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Abstract	

Microglia	are	the	tissue	macrophages	of	the	central	nervous	system	(CNS)	and	the	first	

to	 respond	 to	 CNS	 dysfunction	 and	 disease.	 Gene	 expression	 profiling	 of	 microglia	

during	development,	under	homeostatic	conditions,	and	in	the	diseased	CNS	provided	

insight	 in	 microglia	 functions	 and	 changes	 thereof.	 Single	 cell	 sequencing	 studies	

further	contributed	to	our	understanding	of	microglia	heterogeneity	in	relation	to	age,	

sex	and	CNS	disease.	Recently,	single	nucleus	gene	expression	profiling	was	performed	

on	(frozen)	CNS	tissue.	Transcriptomic	profiling	of	CNS	tissues	by	(single)	nucleus	RNA-

sequencing	 has	 the	advantage	 that	 it	 can	 be	 applied	 to	 archived	 and	well	 stratified	

frozen	specimens.	Here,	we	present	matched	cellular	and	nuclear	microglia	RNA-seq	

datasets	we	generated	from	mouse	and	human	CNS	tissue	to	compare	cellular	versus	

nuclear	transcriptomes	from	fresh	and	frozen	samples.	We	demonstrate	that	microglia	

can	 be	 similarly	 profiled	with	 cell	 and	 nucleus	 profiling,	 and	 importantly	 also	with	

nuclei	 isolated	 from	 frozen	 tissue.	 Nuclear	 microglia	 transcriptomes	 are	 a	 reliable	

proxy	 for	 cellular	 transcriptomes.	 Importantly,	 lipopolysaccharide-	 (LPS)-induced	

changes	in	gene	expression	were	conserved	in	the	nuclear	transcriptome.	In	addition,	

heterogeneity	in	microglia	observed	in	fresh	samples	was	similarly	detected	in	frozen	

nuclei	of	 the	same	donor.	Together,	 these	 results	 show	that	microglia	nuclear	RNAs	

obtained	from	frozen	CNS	tissue	are	a	reliable	proxy	for	microglia	gene	expression	and	

cellular	 heterogeneity	 and	 may	 prove	 an	 effective	 strategy	 to	 study	 of	 the	 role	 of	

microglia	in	neuropathology.	

Keywords:	 Microglia;	 Transcriptomes;	 Single-cell	 RNA-sequencing;	 Single-nucleus	

RNA-sequencing;	Human;	Mouse	 	
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Introduction	

Microglia	are	 tissue	macrophages	 in	 the	central	nervous	system	(CNS)	 that	monitor	

homeostasis	 and	 are	 involved	 CNS	 disease	 1.	 As	 versatile	 macrophages	 with	 CNS-

specific	functions,	microglia	can	adopt	a	range	of	phenotypes,	depending	on	the	local	

neural	microenvironment	 and	 stimulation	 type	 2,3.	 Over	 the	 last	 decade,	 expression	

profiling	 of	 bulk	 population	 microglia	 revealed	 changes	 associated	 with	 age,	

neurodegenerative	 diseases	 and	 psychiatric	 disorders	 3,4,	 and	 regional	 and	 sex-

dependent	microglia	heterogeneity	5-7.	However,	expression	profiling	of	populations	of	

cells	 in	 bulk	 precludes	 the	 identification	 and	 characterization	 of	 microglia	

subpopulations	that	(might)	exist	in	the	homeostatic	brain	or	that	evolve	during	CNS	

aging	 or	 disease.	 Taking	 advantage	 of	 single-cell	 RNA-sequencing	 (ScRNA-seq)	

technology,	multiple	microglia	subpopulations	were	identified	that	may	contribute	to,	

or	at	least	change	during,	development	and/or	disease	progression	8-12.	

A	major	limitation	of	scRNA-seq	of	human	microglia	is	the	requirement	of	fresh	tissue	

to	isolate	viable	cells	from.	Recently,	single-nucleus	RNA-sequencing	(snRNA-seq)	was	

developed	 as	 an	 alternative	 technology	 which	 can	 successfully	 capture	 single	 cell	

transcriptomes	from	frozen	tissues	13,14.	

One	of	the	first	single-nucleus	RNA	sequencing	studies	was	performed	by	Lake	et	al.	14.	

From	 6	 young	 (<50	 years)	 control	 donors,	 nuclei	 were	 isolated	 and	 subjected	 to	

droplet-based	 single-cell	 RNA	 sequencing,	 resulting	 in	 a	 total	 of	 35289	 nuclei	 to	

characterize	the	cell	types	in	the	human	brain.	35	distinct	cellular	clusters	were	defined,	

containing	 excitatory	 and	 inhibitory	 neurons,	 granule	 cells,	 Purkinje	 neurons,	

endothelial	 cells,	 pericytes,	 astrocytes,	 oligodendrocytes,	 oligodendrocyte	 precursor	

cells	 (OPCs)	 and	 microglia.	 Interestingly,	 an	 overrepresentation	 of	 neurons	 was	

observed,	 indicating	 a	 bias	 in	 sample	 processing	 or	 uneven	 detection	 rates	 for	 the	

different	cell	types	with	lower	RNA	content.	

SnRNA-seq	was	used	to	elucidate	the	transcriptomic	changes	underlying	Alzheimer’s	

disease	 (AD)	 15.	Mathys	et	al.	 isolated	80660	nuclei	 from	48	 individuals	 followed	by	

droplet-based	 single-nucleus	 sequencing.	 1031	 cell-type	 specific	 gene	 expression	

changes	 were	 detected	 that	 were	 related	 to	 AD	 pathology.	 Early	 vs	 late	 stage	 AD	
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pathology	and	female/male	differences	were	analyzed,	which	were	mainly	restricted	to	

neurons	and	oligodendrocytes/OPCs.	

Some	 studies	 confirmed	 a	 high	 concordance	 between	 nuclear	 and	 whole	 cell	

transcriptomes	in	neurons	16,17.	However,	the	direct	comparison	between	cellular	and	

nuclear	 transcriptomes	 of	 microglia	 (and	 other	 glia)	 is	 yet	 lacking.	 Importantly,	

microglia	are	under-represented	in	brain-derived	single	nucleus	RNA-Seq	data	due	to	

the	relatively	low	abundance	of	microglia	 in	these	samples.	Hence	it	 is	 important	to	

enrich	 for	 microglia	 nuclei	 to	 determine	 subpopulations	 and	 changes	 therein	 at	

sufficient	resolution.	In	addition,	it	 is	unclear	how	closely	a	frozen	nuclear	microglia	

transcriptome	recapitulates	the	gene	expression	profile	of	 freshly	isolated	microglia.	

Here,	we	generated	matched	nuclear	and	cellular	microglia	cell	and	nucleus	RNA-seq	

datasets	to	investigate	whether	nuclear	transcriptomes	are	a	good	proxy	for	the	cellular	

transcriptome.	

