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CLINICAL AND POPULATION SCIENCES

Unique Subtype of Microglia in Degenerative
Thalamus After Cortical Stroke

Zhijuan Cao‘®, MD, PhD; Sean S. Harvey(, BS; Terrance Chiang, BS; Aulden G. Foltz; Alex G. Lee, PhD;
Michelle Y. Cheng®, PhD"; Gary K. Steinberg, MD, PhD*

BACKGROUND AND PURPOSE: Stroke disrupts neuronal functions in both local and remotely connected regions, leading to
network-wide deficits that can hinder recovery. The thalamus is particularly affected, with progressive development of
neurodegeneration accompanied by inflammatory responses. However, the complexity of the involved inflammatory
responses is poorly understood. Herein we investigated the spatiotemporal changes in the secondary degenerative thalamus
after cortical stroke, using targeted transcriptome approach in conjunction with histology and flow cytometry.

METHODS: Cortical ischemic stroke was generated by permanent occlusion of the left middle cerebral artery in male C57BL6J
mice. Neurodegeneration, neuroinflammatory responses, and microglial activation were examined in naive and stroke mice
at from poststroke days (PD) 1 to 84, in both ipsilesional somatosensory cortex and ipsilesional thalamus. NanoString
neuropathology panel (780 genes) was used to examine transcriptome changes at PD7 and PD28. Fluorescence activated
cell sorting was used to collect CD11c* microglia from ipsilesional thalamus, and gene expressions were validated by
quantitative real-time polymerase chain reaction.

RESULTS: Neurodegeneration in the thalamus was detected at PD7 and progressively worsened by PD28. This was
accompanied by rapid microglial activation detected as early as PD1, which preceded the neurodegenerative changes.
Transcriptome analysis showed higher number of differentially expressed genes in ipsilesional thalamus at PD28. Notably,
neuroinflammation was the top activated pathway, and microglia was the most enriched cell type. ltgax (CD11c) was the
most significantly increased gene, and its expression was highly detected in microglia. Flow-sorted CD11c¢* microglia from
degenerative thalamus indicated molecular signatures similar to neurodegenerative disease—associated microglia; these
included downregulated Tmem119 and CX3CR1 and upregulated ApoE, Axl, LpL, CSF1, and Cst7.

CONCLUSIONS: Our findings demonstrate the dynamic changes of microglia after stroke and highlight the importance of
investigating stroke network-wide deficits. Importantly, we report the existence of a unique subtype of microglia (CD11c*)
with neurodegenerative disease—associated microglia features in the degenerative thalamus after stroke.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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United States." A stroke injury can disrupt neuro-
nal function in both local and remotely connected
regions, leading to network-wide deficits that can hin-
der recovery.? In particular, a delayed secondary injury

Stroke is a leading cause of long-term disability in the

progressively develops in the remotely connected thala-
mus after the initial cortical stroke.®* The disruption of
functional connections between cortex and thalamus
causes cortical anterograde degeneration and thalamic
retrograde degeneration, resulting in the secondary
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Nonstandard Abbreviations and Acronyms

DAM disease—associated microglia
DEG differentially expressed gene

iS1 ipsilesional somatosensory cortex
iTH ipsilesional thalamus

PD poststroke day

thalamic injury (Figure 1A).° Secondary thalamic injury
has been reported in a subset of stroke patients with
cortical stroke. This delayed secondary injury has been
associated with long-term functional deficits, including
verticality misperception, lower verbal fluency perfor-
mance and poor motor, cognitive and emotional outcome
after stroke.’” Rodent studies have shown that reduc-
ing secondary thalamic injury is beneficial for long-term
behavioral recovery.® Hence, targeting secondary tha-
lamic injury is a promising strategy to improve recovery
after stroke. In addition, secondary thalamic injury is a
delayed injury that progressively develops,®*7 thus allow-
ing an extended time window for therapeutic intervention.

