point represents a single lesion) than those ‘perivascular’ lesions. (C) LFB-stained section of the thalamus from case MS497 with a large chronic 
active lesion located along the ependymal margins of the block (orange arrow and orange line annotation). Mann-Whitney or Wilcoxon paired 
test. Scale bar: D = 5 mm
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of anti-HLA-D immunoreactivity (C, D) in comparison to control tissue. The area of HLA-D immunoreactivity correlated modestly with the 
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(D), Spearman's correlation (E). Ctrl, control. Scale bars: A, C = 100 µm
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with neuronal densities in non-lesion (r = 0.36, p = 0.124) 
or lesioned thalamus (r = 0.48, p = 0.056, Spearman cor-
relation), but correlated modestly with the extent of total 
thalamic demyelination (Spearman r  =  0.49, p  =  0.023; 
Figure 3E).

3.5  |  The extent of thalamic 
neurodegeneration correlated with forebrain 
white matter lesion load and a more severe 
disease outcome

To further understand the interplay between the local 
and distal pathologies on neuron loss in the PMS thala-
mus a correlative analysis was performed. An associa-
tion was seen between the extent of neuronal loss in the 
normal MS thalamus (medial and lateral nuclei counts 
combined to generate an average per case) and the ex-
tent of forebrain white matter demyelination (r  =  0.79, 
p < 0.0001), indicating that extra-thalamic pathological 
events are likely to be contributory to thalamic neuro-
degeneration (Figure 4A). This association between neu-
ron loss and forebrain white matter demyelination was 
particularly strong when comparing neuron loss in the 
non-lesion lateral thalamic nuclei (r =  0.80, p <  0.0001) 
in comparison to the medial nuclei (r = 0.55, p = 0.015). 
A significant association was also seen between the 
extent of thalamic neuronal loss and disease duration 
(Figure 4B) and age of death (Figure 4C). The extent of 
thalamic demyelination is modestly associated with dis-
ease duration but not with the age of death or forebrain 
white matter demyelination (Figure 4D–F). The extent 
of thalamic anti-HLA-D+ immunoreactivity did not 
associate with forebrain pathology or disease outcome 
measures (Figure 4G–I). The extent of neuron loss in the 
forebrain cortical grey matter (averaged across frontal, 
cingulate and temporal lobe grey matter) or the extent 
of sub-cortical white matter demyelination in the same 
samples, did not associate with disease duration or age of 
death (Spearman r = 0 to −0.3, p > 0.05; data not shown).

3.6  |  Complement is synthesised and activated 
local to actively demyelinate thalamic lesions

Robust parenchymal and membrane-associated im-
munostaining of the complement recognition molecule 
C1q, and the products of early complement activation, 
C4d, Bb and C3b, were seen in MS thalamus (Figure 5). 
Complement C1q is principally generated by activated 
microglia and we noted robust C1q protein at the expand-
ing chronic active lesion edge. (Figure 5A–C) and also 
deposited on neurons (Figure 5D). Complement C3b was 
found in astrocytes, where it distinguishes a population 
of reactive and damaging glia and within, and upon, oc-
casional neurons (Figure 5F–H). All components of the 
complement system can be generated in the CNS [56]. In 

situ hybridisation confirmed local C1QA and C3 synthesis 
in the non-lesion PMS thalamus, where transcripts were 
seen associated with neurons (anti-HuC/D+ positive) and 
non-neuronal cells (Figure 5E,I,J). Immunoreactivity for 
C4d and Bb was detected on neurons, glia and more dif-
fusely in the parenchyma (Figure 5K,L). We did not see 
extensive evidence of complement activation to comple-
tion: anti-MAC immunoreactivity was infrequent and 
essentially restricted to abluminal aspects of the vascu-
lature and the choroid epithelium, e.g. (Figure 5M, ar-
rows). Anti-complement C1q, C4d, C3b, Bb and MAC 
immunoreactivity was seen in all samples of thalamus 
prepared from four cases of acute viral encephalitis 
(Figure S1, Table 1). Anti-MAC immunoreactivity was 
seen along the vasculature and parenchyma at sites of 
focal microglial/macrophage activation in these same 
tissues. C3b immunoreactive neurons and glia close to 
disrupted vessels, areas of diffuse parenchymal immu-
noreactivity near the vasculature and labelling of the 
glial limitans were seen in the cases of acute and chronic 
ischaemic encephalopathy (supplementary 1). C1q and 
C3b staining of cells and neuropil were less evident in 
non-neurological controls (Figure 5N,O), with immune 
reactivity mostly confined to the vasculaure and glial 
limiting membrane. C1-inhibitor immunolabelling was 
noted on cells and the vasculature in both control and 
MS thalamus (Figure 5P,Q).