Materials	and	methods	

Animals	

Male	C57BL/6	mice	(22-25	g;	Envigo,	the	Netherlands)	between	8	and	10	weeks	of	age	

were	used	for	all	experiments.	Mice	were	raised	on	a	12-h	light/dark	cycle	with	food	

and	water	available	ad	 libitum	 and	were	 individually	 housed.	All	 experiments	were	

performed	in	the	Central	Animal	Facility	(CDP)	of	the	UMCG,	with	protocol	(15360-03-

003)	 approved	 by	 the	 Animal	 Care	 and	 Use	 Committee	 (DEC)	 of	 the	 University	 of	

Groningen.	 Mice	 were	 given	 an	 intraperitoneal	 (i.p.)	 injection	 of	 1	 mg/kg	

lipopolysaccharide	 (LPS)	 (Sigma-Aldrich,	 E.	 coli	 011:B4,L4391)	 dissolved	 in	 DPBS	

(Lonza,BE17512F).	 Control	mice	 received	 a	 respective	 volume	 of	 DPBS.	 After	 3	 hr,	

animals	were	sacrificed	under	anesthesia	and	the	brain	was	collected.	

Microglia	isolation	from	mouse	and	human	brain	tissue	

Microglia	were	isolated	from	adult	mouse	brain	using	the	protocol	as	described	before	
18.	 Briefly,	 the	 brains	were	 isolated	 and	 triturated	 using	 a	 tissue	 homogenizer.	 The	

homogenized	 brain	 samples	were	 passed	 through	 a	 70	 µM	 cell	 strainer	 to	 obtain	 a	
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single	cell	suspension.	The	cells	were	centrifuged	at	220	rcf	for	10	min	at	4°C	and	the	

pellet	was	resuspended	in	24%	Percoll	gradient	buffer.	3	mL	dPBS	was	pipetted	onto	

the	gradient	buffer	and	myelin	was	removed	by	centrifuging	at	950	rcf	for	20	min	at	

4°C.	 The	 cell	 pellets	 were	 incubated	 with	 the	 antibodies	 CD11b-PE	 (clone	 M1/70,	

eBiosciences),	CD45-FITC	(clone	30-F11,	eBiosciences),	and	Ly-6C-APC	(clone	HK1.4,	

BioLegend).	Microglia	were	FACS	sorted	as	DAPIneg	CD11bhigh	CD45int	Ly-6Cneg	events.	

For	each	condition,	microglia	from	3	mice	were	combined	into	1	lane	of	a	10X	Genomics	

Chromium	chip.	Human	samples	were	loaded	individually.	

Postmortem	 human	 brain	 tissue	 of	 the	 superior	 frontal	 gyrus	 of	 two	 donors	 was	

obtained	 from	 the	 Dutch	 Brain	 Bank.	 Microglia	 were	 FACS	 sorted	 as	

DAPInegDRAG5posCD45posCD11Bpos,	 as	 previously	 described	 4.	 For	 bulk	 sequencing,	 3	

mice	 were	 used	 per	 condition	 and	 sequenced	 separately.	 For	 single	 cell/nucleus	

sequencing,	sorted	microglia	cells/nuclei	from	three	mice/condition	were	pooled	and	

loaded	on	a	10X	Genomics	Chromium	chip	according	to	the	manufacturer’s	instructions.	

Nuclei	isolation	from	sorted	microglia	

The	nuclei	isolation	protocol	was	adopted	from	19.	After	FACS	isolation,	microglia	were	

pelleted	by	centrifugation	at	600	x	g	for	10	min,	4°C.	Cells	were	resuspended	in	400	μl	

cold	homogenization	buffer	(NIM2	with	0.1%	Triton	X-100	and	0.4U/μl	RNasIn).	Cells	

were	gently	vortexed	for	10	sec	and	incubated	on	ice	for	10	min.	Nuclei	were	pelleted	

by	centrifugation	at	1200	x	g	for	8	min,	4°C,	resuspended	in	200	μl	resuspension	buffer	

(NIM2	 with	 0.4	 U/	 μl	 RNasIn)	 and	 transferred	 to	 a	 FACS	 tube.	 Another	 200	 μl	

resuspension	buffer	was	used	to	wash	the	tube,	to	recover	all	nuclei.	Before	sorting,	

DAPI	was	added,	nuclei	were	FACS	sorted	as	singlets,	DAPIpos,	CD11bneg	and	CD45neg	

events.	For	each	treatment,	microglia	from	3	mice	were	combined	into	1	lane	of	a	10X	

Genomics	Chromium	chip.	Human	samples	were	loaded	individually.	

Nuclei	isolation	from	frozen	brain	tissue	

Nuclei	were	 isolated	 as	 described	previously	with	 a	 few	 adaptations	 20.	 Briefly,	 the	

tissue	was	cut	in	40	µm	sections	on	a	cryostat	and	homogenized	in	a	sucrose	lysis	buffer	

(10	mM	Tris-HCL	[pH	8.0];	320	mM	sucrose;	5	mM	CaCl2;	3mM	Mg(Ac)2;	0.1	mM	EDTA;	
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1	mM	dithiothreitol	[DTT]	and	0.1%	Triton	X-100).	Around	15	sections	of	40	�m,	1	cm2,	

per	tissue	sample	were	collected	and	lysed.	The	samples	were	filtered	through	a	70	µm	

cell	 strainer.	 Nuclei	 were	 purified	 by	 ultracentrifugation	 (107,000	 x	 g	 for	 1.5	 hr)	

through	a	dense	sucrose	buffer	(10	mM	Tris-HCL	[pH	8.0];	1.8	M	sucrose;	3	mM	Mg(Ac)2;	

0.1	 mM	 EDTA	 and	 1	 mM	 DTT).	 The	 supernatant	was	 removed	 and	 the	 pellet	 was	

resuspended	 in	 2%	 BSA/PBS.	 Samples	 were	 kept	 on	 ice	 throughout	 the	 isolation	

procedure.	The	nuclei	were	stained	with	antibodies	NeuN-AF647	(clone	A60,	Merck	

Millipore),	OLIG2-AF488	(clone211F1.1,	Merck	Millipore)	and	DAPI.	DAPIpos	NeuNneg	

OLIG2neg	nuclei	were	FACS	sorted	and	loaded	on	a	10x	Genomics	Chromium	chip.	

Library	preparation	

For	bulk	sequencing,	total	RNA	was	isolated	from	either	sorted	microglia	or	nuclei	using	

the	RNeasy	Plus	Micro	Kit	 (Qiagen,74034).	RNA	quantity	and	quality	were	analyzed	

using	 an	 Experion	 electrophoresis	 system	 (Biorad).	 Sequencing	 libraries	 were	

prepared	with	the	Quant	Seq	3'	mRNA-Seq	Library	Prep	Kit	FWD	(Lexogen).	

The	single-cell	barcoded	libraries	were	constructed	using	Single	Cell	3’	Reagent	Kits	v2	

(10x	Genomics).	In	brief,	after	sorting,	single	cells	were	partitioned	into	nanoliter-scale	

Gel	Bead-in-emulsions	(GEMs)	in	the	chromium	controller.	GEMs	were	then	incubated	

in	a	thermal	cycler	to	generate	barcoded	cDNA.	After	amplification,	cDNAs	were	further	

processed	 for	 sequencing	by	 ligation	of	adapters	and	individual	 sample	indices.	The	

libraries	were	sequenced	on	a	NextSeq	platform.	