Emerging studies indicate multiple pathological
changes occur in the secondary thalamic injury after stroke,
including excitotoxicity,'® apoptosis,'" amyloid protein
deposition,'? blood-brain-barrier breakdown,® and neuro-
inflammation.’® There is a growing interest in the mecha-
nisms of neuroinflammation in the secondary thalamic
injury.'* Multiple cell types (resident microglia, astrocytes,
and oligodendrocytes as well as peripheral T cells) and
molecular mediators participate in neuroinflammation in
the secondary thalamic injury.”®"'” In animal models, mark-
ers of microglia/macrophages activation such as CD68,
ionized calcium binding adapter molecule 1 (Iba-1), and
marker of astrocyte activation GFAP (glial fibrillary acidic
protein)®'® are elevated in the connected thalamus at one
month after cortical stroke. In patients, microglial/macro-
phage activations are detected in the thalamus between 2
and 24 months after initial cortical infarctions.'” However,
the complexity of neuroinflammatory responses during the
development of secondary thalamic injury is poorly under-
stood, thus making it challenging to develop targeted
immunomodulatory therapies to reduce this injury.

To investigate the spatiotemporal changes in thal-
amus after stroke, we conducted a long-term time
course study to track the progressive development of
neurodegeneration and neuroinflammation in a cortical
stroke mouse model. Using a targeted neuropathology
transcriptome analysis, we detected key cell types and
molecular changes involved in both somatosensory cor-
tex (the primary injury) and ipsilesional thalamus (TH;
the secondary injury) after stroke. Our findings identified
a unique subtype of microglia with neurodegenerative
disease-specific features in the degenerative thalamus
after stroke. We also highlighted potential molecular
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targets for intervening secondary thalamic injury to
improve recovery after stroke.

METHODS

Below are the main methods necessary to comprehend
the results. Please see materials and methods in the Data
Supplement for details. Data supporting the findings of this
study are available from the corresponding authors via writ-
ten request.

Animals

Experiments were performed in adult C57BL/6J wild-type
male mice (12-15 weeks old and 28-37 g body weight; The
Jackson Laboratory, Bar Harbor, ME). We used only male mice
to be consistent with our previous findings which were obtained
in male mice. The effects of sex differences will be explored in
future studies. Animals were housed under a 12-hour light-dark
cycle with food and water provided ad libitum. All experiments
were performed under the guidelines of Stanford University
Institutional Animal Care and Use. A total of 123 mice were
randomized and subjected to stroke group (108 mice) and
naive group (15 mice). Naive mice were used as nonoperated
controls. In stroke group, mice were subjected to permanent
occlusion of left distal middle cerebral artery. Mortality rate was
zero. Samples were collected at poststroke day (PD) 1, 3,7, 14,
28, 56, and 84. In the final analysis, 18 mice were excluded in
stroke group due to lack of primary infarction at somatosen-
sory cortex evaluated by T2 magnetic resonance imaging or
histology,'® and one mouse was excluded in naive group due to
outlier in transcriptome analysis.

NanoString Transcriptome Analysis

For nCounter gene expression analysis, tissue samples were
dissected from ipsilesional somatosensory cortex (iS1) and
iTH in stroke mice and corresponding regions in naive mice.
One hundred nanograms of total RNA from individual sample
were used, and the assay was performed by Core Diagnostics,
Inc (Hayward, CA) following the manufacturer's protocol. A
total of 780 genes were analyzed including 770 genes from
Neuropathology panels (XT-CSO-MNROP1-12, NanoString
Technologies, Seattle, WA) and 10 spike in genes (CodeSet
designed by NanoString as listed in Table | in the Data
Supplement). These genes are involved in neurotransmission,
neuron-glia interaction, neuroplasticity, cell structure integrity,
neuroinflammation, and metabolism.

Fluorescence Activated Cell Sorting

iTH and contralesional thalamus samples were dissected from
a subset of PD28 mice, and each sample was pooled from 8
mice. Naive samples were dissected at corresponding positions
in naive mice. The isolated immune cells were incubated with
Live/Death-Aqua stain then antibodies (CD45, CD11b, and
CD11c, as listed in Table Il in the Data Supplement). Forward
and side scatter were used to gate singlet cell events. Aqua pos-
itive stained events were further excluded as collection of dead
cells. Unstained cells were used to eliminate autofluorescence.
Microglia (CD45™CD11b*), CD11c* microglia (CD45"CD11
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Figure 1. Delayed neuron loss in thalamus after primary cortical ischemic injury.