A significant increase in anti-complement C1q im-
munoreactivity was observed in normal-appearing 
thalamus in comparison to matched non-neurological 
controls (Figure 6A, p  =  0.008), which was mirrored 
by a significant increase in anti-C4d immunoreactivity 
(Figure 6B, p = 0.011). Anti-C1q and anti-C4d immuno-
reactivity was elevated in the active and CAD lesions in 
comparison to the non-lesion thalamus (Figure 6A,B; 
p  <  0.05). Anti-C1q and -C4d immunoreactivity in 
chronic inactive lesions were unchanged from levels seen 
in the non-lesioned thalamus or the control thalamus. 
Anti-C3b quantitative immunohistochemistry revealed 
a similar extent of increased immunoreactivity at sites 
of inflammatory demyelination as seen for anti-C1q and 
-C4d (Figure 6C). The relative area of C1q immunoreac-
tivity is associated with the area of C3b immunostaining 
(Spearman r = 0.47, p = 0.047). Fragment Bb, a product 
of activation of the alternative complement pathway, was 
significantly elevated in CAD lesions in comparison to 
normal-appearing thalamus (Figure 6D; p = 0.001).

Anti-C1-inhibitor immunoreactivity was unchanged, 
or reduced in extent, in comparison to control tissue 
in the same ROIs assessed for complement activation, 
including at the CAD lesion edge, where anti-C1q and 
-C4d immunoreactivity were increased (Figure 6E). 
These data suggest a dysregulation of complement at 
the level of classical pathway activation. Of interest, we 
noted that the relative area of C1q immunoreactivity 
per case inversely correlated with the area of anti-C1-
inhibitor signal (Spearman correlation of per cent area 
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C1q immunoreactivity in the non-lesion thalamus with 
per cent area C1-inhibitor immunoreactivity, r = −0.670, 
p = 0.002). We did not see any significant associations be-
tween the relative area of complement immunoreactivity 
and neuron density in the lesion or non-lesion thalamus. 
Only a trend (p = 0.05–0.077) was seen between the area 
of C3b immunostain and neuron loss, HLA-D+ area or 
lesion size (Figure 6F; Spearman r- and p-values for each 
comparison shown).

4  |   DISCUSSION

Here, we report that the thalamus in post-mortem pro-
gressive MS is characterised pathologically by extensive 

active inflammatory demyelination, neuronal loss, acti-
vation of complement and microglia. Thalamic lesions 
were larger and more frequent in medial nuclei and those 
bordering the subependymal space were the largest le-
sion type described. Conversely, neuronal loss was great-
est in the lateral nuclei and associated with the extent 
of forebrain white matter demyelination, suggesting an 
important role for antero/retrograde degenerative pro-
cesses. The extent of thalamic neurodegeneration cor-
related with shorter disease duration and a younger age 
at death. Local increases in complement activation may 
play an important role in sustaining long-standing ac-
tive inflammatory demyelination and neurodegenera-
tion, which are associated with a more severe clinical 
outcome.

F I G U R E  4   Neuron loss in the non-lesion thalamus associated with wider brain pathology and clinical disease outcome. By comparing the 
per cent neuron loss in the normal thalamus (A–C; % neuron loss thal normal), the relative area of thalamic demyelination (D–F; % Thal lesion) 
or the extent of HLA-D+ immunoreactivity (G–I; % HLA immunoreactivity), we show that it is the extent of neuronal loss in the normal-
appearing thalamus that most closely associated with the extent of forebrain white matter lesion load (A; of total measured forebrain white 
matter), disease duration (B) and age of death (C). Spearman's correlation analysis comparing data means for each case (represented as a single 
data point) with Spearman r- and p-values shown. WML, white matter lesion
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4.1  |  The thalamus is characterised by an 
active demyelinating pathology

Deep grey matter structures of the basal ganglia and 
thalamus are widely affected at all stages of MS. Their 
increased susceptibility to damage is likely to be the con-
sequence of a number of factors, including: their proxim-
ity to the inflammatory milieu of the CSF; the thalamus 
being highly vascularised and within watershed areas 
of the brain; the thalamus being rich in iron that can 
enhance oxidative injury upon release from damaged 
and dying cells [15,57],the presence of their extensive 
functional connections [58]. These conditions make the 
thalamus particularly vulnerable to antero/retrograde 
inflammatory and degenerative pathologies. Such sus-
ceptibility makes the assessment of thalamic volume, 

and decreasing volume over time, an appealing and po-
tentially sensitive indicator of disease severity, including 
accrued disability and cognitive dysfunction [11,59–61]. 
Our analysis of coronal samples of mid thalamus, using 
digital pathology approaches, reveals the thalamic nuclei 
to be substantially affected by an active inflammatory 
and demyelinating pathology relative to other grey mat-
ter areas examined.