Bulk	sequencing	analysis	

Quality	control	of	the	raw	FASTQ	files	was	performed	with	FASTQC.	Bad	quality	bases	

were	 trimmed	with	TrimGalore	 version	0.4.5.	 Sequences	were	 aligned	using	HiSat2	

version	2.1	to	the	M.	musculus	(GRCm38.91)	reference	template	obtained	from	Ensembl	

and	quantified	with	featureCounts	against	the	standard	(spliced)	reference	genome,	for	

both	cells	and	nuclei.	A	quality	check	of	aligned	data	was	performed	with	FASTQC	and	

MultiQC.	 Raw	 count	 matrices	 were	 loaded	 in	 R	 and	 annotated	 by	 converting	 the	

ensemble	 IDs	 to	gene	symbols	using	 the	corresponding	gtf	 file.	Only	genes	with	>	1	

counts	in	at	least	2	samples	were	included	in	the	analysis.	To	determine	whether	mice	
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from	the	same	group	would	cluster	together,	the	count	matrix	was	normalized	with	the	

blinded	 variance-stabilizing	 method	 from	 DESeq2	 from	 Bioconductor	 and	

mitochondrial	genes	were	removed	prior	to	this	analysis.	Differential	gene	expression	

analysis	 was	 performed	 with	 the	 edgeR	 package	 from	 Bioconductor.	 Several	

comparisons	were	made,	for	all	we	used	an	absolute	log	fold	change	>	1	and	an	FDR-

adjusted	p-value	<	0.05.	These	results	are	plotted	in	heatmaps.	Enrichment	for	gene	

ontology	 (GO)	 terms	 for	 individual	 comparisons	 was	 performed	 by	 the	 EnrichGO	

function	from	clusterProfiler	from	Bioconductor.	We	used	a	p-value	and	q-value	cutoff	

of	0.01.	

Single-cell	RNA-sequencing	analysis	

Demultiplexed	FASTQ	files	were	used	as	input	for	the	10x	Genomics	pipeline	Cell	ranger	

(v3.0).	 Unspliced	 pre-mRNA	 transcripts	 were	 counted	 according	 to	 the	 method	

described	 by	 10x	 Genomics.	 Barcode	 filtering	 was	 performed	 with	 the	 package	

DropletUtils	from	Bioconductor.	Genes	that	were	expressed	in	>	2	cells	were	used	for	

further	analysis.	Bad	quality	cells/nuclei	were	removed	based	on	>	5%	MT	content.	

Duplicates	were	removed	by	setting	an	upper	UMI	 threshold	 that	was	based	on	 the	

multiplet	rate	as	mentioned	in	the	10x	genomics	user	guide.	Samples	were	combined	

using	 the	merge	 function	 and	 raw	 counts	were	 normalized	with	 the	 CRAN	package	

Seurat	 (v3).	For	each	cell,	 the	counts	of	each	gene	were	divided	by	 the	 total	 sum	of	

counts	per	cell.	Then	the	counts	were	multiplied	by	a	scale	factor	of	10000	and	log-

transformed.	Highly	variable	genes	were	determined	with	the	mean.var.plot	function	

in	R.	With	the	ScaleData	function,	heterogeneity	associated	with	mitochondrial	content	

and	ribosomal	content	was	regressed	out.	Additionally,	in	order	to	prevent	clustering	

based	on	differences	in	UMI	count	between	cells	and	nuclei,	the	number	of	UMIs	per	

cell/nucleus	 was	 corrected	 for.	 Principal	 component	 analysis	 was	 performed	 with	

default	 settings.	 Clustering	 was	 performed	 with	 Seurat	 and	 visualized	 in	 Uniform	

Manifold	Approximation	and	Projection	plots	(UMAP).	Visualizations	were	made	with	

the	CRAN	package	ggplot.	Differential	gene	expression	analyses	were	performed	using	

MAST.	 	
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Results	

Comparison	of	nuclear	and	whole	cell	transcriptome	by	bulk	sequencing	

To	 evaluate	 whether	 nuclear	 microglia	 transcriptomes	 resemble	 cellular	

transcriptomes,	we	performed	bulk	RNA	 sequencing	 on	 sorted	microglia	and	nuclei	

isolated	from	these	microglia.	Additionally,	we	included	an	LPS	stimulus	to	determine	

whether	an	acute	microglial	response	is	conserved	at	the	nuclear	level.	Microglia	were	

isolated	from	mice,	3	hr	after	an	i.p	injection	with	PBS	or	LPS;	and	from	half	of	these	

microglia,	nuclei	were	isolated.	Sorted	microglia	and	nuclei	were	expression	profiled,	

with	 3	 biological	 replicates	 per	 group	 (cells/nuclei	 and	 PBS/LPS;	 Figure	 1a).	 We	

detected	10651	uniquely	expressed	genes	in	the	PBS-cells	samples,	10315	in	the	LPS-

cells	 samples,	 10225	 in	 the	 PBS-nuclei	 samples	 (88,3%	overlap	with	 PBS-cells)	 and	

9336	in	the	LPS-nuclei	samples	(82,8%	overlap	with	LPS-cells).	Principal	component	

analysis	on	these	genes	indicated	segregation	of	the	samples	into	four	distinct	groups,	

associated	 with	 PBS/LPS	 treatment	 (PC1)	 and	 cells/nuclei	 (PC2)	 (Figure	 1b),	

respectively.	Differential	gene	expression	analysis	between	the	LPS	and	PBS	samples	

showed	 that	 cells	 and	 nuclei	 had	 a	 highly	 similar	 transcriptional	 response	 to	 a	

peripheral	LPS	stimulus	(158	DE	genes	in	cells,	232	DE	genes	in	nuclei).	Among	these	

genes,	in	response	to	LPS,	111	genes	were	upregulated	and	47	genes	downregulated	in	

cells,	and	153	genes	upregulated	and	79	genes	downregulated	in	nuclei	 (Figure	1c).	

Importantly,	when	comparing	the	logFC	values	of	the	genes	significantly	differentially	

expressed	in	the	LPS	cells	vs	PBS	cells,	most	of	these	genes	had	similar	logFC	values	in	

the	nuclei	PBS-LPS	comparison,	for	example,	Cxcl10,	Tnf	and	Il1b,	indicating	cells	and	

nuclei	 respond	 very	 similarly	 to	 LPS	 (Figure	 1d).	 However,	 23	 genes	 in	 the	 nuclei	

comparison	had	a	logFC	value	<1,	indicated	by	cyan	dots	in	Figure	1d.	Transcriptional	

changes	in	these	genes	in	response	to	LPS	are	less	pronounced	in	nuclei.	We	performed	

gene	ontology	(GO)	analysis	to	determine	the	functional	properties	associated	with	LPS	

responsive	genes	in	cells	and	nuclei.	Only	the	top	8	most	significant	terms	are	depicted,	

as	 these	 were	 most	 representative	 for	 the	 overall	 outcome.	 As	 expected,	 many	
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significantly	 enriched	 terms	 were	 associated	 with	 the	 inflammatory	 response	 of	