A, Diagram shows the location of secondary thalamic injury (blue labeled area in bottom section) after primary cortical injury (blue labeled
area in upper section). The thalamic degeneration results in the anterograde/retrograde degeneration (arrows) after disruption of cortico-
thalamic connections. B, Experimental design and timeline. A time course histology study was performed to detect spatiotemporal changes in
somatosensory cortex and thalamus after stroke. Transcriptome analysis was performed on samples collected from naive, poststroke day (PD7;
beginning of secondary thalamic injury), and PD28 (severe secondary thalamic injury). Fluorescence activated cell sorting (FACS) was used to
sort microglia and CD11c* microglia from naive and PD28 thalamic tissues respectively to detect molecular features of CD11c* microglia. C,
Representative full coronal sections show NeuN (green) and MAP2 (microtubule-associated protein 2; orange) immunostaining in thalamus.
Enlarged images represent the square labeled region in full section images. Scale bar=250 um. The numbers of NeuN* cell (D) and MAP2* cell
(E) in iTH were counted and compared with naive. N=4-5/time point. *P<0.01, **P<0.001, ***F<0.0001. Data are expressed as mean+SEM.

b*CD11c*), and CD11c™ microglia (CD45"CD11b*CD11¢”)
were sorted by Sony SH800 (Stanford Shared Fluorescence
Activated Cell Sorting Facility). The sorted cells were col-
lected in 300 pL QIAGEN RNA protect Cell Reagent (76526,
QIAGEN) and stored in 4 °C until RNA extraction.

Statistical Analysis
All data were expressed as mean=SEM and analyzed using
GraphPad Prism (version 8.0.2, GraphPad Software, San Diego,

Stroke. 2021;52:687-698. DOI: 10.1161/STROKEAHA.120.032402

CA; www.graphpad.com). Shapiro-Wilk test was used to test for
normal distribution. For histology studies, data were analyzed by
either 1-way ANOVA (parametric) followed by Bonferroni test
for multiple comparisons with naive control group or Kruskal-
Wallis test (nonparametric) followed by Dunn test for multiple
comparisons with naive control group. All other data were ana-
lyzed by 1-way ANOVA followed by multiple comparisons with
every other groups by Bonferroni test. Significance level was
set at A<0.05.
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RESULTS

Secondary Thalamic Injury Progressively
Developed After Primary Cortical Stroke

We first performed a histological time course study from
PD1 to PD84, which includes both the acute and the
long-term phases after stroke (see experimental timeline
and design in Figure 1B). Degeneration was detected
by Fluoro-Jade C staining. In iS1, Fluoro-Jade C-labeled
cell bodies were observed as early as PD1 and remained
detectable until PD84 (Figure IA in the Data Supple-
ment). In iTH, the area of Fluoro-Jade C positively stained
was significantly increased from PD7 to PD28, and the
intensity of Fluoro-Jade C was significantly increased
from PD7 up to PD84 (Figure IB through ID in the Data
Supplement). Neuronal loss was visualized by NeuN and
MAP2 (microtubule-associated protein 2). In iS1, weak
NeuN was observed at PD1 and PD3 and barely seen
after PD7 up to PD84 in the infarct core (Figure Il in
the Data Supplement). As early as PD1 and continuously
up to PD84, no MAP2 staining was observed in infarct
core. In peri-infarct areas (Figure Il in the Data Supple-
ment enlarged images), NeuN remained evident at PD1
and PD3 but continued to decrease after PD3, whereas
intense MAP2 was expressed around the border of infarct
from PD1 up to PD84. These data confirmed a primary
neuronal loss in iS1. In iTH, the numbers of NeuN* and
MAP2* cells began to decrease at PD7, with significant
reductions at PD14 and PD28 (Figure 1C through 1E).
By PD84, numbers of NeuN* cells decreased 81.0% and
numbers of MAP2* cells decreased 80.5%, indicating
delayed neuron loss in iTH. Taken together, these find-
ings indicated that secondary thalamic neurodegenera-
tion began at PD7 and progressively developed through
PD84 in our cortical stroke mouse model.