The majority of thalamic lesions were characterised as 
active demyelinating or chronic active and were present 
in similar proportions to those in the sub-cortical white 
matter. The majority of cortical grey matter lesions in 
our cohort were characterised as chronic inactive lesions 
as is typical for progressive MS [62]. As radiological 
monitoring of chronic active/slowly expanding lesions 
is described as a useful indicator of clinical progression 

F I G U R E  5   Local complement synthesis and activation in the PMS thalamus. (A–C) Representative images of anti-C1q, immunostaining 
at a chronic active demyelinating lesion edge. (D) Alongside a co-distribution with areas of microglial activation, anti-C1q immunostaining 
was also noted at discreet peri-neuronal sites (arrows). (E) Evidence of local complement C1QA synthesis (C1QA transcript revealed by the fast 
red chromogen abutting a HuC/D+ neuron (arrow)). (F) C3b was noted at perivascular sites and upon/within GFAP positive astrocytes (inset, 
arrows showing GFAP- brown and C3b- blue, co-labelling revealed by sequential double immunohistochemistry). (G–J) Evidence of both non-
neuronal and neuronal anti-C3b immunoreactivity (G, H) and C3 transcript (arrows in I and J, identifying C3 transcript (fast Red chromogen, 
arrows) in sections immunostained with anti-HuC/D antisera). (K, L) Anti-C4d and Bb immunostained cells of the thalamus. MAC (C5b-9) 
was essentially restricted to the brain connective tissue spaces, such as the choroid epithelium of the inferior blade of the lateral ventricle (M, 
arrows). (N, O) C1q and C3b immunostaining of non-diseased control thalamus mainly decorated the vasculature. (P, Q) Examples of anti-
C1-inhibitor immunostained cells and vasculature of the medial thalamus in control and MS (arrows). MAC, membrane attack complex. Scale 
bars: A–C = 100 µm; D–L, P, Q = 20 µm; M–O = 50 µm
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[63,64], our finding that the number of cases presenting 
with active thalamic lesions was greater than the num-
ber of cases presenting with active white matter lesions, 
suggests that identifying such chronic active lesions in 
the thalamus would be invaluable for recognising those 
PMS cases with an active disease who might respond to 
current immunomodulatory therapies [65,66].

Alongside widespread active inflammatory demy-
elinating lesions, we noted a significant increase in the 
density of HLA-D+ activated microglia/macrophages 
in normal-appearing, non-lesioned thalamus. Positron 
emission tomography targeting TSPO identifies areas of 
elevated microglial density in the human brain [67,68]. 

Increased radioligand uptake reflecting greater TSPO+ 
cell density in the thalamus is seen at all disease stages 
and is particularly evident in the progressive phase [69]. 
Increased signal uptake in the thalamus correlates with 
worsening disability status, timed 25-foot walk and a de-
creasing whole brain volume, for example. Such clinical 
studies serve to illustrate the value of quantifying tha-
lamic microglial/macrophage density to assess disease 
severity [68].

The extent of demyelination was similar to that seen 
in sub-cortical white matter areas, but significantly 
less than seen across frontal, cingulate and temporal 
grey matter measured in the same cases. Factors that 

F I G U R E  6   Complement activation and dysregulation in the PMS thalamus. Quantification of the area of immunoreactivity of anti-C1q 
(A), anti-C4d (B), anti-C3b (C) and anti-Bb (D) in control, non-lesion and lesion areas (lesion centre and edge of active, chronic active and 
demyelinating and chronic inactive lesions) revealed significant complement immunoreactivity at areas of active inflammatory demyelinating 
pathology in comparison to control or non-lesion tissue. Complement classical pathway C1q and C4d were additionally elevated in the normal-
appearing (non-lesion) PMS thalamus in comparison to control. In the same regions of interest, expression of the complement regulatory 
protein, C1-inhibitor, was unchanged or significantly decreased (E) in comparison to the control thalamus. (F) Only a trend to an association 
was noted between the area of C3b immunoreactivity and wider measures of thalamic pathology (Spearman correlation analysis and Spearman 
r and p values shown). A centre, A edge, active lesion centre or edge sample; CA, chronic active; CI, chronic inactive. Kruskal-Wallis multiple 
comparison test with Dunn's post-test
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contribute to the reduced extent of thalamic demyelin-
ation in comparison to the neocortex may include the 
larger pial surface-to-cortical area versus the less exten-
sive ependymal surface-to-thalamus area, which would 
reduce exposure to pro-inflammatory CSF constituents. 
Additionally, the ependyma represents a more robust 
structural and immunological barrier, as it comprises 
fenestrated cells connected with tight junction assem-
blies, in contrast, the pia comprises fibroblast-like cells 
and simple squamous epithelium and lacks tight junc-
tions [70,71]. In addition, the ependymal layer is an effec-
tive immunoregulatory barrier as it expresses an array 
of complement regulatory proteins, which may reduce 
the deleterious effects of pathogens, inflammatory cyto-
kines and complement present in the CSF [33,72].