microglia,	and	showed	extensive	overlap	between	cells	and	nuclei	(Figure	1e).	
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Figure	1.	Microglia	nuclear	transcriptomes	are	a	reliable	proxy	for	cellular	gene	expression	profiles	
in	mice.	a)	Experimental	design.	Mice	received	an	i.p.	injection	with	PBS	or	LPS	(1	mg/kg;	3	mice	per	group)	
and	after	3	hr,	the	animals	were	terminated.	Microglia	were	isolated	by	FACS	as	CD11bposCD45intLy6Cneg.	From	
a	part	of	the	isolated	microglia,	nuclei	were	sorted	as	DAPIposCD45neg	CD11bneg	events.	After	RNA	isolation,	
the	cellular	and	nuclear	RNA	was	expression	profiled	using	3’	Quantseq	(Lexogen).	b)	Principal	component	
analysis	(PCA)	of	the	transcriptomes	across	different	groups.	c)	Heatmap	depicting	LPS-responsive	genes	
(297	genes)	in	cells	and	nuclei	(n=3	mice).	The	colors	indicate	row-z-scores.	Both	rows	and	columns	were	
ordered	by	unsupervised	clustering.	d)	Four-way	plot	depicting	genes	significantly	differentially	expressed	
(logFC	>1	and	FDR	<	0.05)	between	cells	and	nuclei	from	PBS	or	LPS-injected	mice.	The	X-axis	depicts	the	
logFC	in	cells,	the	y-axis	the	logFC	in	nuclei.	Genes	indicated	in	cyan	have	a	logFC	<1	in	the	PBS/LPS	nuclei	
comparison.	e)	GO	analysis	of	LPS-induced	genes	 in	cells	and	nuclei.	The	top	8	most	 significant	GO	terms,	
associated	with	LPS-upregulated	 genes	 in	cells	 and	 nuclei	 are	 shown.	The	size	of	 the	circle	 indicates	 the	
number	of	genes	associated	with	the	respective	GO	term.	f)	Heatmap	of	the	22	genes	differentially	expressed	
between	cells/nuclei	and	PBS/LPS	conditions.	DE:	differentially	expressed.	

To	determine	the	similarity	between	cellular	and	nuclear	microglia	expression	profiles,	

we	performed	differential	gene	expression	analysis	between	cells	and	nuclei	in	both	the	

PBS	and	LPS	condition.	Only	22	genes	were	differentially	expressed	between	cells	and	

nuclei	after	either	PBS	(12	DE	genes)	or	LPS	treatment	(16	DE	genes;	Figure	1f).	Seven	

of	these	differentially	expressed	genes	(mt-Nd4,	mt-Cytb,	mt-Nd1,	mt-Rnr2,	mt-Nd2,	mt-

Rnr1,	Rplp2)	were	mitochondrial-	 or	 ribosomal-related	and	 less	abundant	 in	 nuclei.	

Five	 genes	 were	 differentially	 expressed	 between	 cells	 and	 nuclei,	 irrespective	 of	

treatment	 (Tmsb4x,	 Meg3,	 Ndufa3,	 Lrp1,	 Slc50a1).	 Five	 genes	 were	 differentially	

expressed	 between	 cells	 and	 nuclei	 after	 an	 LPS	 stimulus	 (P2ry12,	 Ighm,	 Arhgef6,	

Hnrnpab,	Yipf3)	and	five	genes	were	differentially	expressed	between	the	PBS	samples	

but	not	after	an	LPS	stimulus	(Wtap,	Cxcl10,	Nfkbia,	Ier2,	Usp7).	

In	 summary,	 these	 data	 indicate	 that	mouse	microglia	nuclear	 transcriptomes	are	 a	

close	approximation	of	cellular	transcriptomes	when	analyzed	using	bulk	sequencing	

and	 that	 the	 transcriptional	 response	 to	 LPS	 observed	 in	 nuclei	 and	microglia	was	

highly	similar.	

Comparison	of	single	microglia	nuclear	and	cell	transcriptomes	

We	next	performed	single	mouse	microglia	cell-	and	nucleus-sequencing	to	determine	

the	overlap	in	their	transcriptomes	and	the	preservation	of	microglia	heterogeneity.	

After	filtering,	708	PBS	cells,	1073	PBS	nuclei,	802	LPS	cells,	1374	LPS	nuclei	were	used	

for	downstream	analyses.	Overall,	we	detected	more	uniquely	expressed	genes	in	cells	



Microglia	nuclear	RNA	profiles	

157	

5	

than	in	nuclei	(median	gene	number:	PBS-cells:	1326;	PBS-nuclei:	480;	LPS-cells:	1481;	

LPS-nuclei:	470).	Consistent	with	previous	findings,	our	nuclear	data	showed	a	higher	

proportion	 of	 reads	 mapping	 to	 intronic	 regions	 and	 a	 lower	 percentage	 of	

mitochondrial	 genes	 (Figure	 S1a	 and	 S1b)	 16,17.	 In	 addition,	 a	 lower	 percentage	 of	

ribosomal	 genes	 was	 detected	 in	 the	 nuclei	 (Figure	 S1c).	 PCA	 analysis	 of	 the	

transcriptomes	of	individual	cells	and	nuclei	showed	an	extensive	overlap,	indicating	

that	 cellular	 and	 nuclear	 transcriptomes	 are	 quite	 similar	 (Figure	 S2a).	 To	 identify	

microglia	subpopulations,	the	cells	and	nuclei	data	were	combined	for	dimensionality	

reduction	 through	uniform	manifold	approximation	and	projection	 (UMAP)	and	 five	

clusters	 were	 identified	 using	 clustering	 analysis	 (Figure	 2a).	 Since	 quality	 is	 an	

important	variable	that	can	have	impact	on	clustering	analysis,	UMI	count	and	unique	

gene	count	per	cell	were	investigated	and	no	clustering	based	on	these	parameters	was	

observed	 (Figure	S2b	and	2c).	Clusters	0	and	2	primarily	consisted	of	PBS	cells	and	

nuclei	 and	 clusters	 1,	 3	 and	4	mainly	 contained	 cells	 and	nuclei	 isolated	 from	LPS-

treated	mice	(Figure	2b).	Also,	a	large	overlap	between	cells	and	nuclei	was	observed	

both	after	PBS	and	LPS	stimulation	(Figure	2b).	Upon	LPS	stimulation,	microglia	shift	

from	 a	 homeostatic	 to	 an	 activated	 state	 resulting	 in	 an	 activated	 microglia	

subpopulation	 21.	 To	 confirm	 the	 induction	 of	 a	 subset	 of	 activated	 microglia,	 we	

determined	 the	 expression	 of	 homeostatic	 and	 activated	 microglia	 marker	 genes	

reported	previously	8,21.	C1qa	expression	was	detected	in	all	cells	and	nuclei.	Clusters	0	

and	2	expressed	high	 levels	of	homeostatic	microglia	marker	genes	such	as	P2ry12,	