Neuropathological Transcriptome Analysis of
Primary Cortical Injury and Secondary Thalamic
Injury After Stroke

To profile the molecular changes after stroke, we per-
formed a targeted neuropathological transcriptome analy-
sis. Hierarchical clustering analysis showed distinct cluster
separation between naive and PD7 in iS1, except one PD7
sample clustered with naive samples, possibly due to vari-
ability in cerebral infarct size (Figure 2A). In contrast, clear
cluster separation was shown in iS1 at PD28, suggest-
ing the consistent long-term effects in the primary cortical
injury. In iTH, clear cluster separations were shown at PD7
and PD28 compared with naive, revealing a consistent
secondary thalamic injury after stroke. Supervised PCA
plots showed similar results (Figure llIA in the Data Supple-
ment). Differential transcriptome changes were detected in
iS1 and iTH (Figure 2B and 2C). In iS1, transcriptome anal-
ysis revealed 294 differentially expressed genes (DEGs)
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at PD7 (209 upregulated and 85 downregulated) and 38
DEGs at PD28 (12 upregulated and 26 downregulated;
Tables Il and IV in the Data Supplement). In contrast, iTH
showed 50 DEGs at PD7 (44 upregulated and 6 down-
regulated) and 187 DEGs at PD28 (84 upregulated and
103 downregulated; Tables V and VI in the Data Supple-
ment). Comparative analysis showed 26 common DEGs in
iS1 and 37 common DEGs in iTH between PD7 and PD28
(Figure 2D). In iS1, 4 out of 26 common DEGs showed
>9-fold changes, including C3, GFAR, CD14, and ltgax. In
iTH, 15 out of 37 common DEG showed >2-fold changes.
Among these 15 genes, 13 of them are highly expressed
in microglia as referred by the Brain RNA seq database
(http://www.brainrnaseq.org/)?* including CD14, Ccl12,
Sle1l1al, TLR2, Ferls, CD86, Cxcl16, Irf8, Cd68, Clga,
Trem2, Clqc, and C1gb. Further cell type enrichment anal-
ysis also showed that more DEGs are enriched in microglia
at both time points in iS1 and iTH (Figure 2E and Figure
B in the Data Supplement), indicating microglia as the
top cell type activated after stroke and their critical involve-
ment during the development of secondary thalamic injury.

Neuroinflammation Identified as the Top
Canonical Pathway in Primary Cortical Injury
and Secondary Thalamic Injury After Stroke

Next, we performed Ingenuity Pathway Analysis to identify
the top-ranked diseases, cellular and molecular functions
(Figure 3A) and canonical pathways (Figure 3B). Neu-
roinflammation was the top-ranked pathway activated in
both iS1 and iTH at both PD7 and PD28. Other canoni-
cal pathway in iS1 includes Huntington’s disease, edothe-
lin-1, interleukin (IL)-8, and opioid signaling at PD7 and
Huntington’s disease, nuclear factor erythroid 2-related
factor 2-mediated oxidative stress response, IL-8 and
androgen signaling at PD28. Other canonical pathway in
iTH includes wingless-related integration site/p-catenin,
dendritic cell maturation, role of pattern recognition
receptors in recognition of bacteria and viruses and
IL-12 signaling and production in macrophages at PD7,
and production of nitric oxide and reactive oxygen spe-
cies in macrophages, nuclear factor kappa B, and gluco-
corticoid receptor signaling at PD28. Using quantitative
real-time polymerase chain reaction, we successfully
validated several key genes expression in the neuroin-
flammation signaling pathway in iTH at PD28, including
CSF1, CSF1R, CX3CR1, TGFB, TLR2, and TREM2 (Fig-
ure 3C and Figure llIC in the Data Supplement).

Neuroinflammation in the Thalamus During
the Development of Secondary Thalamic Injury
After Cortical Stroke

We then used CD68 to detect microglia/macrophage
activation and GFAP to detect astrocytes activation. In
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Figure 2. Targeted transcriptome analysis of somatosensory cortex and thalamus after cortical ischemic stroke.