4.2  |  Patterns of lesion distribution in the 
thalamus suggest relevant pathomechanisms of 
demyelination

The more extensive demyelination seen in the proxim-
ity of CSF-brain barriers, irrespective of anatomical 
location, is an important pathological feature of PMS 
and is most notable in cases with increased inflamma-
tory infiltrates, enriched in B-cells and plasma cells, and 
an inflammatory CSF cytokine profile that is consist-
ent with the presence of leptomeningeal inflammation 
[19,32,73–75]. In agreement with previous studies, our 
data shows significant areas of subependymal demy-
elination in the thalamus, which has also been seen in 
paediatric and adult-onset MS, whereby gradients of 
tissue injury, similar to those reported in the neocortex 
are apparent [76], and can be visualised with appropri-
ate MRI procedures [16,77–80]. It should be noted that 
the extent of demyelination represents a continuum and 
that others, notably [17], reported fewer, smaller, and 
less active inflammatory subependymal thalamic le-
sions in their large cohort with an older age of death. 
The presence of tissue gradients of damage, being great-
est nearest the CSF-associated surfaces and affecting the 
periventricular white and deep grey matter structures, 
neocortex, cerebellum and spinal cord, taken together 
with CSF immune profiling [19,81], could help identify 
those individuals with different dominant pathological 
drivers, who might benefit from therapies that deplete B-
cells and other effector cell populations enriched in the 
CNS [82-84].

4.3  |  Neurodegeneration in the thalamus 
correlated with disease severity

Extensive neurodegeneration characterises the MS 
thalamus [14,17,85]. We show that neuronal loss was 
greater in the non-lesioned lateral nuclei in comparison 
to the medial thalamus, implying that antero- and/or 

retrograde degeneration because of axonal interruption 
and/or neuronal cell death in the forebrain, may contrib-
ute to thalamic neurodegeneration [86]. Our findings 
are supported by recent imaging and pathological stud-
ies that reported thalamic tissue volume loss was more 
closely related to the extent of wider forebrain pathol-
ogy than to thalamic lesion load itself [11,12,17,80]. These 
data further emphasise the combined pathogenic driv-
ers affecting the thalamus, be they associated with the 
CSF-constituents of the ventricular system or connected 
structures of the distal white and grey matter.

4.4  |  Local mediators of thalamic pathology: 
A role for complement in sustaining ongoing 
tissue destruction

Microglia/macrophages are an important source of 
complement and are themselves modulated by comple-
ment through their panel of receptors for surface-bound 
(e.g. C4d, C3b) and soluble (e.g. C3a and C5a) comple-
ment fragments. Complement is widely expressed in the 
chronic MS brain; levels of transcripts and protein are in-
creased in lesion and non-lesion samples, and the density 
of C5a receptor-positive microglia/macrophages is el-
evated [30,31,34,37,38,49,87]. Complement gene networks 
are amongst those most enriched in human grey matter 
microglia [88], whilst a population of microglia, with C1q 
as a critical mediator of activation, has been described at 
the edge of expanding chronic active lesions [40]. These 
data suggest an important role for the complement, and 
its interactions with microglia/macrophages, in deter-
mining the outcome of chronic neuroinflammation.

Complement gene networks, with complement C3 as 
the hub, are differentially affected in multiple sclerosis. 
Gene pathway analysis has revealed that multiple single 
nucleotide polymorphisms in complement C1QA, com-
plement receptor CR1 and C3 associate with patholog-
ical and clinical measures of MS severity [41], whilst a 
common polymorphism in C3, linked to increased C3 
activity, is associated with greater grey matter atrophy 
and cognitive decline [89]. Individuals with more than 
four paramagnetic rim enhancing lesions carry signifi-
cantly more complement risk variants than those with 
fewer such lesions [40]. Extensive experimental and neu-
ropathological observations have shown a key role for 
complement C1q and C3 in mediating synapse removal 
by microglial phagocytosis in normal development and 
pathological settings [28,90], including within the retina, 
thalamus and hippocampus [42-44].