Cx3cr1	and	Mef2c.	Clusters	1,	3	and	4	contained	activated	microglia	with	an	increased	

expression	 of	Nfkbia,	Gpr84	 and	 Cxcl10	 (Figure	 2d).	 Distribution	 of	 clusters	 across	

different	groups	showed	that	the	PBS	cells	and	nuclei	primarily	consisted	of	clusters	0	

and	2	type	microglia/nuclei;	upon	LPS	stimulation,	clusters	1,	3	and	4	were	increased	

in	 both	 LPS	 cells	 and	 nuclei,	 reflecting	 microglia	 activation	 (Figure	 2c).	 These	

observations	corroborated	our	bulk	sequencing	data,	showing	single	microglia	nucleus	

and	cellular	transcriptomes	were	highly	similar,	as	well	as	the	detected	gene	expression	

changes	induced	by	LPS.	 	
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Figure	2.	Single	cell	and	nucleus	RNA	sequencing	profiles	of	mouse	microglia	are	highly	similar.	a)	
Uniform	Manifold	Approximation	and	Projection	(UMAP)	plot	with	5	clusters	identified	in	the	merged	single	
microglia	cell	and	nucleus	transcriptomes	from	PBS-	and	LPS-treated	mice.	Cells	and	nuclei	from	three	mice	
were	pooled	and	loaded	on	10X	chips.	b)	UMAP	plot	where	colors	indicate	the	different	experimental	samples:	
microglia	and	nuclei	from	PBS-	and	LPS-treated	animals.	c)	The	distribution	of	clusters	across	the	indicated	
experimental	groups.	d)	UMAP	plot	depicting	expression	(log-transformed	UMI	counts	per	10,000	transcripts)	
of	canonical	microglia	gene	C1qa,	homeostatic	genes	P2ry12,	Cx3cr1	and	Mef2c,	and	LPS	responsive	genes	
Nfkbia,	Cxcl10	and	Gpr84.	e)	A	four-way	plot	depicting	genes	significantly	differentially	expressed	between	
cells	and	nuclei	from	PBS	or	LPS-injected	mice	(average	logFC	<	0.25	and	adjusted	p	value	<	0.01).	The	X-axis	
depicts	the	logFC	in	cells,	the	y-axis	the	logFC	in	nuclei.	Genes	indicated	in	cyan	color	have	a	logFC	<	0.25	in	
the	in	the	PBS/LPS	nuclei	comparison.	f)	Violin	plots	depicting	distributions	of	normalized	relative	expression	
levels	of	cell-enriched	and	(g)	nucleus-enriched	genes.	

In	order	to	determine	whether	the	LPS	response	was	conserved	in	nuclei,	LPS-induced	

changes	 in	 gene	 expression	 in	 cells	 and	 nuclei	 were	 compared	 (Figure	 2e).	 When	

comparing	the	logFC	values	of	LPS	nuclei	vs	PBS	nuclei	with	LPS	cells	vs	PBS	cells,	the	
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majority	of	the	genes	responded	similarly	to	LPS	in	cells	and	nuclei,	for	example	Ccl12,	

Cxcl10	and	Ler2	(Figure	2e).	However,	15	genes	had	an	average	absolute	logFC	value	<	

0.25	in	LPS	vs	PBS	nuclei	(cyan	dots	in	Figure	2e),	indicating	that	LPS-induced	changes	

in	the	expression	of	these	genes	was	less	pronounced	in	nuclei.	Next,	we	performed	

differential	gene	expression	analysis	between	cells	and	nuclei	from	PBS	and	LPS	mice	

in	the	single	cell/nucleus	dataset.	In	the	PBS	samples,	7	genes	were	enriched	in	cells	

compared	to	nuclei	(logFC	>	1.5,	FDR	<	0.05),	and	except	for	Tmsb4x,	these	genes	were	

all	mitochondrial-related	(mt-Atp6,	mt-Cytb,	mt-Co3,	mt-Nd1,	mt-Nd4,	mt-Co2).	 In	the	

LPS	samples,	apart	from	the	previous	7	genes,	5	additional	cell-enriched	genes	were	

detected	 (mt-Co1,	 Rps23,	 Rps14,	 Fth1,	 Rpl32).	 Nucleus-enriched	 genes	 were	 only	

detected	in	the	PBS	condition	(Acaca,	Spag5	and	Gm17660)	and	with	a	less	stringent	cut	

off	 (logFC	<	 -1	and	 FDR	<	 0.05),	 6	genes	were	 enriched	 in	 LPS	 nuclei	 (Acaca,	Kazn,	

Gm17660,	Gm26916,	Mylip	and	Vps13a).	Malat1	was	more	enriched	in	nuclei	(logFC=	-	

0.72	 and	 FDR=	 0	 [PBS	 condition],	 logFC=	 -	 0.66	 and	 FDR=0	 [LPS	 condition],	 in	

agreement	with	earlier	findings	17,22.	Some	representative	genes,	mentioned	above,	are	

depicted	in	Figure	2f	and	2g.	Taken	together,	single-microglia	nucleus	gene	expression	

profiles	are	a	reliable	proxy	for	single	microglia	transcriptomes	in	mice.	

Comparison	 of	 nuclear	 and	 whole	 cell	 transcriptome	 by	 single	 cell/nucleus	
sequencing	in	human	microglia	

To	 investigate	 whether	 a	 similar	 overlap	 between	 the	 cellular	 and	 nuclear	

transcriptomes	was	present	in	human	microglia,	we	isolated	microglia	and	microglia	

nuclei	 from	fresh	postmortem	brain	tissue	of	2	human	donors.	In	addition,	we	froze	

adjacent	tissue	blocks	of	the	same	donors	and	then	isolated	nuclei	from	these	samples	

to	 evaluate	 whether	 nuclei	 isolated	 from	 frozen	 tissue	 can	 be	 used	 to	 determine	

microglia	transcriptomes.	After	removal	of	doublets	and	low-quality	cells	and	nuclei,	

2620	cells,	3836	fresh	nuclei,	275	frozen	microglia	nuclei	were	obtained	from	donor	1	

and	2653	cells,	2046	fresh	nuclei,	and	405	frozen	microglia	nuclei	from	donor	2.	Frozen	

microglia	nuclei	were	obtained	by	exclusion	of	non-microglia	nuclei	(like	astrocytes)	

from	 the	 NeuNnegOLIG2neg	 nuclei	 population.	 We	 observed	 a	 similar	 pattern	 in	 the	

distribution	of	mapping	stats	as	we	found	in	mouse,	where	intronic	reads	were	more	
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abundant	in	the	nuclear	samples	and	lower	percentage	of	mitochondrial	and	ribosomal	

genes	were	detected	in	nuclei	samples	(Figure	S1).	PCA	analysis	of	the	transcriptomes	

of	 microglia	 cells	 and	 nuclei	 indicated	 that	 cells	 and	 nuclei	 overlap	 and	 that	 the	

variation	 in	 the	 dataset	 is	 mainly	 explained	 by	 the	 difference	 between	 the	 donors	

(Figure	 3a).	 After	 dimensionality	 reduction	 and	 clustering,	 5	 microglia	 subclusters	

were	identified	(Figure	3b).	Like	in	the	mouse	data.	clustering	was	not	affected	by	the	

quality	of	the	cells/nuclei	(Figure	S3a	and	3b).	Clear	donor	variation	was	observed	in	

the	UMAP	visualization,	where	clusters	0	and	1	were	mainly	derived	from	donor	2,	and	

clusters	 2,	 3	 and	 4	 were	 primarily	 derived	 from	 donor	 1	 (Figure	 3b	 and	 3c).	 The	

microglia	gene	C1QA	was	more	abundant	in	microglia	from	donor	1,	where	homeostatic	

gene	P2RY12	was	more	abundantly	expressed	 in	microglia	 from	donor	2.	CD74	was	

more	homogeneously	expressed	across	microglia	from	donors	1	and	2	(Figure	3d).	