A, Heat map of differentially expressed genes (DEGs) in ipsilesional somatosensory cortex (iS1) and ipsilesional thalamus (iTH) at poststroke day
(PD7) and PD28. B, Volcano plots show fold-change relative to naive samples. Red, blue, and gray dots indicate upregulated, downregulated, and
unchanged genes, respectively. Top 10 DEGs are labeled. N=3 in naive, N=4 in PD7, and N=4 in PD28. C, Numbers of altered genes in iS1 and iTH
(D) Venn diagram represents the number of common DEGs at 2 time points in iS1 and iTH. E, Bar graphs indicate enriched cell types of DEGs in iS1
at PD7 and in iTH at PD28, plotted with —log10 (Pvalue) and number of genes in the cell type. OPC indicates oligodendrocyte progenitor cell.
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Figure 3. Ingenuity pathway analysis (IPA) highlighted the involvement of neuroinflammation signaling after stroke.

A, Top-ranked diseases and molecular/cellular functions. B, Top significant canonical pathways, plotted by —log10 (P value) and ratio. C,
quantitative real-time polymerase chain reaction (qPCR) validated differentially expressed genes (DEGs) in neuroinflammation signaling (CSF1R,
CX3CR1, and TGFB) in ipsilesional thalamus (iTH). N=3 in naive, N=4 in poststroke day (PD7), and N=4 in PD28. ltgax in iTH was quantified
with another cohort of samples. N=4 in naive, N=6 in PD7, and N=5 in PD28. *”<0.05, *<0.01, "*F<0.001. Data are expressed as meantSEM.
AMPK indicates AMP-activated protein kinase; CSF1R, colony stimulating factor 1 receptor; CREB, cAMP response element-binding protein;
HMGB1, high mobility group box 1; IL, interleukin; iS1, ipsilesional somatosensory cortex; MAPK, mitogen-activated protein kinase; MIF,
macrophage migration inhibitory factor; NF-kB, nuclear factor kappa B; NO, nitric oxide; NRF2, nuclear factor erythroid 2—related factor 2; PRRs,
pattern recognition receptors; ROS, reactive oxygen species; and TGFB, transforming growth factor beta.

iS1 (Figure IVA in the Data Supplement), CD68 was ini-
tially identified at peri-infarct areas at PD1 and gradually
appeared in the infarct core at PD14. GFAP appeared
sparsely around the infarct at PD3 and became densely
packed and elongated at PD7, suggesting robust neuro-
inflammatory responses in iS1 after stroke. In iTH (Figure
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IVB through IVD in the Data Supplement), CD68 was
barely detectable at PD1 and GFAP was barely detectable
before PD3. Compared with naive, CD68 and GFAP sig-
nificantly increased at PD 14, peaked at PD28 and greatly
reduced at PD84 in the secondary thalamic injured area.
Clustered CD68/GFAP staining was observed at PD14
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and became denser at PD28. These data exhibited dif-
ferential timing of neuroinflammatory responses between
primary and secondary injuries after stroke.

Microglia Exhibited Dynamic Changes in Gene
Expression and Morphology in the Thalamus
After Cortical Stroke

We further used Tmem119 (transmembrane protein
119), a specific marker highly expressed on homeostasis
microglia to detect microglia changes.®® Iba-1 co-staining
was used to visualize microglial/macrophage morphology.
Tmem119 reduced in the infarct core in iS1 as early as
PD1 and continuously decreased up to PD28 (Figure V
in the Data Supplement). After PD56, a few Tmem119*
cells with round shape morphology were observed in the
infarct core. In peri-infarct areas, Tmem119 reduced from
PD1 to PD28, but returned to similar levels as naive at
PD56 and PD84. In iS1, Iba-1 was detected at peri-infarct
areas from PD1 to PD7 and robustly shown in the infarct
core after PD7 (Figure V in the Data Supplement). These
findings suggested a dynamic microglia/macrophage
activation in the primary cortical injury after stroke. In iTH,
Tmem119* microglia showed morphological changes as
early as PD1 (Figure 4A), suggesting the rapid microg-
lia response in remote iTH after primary cortical stroke.
Interestingly, Tmem119 intensity progressively decreased
after PD7 and was low to undetectable between PD14
and PD84 (Figure 4A and 4B). In contrast, lba-1 was
low in PD1 but robustly increased after PD7, peaked at
PD28, and decreased at PD84 (Figure 4A and 4C). These
findings raised the question of whether these Tmem-
119°%ba-1" cells in the degenerative thalamus are acti-
vated microglia or macrophages. To address this, we used
multi-color flow cytometry to quantify the myeloid cell types
in iS1 and iTH at PD28 (Figure VIA in the Data Supple-
ment). IniS1,67.116.7% of total leukocytes were microglia
(CD45"CD11b*Ly6CLy6G™) and 5.0+0.7% were macro-
phages (CD45""CD11b*). In iTH, 78.84+0.4% of total leu-
kocytes were microglia and 1.410.8% were macrophages
(Figure VIB and VIC in the Data Supplement). These data
showed that more peripheral macrophages infiltrated into
the primary cortical injury, while most of the myeloid cells
remained as microglia in the secondary thalamic injury.