We and others have noted complement within and upon 
different CNS cells. All cells of the CNS are capable of 
synthesising complement and complement C1q and prod-
ucts of C3 are found intracellularly, where they may sup-
port normal homeostasis [91,92]. C3 can be proteolytically 
cleaved to yield C3a and C3b by lysosomal cathepsin L and 
is noted in cells as a response to acute tissue injury, where 
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it partly accounts for the severity of tissue damage and 
maybe important to T cell function [93,94]. Intracellular 
products of C3  cleavage, including C3b and C3d, are a 
hallmark of a neurotoxic astrocyte, seen experimentally 
and at post-mortem [39]. Our findings of intracellular com-
plement in neurons, which replicates the findings of others 
(e.g. [34,37,44]) may well be a consequence of non-specific 
uptake by some cells (for example, the intense C3b immu-
noreactive cells near vessels in ischaemic encephalopathy 
[supplementary] but were not seen in this same perivas-
cular distribution in PMS), whilst complement gene tran-
scription may be secondary to distal injury. Clearly, more 
work needs to be done to fully understand the role of com-
plement, and products of complement activation, in neu-
ron health and the setting of chronic neuroinflammation.

We and others have previously shown that alternative 
pathway regulation may be dysfunctional in MS and that 
classical pathway markers C1q and C4d are associated 
with the extent of neuroinflammation and astroglia dys-
function [39,40,47,49]. C1q and the C4 activation fragment, 
C4d, were elevated in actively demyelinating thalamic MS 
lesions, whilst at the same sites, C1-inhibitor immunoreac-
tivity was reduced or unchanged, in comparison to normal-
appearing or control thalamus (and negatively correlated 
with the extent of C1q immunostain). Anti-MAC immuno-
reactivity was only seen in the most active PMS cases and 
was restricted to the choroid epithelium and vasculature. 
Regulators of MAC formation, CD59 and clusterin, are 
produced intrathecally and at elevated levels in MS, which 
may explain this observation [33,38]. As a result of the re-
dundancy that exists in the network of complement regu-
lators, it would be interesting to investigate the expression 
of other regulatory proteins, particularly those targeting 
early complement processing, to better understand the na-
ture of this dysfunctional response [95].

4.5  |  Study limitations

All quantitative analysis was automated using QuPath to 
ensure that larger areas of total or demyelinated thalamus 
and cortical regions could be assessed microscopically to 
improve the robustness of our findings. Unlike neuronal 
quantification, the analysis of the area of anti-complement 
and anti-HLA-D immunoreactivity was restricted to rep-
resentative ROIs, as we needed to understand the spatial 
expression at relevant sites of the lesion and non-lesion 
tissue. Although this did mean that our capacity to detect 
significant associations between immune activation, e.g. 
the extent of complement activation, and neuronal loss or 
demyelination, was compromised.

4.6  |  Conclusions

Our results support the hypothesis that multiple path-
ological processes are at play in the PMS thalamus, 

which may account for its widespread inflammatory 
and active demyelinating pathology. The individual 
nuclei of the PMS thalamus may be differentially af-
fected by a combination of retrograde and anterograde 
degeneration from white matter lesions and neuro-
degeneration, CSF-mediated damage and intrinsic 
inflammatory processes, including the chronic activa-
tion of complement, which is synthesised locally. Our 
data support imaging of the thalamus combined with 
f luid markers, including those of early complement 
activation such as C1q, C3b and C4d (whereby C1q 
has recently been shown to be a modifiable target in 
experimental models) [40], to monitor disease severity 
and response to therapy.
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FIGURE S1 Complement and microglial activation 
in neuroinflammatory and hypoxic-ischaemic disease 
controls. Coronal samples of thalamus from cases of 
viral encephalitis (A–H; see Table 1) displayed both focal 
and diffuse activated microglia (A, B). Classical pathway 
components C1q, C4d and the regulator C1-inhibitor, 
were expressed along the vasculature, parenchyma 
and soma (C–E). Anti-complement C3b and fragment 
Bb immunostaining was evident in all cases (F, G). 
Terminal complement pathway activation was evidenced 
by the presence of discreet parenchymal anti-MAC 
immunoreactivity in all samples analysed. (I–K) Anti-
C3b immunostaining of three cases of acute or chronic 
ischaemic encephalopathy. Note the intense labelling 
of perivascular cells in I (and inset in boxed panel), 
staining of the glial limitans and patches of diffuse C3b 
immunostainof the parenchyma (J, K, arrows). Scale 
bars: A, B = 10 µm; C-L = 25 µm
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