Figure	3.	Single	cell	and	nucleus	RNA	sequencing	of	human	CNS	tissues	indicate	that	both	fresh	and	
frozen	 nuclear	 transcriptomes	 closely	 approximate	 and	 reflect	 microglia	 gene	 expression	
heterogeneity.	a)	PCA	plot	of	fresh-tissue	derived	cells	and	nuclei,	and	nuclei	isolated	from	adjacent	frozen	
tissue	 samples.	 b)	 UMAP	 plot	 depicting	 5	 clusters	 identified	 in	 the	 merged	 single	 cell	 and	 nucleus	
transcriptomes	 of	 microglia	 from	 2	 human	 donors.	 c)	 UMAP	 plot	 where	 colors	 indicate	 the	 different	
experimental	 samples,	 fresh	 tissue-derived	microglia	 cells	 and	 fresh	 and	 frozen	 tissue-derived	 nuclei.	 d)	
UMAP	plot	depicting	expression	(log-transformed	UMI	counts	per	10,000	transcripts)	of	canonical	microglial	
genes	C1AQ,	P2RY12	and	CD74.	e)	The	proportion	of	clusters	across	the	indicated	experimental	samples.	
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The	distribution	of	different	clusters	across	different	groups	showed	that,	similar	to	the	

mouse	data,	freshly	isolated	nuclei	from	human	microglia	cells	are	a	good	proxy	for	the	

human	single	cell	microglia	 transcriptome	(Figure	3e).	 Importantly,	microglia	nuclei	

isolated	from	frozen	CNS	tissue	contained	all	the	subpopulations	identified	in	the	fresh	

nuclei/microglia	samples	from	the	same	donors	but	with	a	small	shift	in	cluster	ratios	

(Figure	3e).	

Nuclear	 and	 cellular	 transcriptomes	 were	 generated	 from	 the	 same	 FACS-sorted	

microglia	sample,	allowing	for	a	direct	comparison	between	the	fresh	cells	and	nuclei,	

within	 each	donor.	However,	 for	 the	 frozen	nuclei,	 although	 from	 the	 same	donors,	

nuclei	were	 isolated	 from	 adjacent	 tissue	 using	 a	 different	 isolation	method,	 tissue	

homogenization	and	sucrose	density	centrifugation.	The	modest	difference	in	cluster	

composition	 in	 the	 frozen	 nuclei	 might	 be	 caused	 by	 differences	 in	 the	 isolation	

protocols	for	fresh	and	frozen	nuclei,	and	that	slightly	different	areas	of	brain	tissue	

were	 used	 for	 the	 fresh	 and	 frozen	 nuclei	 isolation,	 with	 potential	 differences	 in	

white/grey	matter	composition	leading	to	altered	cluster	composition	23.	We	detected	

30	differentially	expressed	genes	(abs[logFC]	>	0.5,	adjusted	p	value	<	0.01)	between	

cells	and	fresh	nuclei	in	donor	1,	of	which	19	were	ribosomal	or	mitochondrial	genes.	

The	other	genes	were	LINC00486,	CEBPD,	MALAT1,	PNISR,	TPT1,	NBEAL1,	BAIAP2L1,	

DHFR,	MPHOSPH8,	TIAM2	and	NGB.	Between	cells	and	fresh	nuclei	 from	donor	2,	75	

genes	differentially	expressed,	of	which	46	were	ribosomal	or	mitochondrial.	The	other	

genes	 were	 AC018541,	 RBFOX1,	 TPT1,	 AC120193,	MELK,	 OOEP,	 NBEAL1,	 PLEKHA7,	

TMSB10,	PNISR,	APOO,	TMSB4X,	PLEKHA6,	AIF1,	CDH18,	FCER1G,	BAIAP2L1,	ATP5F1E,	

PFDN5,	 SIK3,	 DAPK1,	 UQCRB,	 UBA52,	 COMMD6,	 ACO024230,	 MAP3K15,	 MECOM,	

LINC00871	and	DHFR.	

Overall,	microglia	nuclear	transcriptomes	from	both	fresh	and	frozen	CNS	tissue	are	a	

good	proxy	for	freshly	isolated	microglia	and	potential	subpopulations	present	in	the	

tissue.	 	
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Discussion	

Single	nucleus	RNA	sequencing	is	considered	to	have	several	advantages	over	single	

cell	 RNA	 sequencing.	 First,	 nuclei	 are	 more	 resistant	 to	 mechanical	 stress	 and	

cryopreservation,	which	would	make	large	collections	of	well-characterized	(frozen)	

tissues	 in	 biorepositories	 amenable	 for	 single	 nucleus	 profiling	 19.	 Second,	 single	

nucleus	RNA	sequencing	is	less	cell	type-biased	than	single	cell	RNA	sequencing.	Some	

cell	 (sub)types	 are	 more	 vulnerable	 to	 tissue	 dissociation	 than	 other	 cell	 types,	

resulting	in	potential	under-	and	over-representation	of	cell	types	or	subsets	thereof	in	

the	 data	 17.	 Several	 studies	 using	 brain	 tissue	 have	 showed	 that	 nuclei	 reflect	

transcriptional	 changes	 at	 the	 tissue	 level,	 single	 cell	 level	 and	 also	 recapitulate	

subtypes	and	diversity	 in	 neurons	 14,16,24.	However,	 for	microglia,	 it	 is	 yet	 unknown	

whether	nuclei	can	serve	as	an	alternative	for	cellular	transcriptomes,	whether	nuclear	

transcriptomes	 contain	 enough	 information	 to	 identify	 microglia	 subtypes,	 and	

whether	 this	 is	 amenable	 to	 frozen	CNS	 tissues.	Hence,	we	performed	 a	 systematic	

comparison	of	mouse	and	human	fresh	microglia	and	nuclei,	and	additionally	microglia	

nuclei	isolated	from	frozen	human	brain	tissue.	

The	number	of	microglia	 in	 the	brain	 is	 relatively	 low	25	and,	as	a	 consequence	 the	

number	of	microglia	in	total	CNS	tissue	single	cell	sequencing	data	is	also	relatively	low	
15,26.	In	order	to	enrich	for	microglia	nuclei	from	frozen	tissue,	nuclei	from	neurons	and	

oligodendrocytes	were	labelled	with	antibodies	against	NeuN	and	OLIG2	and	selected	

against	during	FACS	isolations.	After	sequencing,	first	the	NeuN/OLIG2	double	negative	

nuclei	population	was	clustered,	and	 the	microglia	nuclei	population	was	extracted.	

Microglia	 nuclei	 were	 identified	 based	 on	 a.o.	HEXB	 expression	where	markers	 for	

astrocytes	(AQP4),	neurons	(MAP1B)	and	oligodendrocytes	(PLP1)	were	not	detected	

in	mouse	(Figure	S2d)	and	human	(Figure	S3c)	microglia	nuclei.	