In addition, reconstructed 3-dimensional images
showed the morphological changes of Iba-1* cells in
thalamus, from resting status in naive to hyper-ramified
at PD7, then transitioned to bushy/amoeboid at PD28
(Figure 4D). At PD84, Iba-1* cells returned to resting/
ramified status. These data suggest the dynamic change
of microglia in gene expression and morphology during
the development of secondary thalamic injury.
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A Unique Subtype of Microglia Was Identified in
Secondary Thalamic Injury After Cortical Stroke

To further hone in on key genes in iTH, we focused on the
top significantly increased gene /ltgax (Figure 2B). Using
another cohort of samples, we validated the significant
increase of ltgax in iTH at PD28 (Figure 3C). ltgax, codes
for CD11c, a type | transmembrane protein expressed
on dendritic cells but also found in other immune cells
including microglia and macrophages.?® On the time
course brain sections (Figure BA through 5C), CD11c
was absent at naive, PD1, PD3, and barely detectable
at PD7 in the thalamus. Interestingly, prominent CD11c
was detected at PD14, robustly increased at PD28 and
dropped to basal levels after PD56 in iTH. At PD28,
CD11c co-expressed in 82.0£3.6% Iba-1* cells. These
data suggest a subpopulation of microglia (CD11c*) in
the degenerative thalamus after stroke.

CD11c* Microglia in Degenerative
Thalamus Exhibited Molecular Signatures
of Neurodegenerative Disease-Associated
Microglia

Recently a novel subtype of microglia, disease—associ-
ated microglia (DAM), was identified in neurodegenera-
tive disease models.?® All DAM were reported to express
CD11c® Next, we sorted CD11c* microglia from iTH
at PD28 (Figure 6A) and detected expression of a set
of representative genes of DAM on them. Consistent
with our immunostaining result, CD11c* microglia pre-
sented specifically in iTH at PD28 but not in naive and
contralesional thalamus (Figure 6B). ltgax abundantly
expressed on the sorted iTH CD11c* cells (Figure 6C).
Compared with iTH CD11c™, contralesional thalamus
and naive microglia (CD45"CD11b*), Tmem119, and
CX3CR1 were significantly decreased, while ApoE, Ax,
LpL, CSF1, and Cst7 genes were significantly increased
in iTH CD11c* microglia, suggesting molecular signa-
tures of CD11c* microglia in iTH at PD28 are similar as
DAM (Figure 6D).

DISCUSSION

To the best of our knowledge, this is the first compre-
hensive spatiotemporal study that demonstrates dynamic
microglia activation in the remotely connected thalamus
after cortical stroke. Our time course histological data
showed progressive neuronal loss accompanied by
robust neuroinflammation in the thalamus after stroke.
Transcriptome analysis revealed neuroinflammation
as the top signaling pathway and microglia as the key
cell type during the development of secondary thalamic
injury. Microglia exhibited rapid and dynamic changes in
morphology and gene expression in the degenerative
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Figure 4. Microglia dynamically changed during the development of secondary thalamic injury.