To	investigate	the	differences	and	similarities	between	single	cell	and	single	nucleus	

RNA	sequencing	 27,	we	compared	 these	 technologies	in	LPS-challenged	mice,	as	 that	

induces	a	strong	and	well	characterized	transcriptional	response	in	microglia	28.	First,	

we	used	bulk	RNA	sequencing	to	determine	to	what	extent	the	nuclear	and	cellular	gene	

expression	profiles	 in	mice	overlap.	As	expected,	we	obtained	 less	RNA	 from	nuclei,	

approximately	20%	of	the	amount	of	total	RNA	typically	isolated	from	microglia	(data	
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not	 shown).	 Only	 22	 genes	were	 differentially	 expressed	 between	mouse	 cells	 and	

nuclei,	 indicating	 a	 highly	 similar	 expression	 profile	 (Figure	 1f).	 Additionally,	 the	

consistent	 absence	 of	 mitochondrial	 and	 ribosomal	 genes	 in	 the	 nuclei	 samples	

indicated	 the	successful	 isolation	of	pure	nuclei	and	no	contamination	with	ambient	

cellular	RNA.	Using	a	cut	off	LogFC>1,	FDR<0.05,	in	cells	158	differentially	expressed	

genes	 were	 detected	 and	 232	 genes	 in	 nuclei,	 indicating	 that	 the	 transcriptional	

changes	induced	by	LPS	are	more	pronounced	in	the	nuclear	transcriptome.	This	may	

be	 explained	 by	 the	 fact	 that	 nuclei	 primarily	 contain	 newly	 generated	 transcripts,	

hence	 reflecting	 active	 transcription	 whereas	 a	 cellular	 transcriptome	 consists	 of	

already	 present	 plus	 newly	 formed	 transcripts.	 Although	 less	 sensitive	 than	 bulk	

sequencing,	 single	 cell	 sequencing	 can	 detect	 cellular	 heterogeneity,	which	 is	 often	

masked	by	bulk	sequencing.	Next	we	investigated	whether	single	nucleus	sequencing	

could	recapitulate	single	cell	sequencing	and	whether	microglia	subtypes	could	still	be	

detected.	 Since	 very	 limited	 transcriptomic	 heterogeneity	 was	 observed	 in	 adult	

homeostatic	mouse	microglia	29,	we	decided	to	include	an	LPS	challenge.	Three	hours	

after	an	i.p.	LPS	injection,	a	subset	of	microglia	had	shifted	from	a	homeostatic	(clusters	

0	 and	 2)	 to	 an	 activated	 state	 (clusters	 1,	 3	 and	 4)	 (Figure	 2c	 and	 2d),	which	was	

different	 from	 the	 transcriptional	 shift	 observed	 in	microglia	 24	 hours	after	 an	LPS	

challenge	 where	 all	 cells	 lost	 their	 homeostatic	 signature	 and	 were	 activated	 21.	

Importantly,	the	cluster	distribution	of	the	cells	and	nuclei	 in	both	treatment	groups	

was	very	similar,	indicating	that	the	heterogeneity	observed	in	the	cells	and	nuclei	is	

rather	similar,	also	during	activation.	Direct	comparison	of	the	LPS	response	in	cells	

and	nuclei	(both	using	bulk	and	single-cell	data),	indicated	that	most	of	the	LPS-induced	

transcriptional	changes	in	microglia	were	also	detected	in	nuclei	(Figure	1d	and	2e).	

Next,	we	investigated	whether	human	microglia	nuclei,	including	nuclei	isolated	from	

frozen	CNS	tissues,	could	reliably	recapitulate	cellular	transcriptomes	generated	with	

microglia	 isolated	from	fresh	CNS	tissue.	Clustering	analysis	of	cells	and	nuclei	 from	

both	donors	combined	showed	that	cells	and	fresh	nuclei	clustered	very	similarly.	The	

distribution	of	clusters	in	frozen	nuclei	was	slightly	altered	but	all	the	clusters	detected	

in	fresh	microglia	were	recapitulated	in	frozen	nuclei	(Figure	3e).	The	fresh	nuclei	were	

isolated	from	the	same	microglia	sample	used	for	cellular	profiling,	and	hence	should	
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be	extremely	similar.	The	frozen	nuclei	were	isolated	from	an	adjacent	tissue	block	of	

the	same	donor	which	may	had	a	slightly	different	cellular	composition.	Differences	in	

the	relative	amounts	of	white	matter	and	grey	matter	between	 the	 fresh	and	frozen	

tissue	samples	would	already	result	in	changes	in	gene	expression	and	cluster	sizes.	In	

addition,	the	isolation	methods	used	for	fresh	and	frozen	nuclei	were	different,	possibly	

contributing	to	the	observed	differences	by	preferential	enrichment	or	loss	of	nuclear	

subtypes	(cluster	2	in	donor-1	and	cluster	1	in	donor-2),	due	to	different	sensitivities	

to	freeze-thaw	attrition.	Importantly,	donor	variation,	a	reported	parameter	in	single	

cell	microglia	data	30,	was	equally	detected	in	microglia	cells	and	both	fresh	and	frozen	

nuclei	in	the	2	donors	analyzed.	This	indicates	that	donor-associated	changes	in	gene	

expression	were	 preserved	 in	 frozen	microglia	 nuclei	 and	 that	 they	 hence	 reliably	

recapitulate	the	gene	expression	profile	of	fresh	tissue	microglia	(Figure	3e).	

By	comparing	nuclear	and	whole	cell	microglia	transcriptomes	by	bulk	sequencing	and	

single	nucleus/cell	sequencing	in	human	and	mouse,	we	confirm	that	microglia	nuclei	

are	a	reliable	proxy	for	the	single	cell	microglia	transcriptome.	This	enables	the	use	of	

banked	human	specimens	to	investigate	microglia	 in	neurodegenerative	disease	and	

neurological	disorders.	

Data	Sharing	
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Acknowledgements	

The	authors	thank	N.	Brouwer	for	technical	support	and	G.	Mesander	and	J.	Teunis	from	

the	 central	 flow	 cytometry	 unit	 at	 the	UMCG.	 This	work	was	 supported	 by	 a	 China	

Scholarship	Council	fellowship	to	YH.	 	



Microglia	nuclear	RNA	profiles	

165	

5	

References	

1	 Butovsky,	O.	&	Weiner,	H.	L.	Microglial	signatures	and	their	role	in	health	and	disease.	Nat	Rev	
Neurosci	19,	622-635	(2018).	

2	 De	Biase,	L.	M.	et	al.	Local	cues	establish	and	maintain	region-specific	phenotypes	of	basal	ganglia	
microglia.	Neuron	95,	341-356	(2017).	

3	 Gosselin,	D.	et	al.	An	environment-dependent	transcriptional	network	specifies	human	microglia	
identity.	Science	356,	eaal3222	(2017).	

4	 Galatro,	 T.	 F.	 et	 al.	 Transcriptomic	 analysis	 of	 purified	 human	 cortical	 microglia	 reveals	 age-
associated	changes.	Nat	Neurosci	20,	1162-1171	(2017).	

5	 Grabert,	K.	et	al.	Microglial	brain	region-dependent	diversity	and	selective	regional	sensitivities	to	
aging.	Nat	Neurosci	19,	504-516	(2016).	

6	 Ayata,	 P.	 et	 al.	 Epigenetic	 regulation	 of	 brain	 region-specific	 microglia	 clearance	 activity.	 Nat	
Neurosci	21,	1049-1060	(2018).	

7	 Guneykaya,	 D.	 et	 al.	 Transcriptional	 and	 translational	 differences	 of	 microglia	 from	male	 and	
female	brains.	Cell	Rep	24,	2773-2783	(2018).	

8	 Keren-Shaul,	 H.	 et	 al.	 A	 unique	 microglia	 type	 associated	 with	 restricting	 development	 of	
Alzheimer's	Disease.	Cell	169,	1276-1290	(2017).	