A, Representative full coronal sections show Tmem119 (transmembrane protein 119; green) and ionized calcium binding adaptor molecule 1
(Iba-1; red) immunostaining in thalamus. Enlarged images represent the square labeled region in full section images. Scale bar=250 pm. The
integrated density of Tmem119 (B) and the integrated density of Iba-1 (C) in iTH were quantified and compared with naive mice. N=4-5/time
point. *A<0.05, **A<0.01, **P<0.0001. Data are expressed as meantSEM. D, Representative 3-dimensional images of Iba-1 show morphology of
microglia/macrophages at iTH in naive and stroke mice. Scale bar=10 um. PD indicates poststroke day.

thalamus after stroke (Figure 6E). Importantly, we identi-
fied a unique subtype of microglia with neurodegenera-
tive disease-specific features. We demonstrated that a
cortical stroke can robustly affect a remotely connected
region such as thalamus, highlighting the importance
of investigating network-wide deficits after stroke. Our
findings also revealed potential cellular and molecular

694  February 2021

targets for developing therapeutic strategies to prevent
or reduce secondary thalamic injury, thereby improving
recovery after stroke.

Secondary thalamic injury presented characteristics
different from primary cortical injury after stroke. Neu-
rodegeneration were delayed in the secondary injury
region (iTH), in contrast to the primary injury region (iS1).

Stroke. 2021;52:687-698. DOI: 10.1161/STROKEAHA.120.032402
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Figure 5. CD11c* microglia/macrophage presented in the secondary thalamic injury.

A, Representative full coronal sections show CD11c (green) and Iba-1 (red) immunostaining in thalamus. Enlarged images represent the square
labeled region in full section images. Scale bar=250 pm. The percentage of CD11c area (B) and the integrated density of CD11c (C) were
quantified in ipsilesional thalamus (iTH) and compared with naive. N=4-5/time point. *£<0.05, **P<0.01, **R<0.001, ***P<0.0001. Data are

expressed as meant£SEM. PD indicates poststroke day.

Consistent with the histological findings, more transcrip-
tome changes were observed at later time point in iTH
while notable transcriptome changes in iS1 were earlier.
Despite the differential transcriptome dynamics between
primary and secondary injuries, neuroinflammation signal-
ing was the top canonical pathway among other neuro-
pathological changes in both regions and at both time
points. Therefore, neuroinflammation signaling has sig-
nificant implications in multiple brain regions after stroke.

Microglia are the primary resident immune cells in
central nervous system mediating neuroinflammatory
responses upon neuronal injury such as stroke.?” Our tran-
scriptome analysis highlighted the critical involvement of
microglia in secondary thalamic injury. In contrast to previ-
ous studies,*'"'824 we specified the microglial activation
in the secondary thalamic injury by immunostaining, and
in conjunction with flow cytometry using multiple mark-
ers (CD45, CD11b, LyBC, and LyBG),*"1828-30 we were
able to differentiate microglia from other myeloid cells
in the degenerative thalamus, providing specific myeloid
cell type for developing immunomodulatory approaches
to intervene secondary thalamic injury after stroke.
Immunostaining of Tmem119 revealed a rapid microglial

Stroke. 2021;52:687-698. DOI: 10.1161/STROKEAHA.120.032402

activation which preceded the degeneration and neuro-
nal loss in the remotely connected thalamus. Interestingly,
we observed the Tmem119 decrease but Iba-1 increase
in the degenerative thalamus. Flow-sorted CD11c* stud-
ies further revealed the reduced expression of Tmem119
on CD11c* microglia in the degenerative thalamus. A
similar Tmem 119 decrease in microglia (DAM) has been
reported in other neurodegenerative diseases.?®

A major finding in our study was the identification and
characterization of a unique subtype of microglia (CD11c*)
in the secondary thalamic injury. We observed dynamic
changes of microglia morphology and their gene expres-
sion in the thalamus after stroke, suggesting the diver-
sity of microglia state in secondary thalamic injury. /fgax
(CD11c) was the top significantly increased gene in the
degenerative thalamus and CD11c co-expressed with the
majority of Iba-1* cells. CD11c is a type | transmembrane
protein expressed on dendritic cells, microglia, and mac-
rophages.®® Recently, CD11c expression was found in a
subtype of microglia (DAM) in models of Alzheimer disease
and multiple sclerosis?®®" The sorted CD11c* microg-
lia from degrative thalamus presented common molecu-
lar signatures as DAM in neurodegenerative diseases,
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Figure 6. CD11c* microglia in degenerative thalamus exhibited molecular features of disease—associated microglia (DAM).

A, Representative dot plots from FACS show gating strategy used to analyze immune cells isolated from samples of thalamus in naive, ipsilesional
thalamus (iTH), and contralesional thalamus (cTH) at PD28. Microglia were gated by CD45"CD11b* from singlet/live cells. B, The percentage

of CD11C* microglia in naive, iTH, and cTH at PD28. C, The expression of /tgax (CD11c) was measured on iTH CD11c*, iTH CD11c", ¢TH, and
naive microglia. D, gPCR measured DAM molecular signatures (ApoE, Ax, LpL, CSF1, Cst7, Tmem119, and CX3CR1) on (Continued)
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Figure 6 Continued. CD11c* microglia from iTH, and compared with CD45™CD11b* microglia from naive, cTH, and CD11c™ microglia

from iTH. N=3/group, with each sample pooled from 8 mice in PD28 group. *A<0.05, *~<0.01, **F<0.001, ***<0.0001. Data are expressed

in mean+SEM. E, Schematic figure represents the dynamics of microglia in the secondary thalamic injury. A secondary degenerative injury
generates in ipsilesional thalamus after primary cortical stroke, resulting in the disruption of functional connections between cortex and thalamus.
Morphological changes of microglia are shown in different shapes and colors. The key microglia-related genes are listed, and the trend of gene
expression are pointed by arrowheads. A subpopulation of microglia (CD11c*) are present in the degenerative thalamus between PD14-28,

Figure is created with BioRender.com.

suggesting that the CD11c* microglia in the degenerative
thalamus after stroke may be neurodegeneration-specific
microglia. DAM are phagocytic cells localized with AP par-
ticles in Alzheimer diseases.?® In addition, failure in conver-
sion of homeostasis microglia to DAM results in cholesteryl
ester accumulation in brain during chronic demyelination.3?
These findings suggest that DAM may play beneficial role
by restricting and removing neurodegenerative damages.
In our study, we observed upregulated expression of genes
related to phagocytosis (Cst7) and lipid metabolism path-
ways (LPL and ApoE) in thalamic CD11c* microglia after
stroke, suggesting that CD11c* microglia may be involved
in phagocytosis and lipid metabolism in the secondary tha-
lamic injury, similar to DAM in neurodegenerative diseases.
Our results presented diverse status of microglia during the
development of secondary thalamic injury and suggested
dynamic role of microglia after stroke.

Our transcriptome analysis was limited to a coverage of
780 genes, thus we recognize that some potential patho-
logical changes and signaling involved in secondary tha-
lamic injury may have been missed. Future studies using
high-throughput approaches are needed to further eluci-
date key cell types and genes involved in the degenera-
tive thalamus. It is noteworthy to mention that the genetic
changes are tightly linked to specific cell types. For exam-
ple, we detected significant increase of CX3CR1 in bulk
thalamus tissues after stroke. On the contrary, CX3CR1
was decreased in the sorted CD11c* microglia but not
in sorted CD11c™ microglia from the degenerative thala-
mus. CX3CR1 is a fractalkine receptor mainly enriched
in microglia, but also expressed in astrocytes and oligo-
dendrocytes.®®3* Hence, the increased CX3CR1 in bulk
thalamus tissue may be due to other cell types instead of
microglia. Future studies to manipulate candidate genes
should selectively target specific cell types to elucidate
their functional roles in secondary thalamic injury.

Clinical studies have associated secondary thalamic
injury with verticality misperception after stroke®® and
cognitive dysfunction at 3 months after stroke.? The sec-
ondary thalamic injury also independently contributes to
poor functional and cognitive outcome, poststroke anxi-
ety, and depression after focal cortical injury in patients.”
In addition, secondary thalamic injury offers an extended
time window for therapeutic intervention. More efforts
should be directed at understanding the pathological
changes and mechanisms underlying secondary inju-
ries after stroke. Our findings highlight the involvement
of neuroinflammation during the development of sec-
ondary thalamic injury and revealed a panel of potential

Stroke. 2021;52:687-698. DOI: 10.1161/STROKEAHA.120.032402

molecular targets in neuroinflammation signaling. Our
findings also identify a unique subtype of microglia as a
potential cellular target, to reduce or prevent secondary
thalamic injury and promote stroke recovery.
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