9	 Masuda,	T.	et	al.	Spatial	and	temporal	heterogeneity	of	mouse	and	human	microglia	at	single-cell	
resolution.	Nature	566,	388-392	(2019).	

10	 Hammond,	T.	R.	et	al.	Single-cell	RNA	sequencing	of	microglia	throughout	the	mouse	lifespan	and	
in	the	injured	brain	reveals	complex	cell-state	changes.	Immunity	50,	253-271	(2019).	

11	 Matcovitch-Natan,	O.	et	al.	Microglia	development	follows	a	 stepwise	program	to	regulate	brain	
homeostasis.	Science	353,	aad8670	(2016).	

12	 Mathys,	H.	 et	 al.	 Temporal	 tracking	 of	microglia	 activation	 in	 neurodegeneration	 at	 single-cell	
resolution.	Cell	Rep	21,	366-380	(2017).	

13	 Hu,	 P.	 et	 al.	 Dissecting	 cell-type	 composition	 and	 activity-dependent	 transcriptional	 state	 in	
mammalian	brains	 by	massively	 parallel	 single-nucleus	RNA-Seq.	Molecular	Cell	68,	 1006-1015	
(2017).	

14	 Lake,	B.	B.	et	al.	Neuronal	subtypes	and	diversity	revealed	by	single-nucleus	RNA	sequencing	of	the	
human	brain.	Science	352,	1586-1590	(2016).	

15	 Mathys,	H.	et	al.	Single-cell	transcriptomic	analysis	of	Alzheimer's	disease.	Nature	570,	332-337	
(2019).	

16	 Lake,	B.	B.	et	al.	A	comparative	strategy	for	single-nucleus	and	single-cell	transcriptomes	confirms	
accuracy	in	predicted	cell-type	expression	from	nuclear	RNA.	Sci	Rep	7,	6031	(2017).	

17	 Bakken,	T.	E.	et	al.	Single-nucleus	and	single-cell	transcriptomes	compared	in	matched	cortical	cell	
types.	PLOS	ONE	13,	e0209648	(2018).	

18	 Galatro,	T.	F.	et	al.	Isolation	of	microglia	and	immune	infiltrates	from	mouse	and	primate	central	
nervous	system.	Methods	Mol	Biol	1559,	333-342	(2017).	

19	 Krishnaswami,	 S.	 R.	 et	 al.	 Using	 single	 nuclei	 for	 RNA-seq	 to	 capture	 the	 transcriptome	 of	
postmortem	neurons.	Nature	protocols	11,	499-524	(2016).	

20	 van	 den	 Bos,	 H.	 et	 al.	 Single-cell	 whole	 genome	 sequencing	 reveals	 no	 evidence	 for	 common	
aneuploidy	in	normal	and	Alzheimer's	disease	neurons.	Genome	Biol	17,	116	(2016).	

21	 Sousa,	 C.	 et	 al.	 Single-cell	 transcriptomics	 reveals	 distinct	 inflammation-induced	 microglia	
signatures.	EMBO	Rep	19, e46171	(2018).	

22	 Bahar	Halpern,	K.	et	al.	Nuclear	retention	of	mRNA	in	mammalian	tissues.	Cell	Rep	13,	2653-2662	
(2015).	

23	 van	 der	 Poel,	M.	 et	 al.	 Transcriptional	 profiling	 of	 human	microglia	 reveals	 grey-white	 matter	
heterogeneity	and	multiple	sclerosis-associated	changes.	Nat	Commun	10,	1139	(2019).	

24	 Habib,	N.	et	al.	Div-Seq:	Single-nucleus	RNA-Seq	reveals	dynamics	of	rare	adult	newborn	neurons.	
Science	353,	925-928	(2016).	

25	 Keller,	D.	 et	 al.	Cell	 densities	 in	 the	mouse	brain:	A	 systematic	 review.	Front	Neuroanat	12,	83	
(2018).	

26	 Darmanis,	S.	et	al.	A	survey	of	human	brain	transcriptome	diversity	at	the	single	cell	level.	PNAS	
USA	112,	7285-7290	(2015).	

27	 Selewa,	 A.	 et	 al.	 Systematic	 comparison	 of	 high-throughput	 single-cell	 and	 single-nucleus	
transcriptomes	during	cardiomyocyte	differentiation.	bioRxiv	585901	(2019).	



Chapter	5	

166	

28	 Holtman,	 I.	 R.	 et	 al.	 Induction	 of	 a	 common	microglia	 gene	 expression	 signature	 by	 aging	 and	
neurodegenerative	 conditions:	 a	 co-expression	meta-analysis.	Acta	 Neuropathol	 Commun	 3,	 31	
(2015).	

29	 Li,	Q.	et	al.	Developmental	heterogeneity	of	microglia	and	brain	myeloid	cells	revealed	by	deep	
single-cell	RNA	sequencing.	Neuron	101,	207-223	(2019).	

30	 Olah,	 M.	 et	 al.	 A	 single	 cell-based	 atlas	 of	 human	 microglial	 states	 reveals	 associations	 with	
neurological	disorders	and	histopathological	features	of	the	aging	brain.	bioRxiv	343780	(2018).	

	 	



Microglia	nuclear	RNA	profiles	

167	

5	

Supplementary	information	

Figure	S1.	Distribution	of	reads	mapping	to	different	genomic	regions,	mitochondrial,	and	nuclear	
genes	 detected	 in	 microglia	 nuclear	 and	 cellular	 transcriptomes.	 a)	 Distribution	 of	 confidentially	
mapped	reads	to	exonic,	intronic	and	intergenic	regions	for	cells	and	nuclei	in	mouse	(left	panel)	and	human	
(right	panel)	samples.	b)	Percentage	of	mitochondrial	genes	detected	in	cellular	and	nuclear	data	in	mouse	
(left	 panel)	 and	 human	 (right	 panel)	 samples.	 c)	 Percentage	 of	 ribosomal	 genes	 detected	 in	 cellular	 and	
nuclear	data	in	mouse	(left	panel)	and	human	(right	panel)	samples.	
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Figure	S2.	Genes	and	counts	per	mouse	cell/nucleus	and	expression	of	cell	type	specific	markers.	a)	
PCA	 plot	 of	 all	 profiled	 cells	 and	 nuclei,	 the	 colors	 indicate	 different	 experimental	 samples.	 (b)	 UMAP	
depicting	 the	 number	 of	 UMI	 counts	 per	 cell/nucleus.	 c)	 UMAP	 depicting	 the	 number	 of	 unique	 genes	
expressed	per	cell/nucleus.	d)	UMAP	depicting	log	expression	values	of	Hexb	(microglia),	Aqp4	(astrocytes),	
Map1b	(neurons)	and	Plp1	(oligodendrocytes),	respectively.	
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Figure	S3.	Genes	and	counts	per	human	cell/nucleus	for	donors	1	and	2	combined.	a)	UMAP	depicting	
the	number	of	UMI	counts	per	cell/nucleus.	b)	UMAP	depicting	the	number	of	unique	genes	expressed	per	
cell/nucleus.	 c)	 UMAPs	 depicting	 log	 expression	 values	 of	 CSF1R	 (microglia),	AQP4	 (astrocytes),	MAP1B	
(neurons)	and	PLP1	(oligodendrocytes),	respectively.	

	




