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1.Department of Medicine, University of California San Diego, La Jolla, CA 92103, USA
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Abstract

The ability to rapidly change gene expression patterns is essential for differentiation, development, 

and functioning of the brain. Throughout development, or in response to environmental stimuli, 

gene expression patterns are tightly regulated by the dynamic interplay between transcription 

activators and repressors. Nuclear receptor corepressor 1 (NCoR1) and silencing mediator for 

retinoid or thyroid-hormone receptors (SMRT) are the best characterized transcriptional co-

repressors from a molecular point of view. They mediate epigenetic silencing of gene expression 

in a wide range of developmental and homeostatic processes in many tissues, including the brain. 

For instance, NCoR1 and SMRT regulate neuronal stem cell (NSC) proliferation and 

differentiation during brain development and they have been implicated in learning and memory. 

However, we still have a limited understanding of their regional and cell type-specific expression 

in the brain. In this study, we used fluorescent immunohistochemistry (IHC) to map their 

expression patterns throughout the adult mouse brain. Our findings reveal that NCoR1 and SMRT 

share an overall neuroanatomical distribution, and are detected in both excitatory and inhibitory 

neurons. However, we observed striking differences in their cell type-specific expression in glial 

cells. Specifically, all oligodendrocytes express NCoR1, but only a subset express SMRT. In 

addition, NCoR1, but not SMRT, was detected in a subset of astrocytes and in the microglia. These 

novel observations are corroborated by single cell transcriptomics and emphasize how NCoR1 and 

SMRT may contribute to distinct biological functions, suggesting an exclusive role of NCoR1 in 

innate immune responses in the brain.
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1. INTRODUCTION

NCoR1 and SMRT are essential components of a multiprotein complex that comprise other 

co-repressors, such as histone deacetylases 3 (HDAC3), transducin β-like protein 1 (TBL1)/
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TBL1-related protein 1 (TBLR1), and G-protein pathway suppressor 2 (GPS2)(Guenther et 

al., 2000; J. W. Li et al., 2000; Yoon et al., 2003; J. S. Zhang, Kalkum, Chait, & Roeder, 

2002). As part of this complex, they repress the transcriptional activity of nuclear receptors 

through a ligand-dependent or independent interaction while functioning as repressors for 

other sequence-specific transcription factors (TF) (Edwards, 2000; Hu & Lazar, 2000; 

Jepsen & Rosenfeld, 2002; Mottis, Mouchiroud, & Auwerx, 2013; Ordentlich, Downes, & 

Evans, 2001; Perissi, Jepsen, Glass, & Rosenfeld, 2010; Rosenfeld, Lunyak, & Glass, 2006). 

Their repressive activity is based on the recruitment of chromatin modifying enzymes, such 

as HDAC3, or their interference with recruitment of basal transcriptional machinery 

(Hudson, Watson, Fairall, Jamieson, & Schwabe, 2015; Stewart & Wong, 2009).

Although NCoR1 and SMRT share high level of overall amino acid sequence identity and 

are typically considered to operate in concert, multiple lines of evidence indicate that they 

also have unique biological roles (Mottis et al., 2013). For instance, they display a 

diversified pattern of expression in various tissues that underlie tissue-specific functions (van 

der Laan et al., 2005). Moreover, numerous studies document the existence of multiple 

splice variants, which give rise to protein variants that exert distinct, even opposing, 

biological roles (Faist, Short, Kneale, & Sharpe, 2009; Goodson, Jonas, & Privalsky, 2005; 

Goodson, Young, Snyder, Schroeder, & Privalsky, 2014; Malartre, Short, & Sharpe, 2004; 

Mengeling, Goodson, Bourguet, & Privalsky, 2012; Privalsky, Snyder, & Goodson, 2016). 

Finally, the generation of germline mutations of either NCoR1 or SMRT in mice lead to 

embryonic lethality, highlighting their non-redundant role in development (Hermanson, 

Jepsen, & Rosenfeld, 2002; Jepsen et al., 2000; Jepsen & Rosenfeld, 2002; Jepsen et al., 

2007).

The characterization of total, tissue- and domain-specific knock-out (KO) mouse models 

highlights the involvement of NCoR1 and SMRT in various metabolic pathways (Mottis et 

al., 2013), such as glucose homeostasis (Astapova et al., 2008; Astapova et al., 2011; Feng, 

Jiang, Meltzer, & Yen, 2001; Sinha et al., 2012), energy metabolism (Yamamoto et al., 

2011), lipid metabolism (P. P. Li et al., 2011; Sutanto et al., 2010), and regulation of 

circadian behavior (Alenghat et al., 2008). These animal models also revealed the key 

contribution of these transcriptional co-repressors to developmental processes. The NCoR1/

SMRT complex is essential for cell lineage decisions including adipogenesis (Feng et al., 

2001; P. P. Li et al., 2011; Nofsinger et al., 2008), myogenesis (Yamamoto et al., 2011) and 

neurogenesis (Hermanson et al., 2002; Jepsen et al., 2000). Specifically during brain 

development, NCoR1 and SMRT are required for NSC proliferation and differentiation, with 

the loss of NCoR1 leading to premature differentiation of NSC to astrocytes and 

oligodendrocytes (Castelo-Branco et al., 2014), and the loss of SMRT to premature 

differentiation to neurons and astrocytes (Hermanson et al., 2002; Jepsen et al., 2007). These 

findings implicate that both proteins are required for NSC self-renewal, but each co-

repressor has a specific role in cell fate determination. NCoR1 specifically represses 

oligodendrogenesis while SMRT specifically inhibits neurogenesis. The recent development 

of a mouse model, characterized by the conditional deletion of NCoR1 and SMRT in 

GABAergic neurons, revealed that the lack of these co-repressors causes memory deficits 

associated with impaired hippocampal long-term potentiation through a hypothalamus-

hippocampal projection (Zhou et al., 2019). Moreover, our previous work showed that the 
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repressive activity of NCoR1 in differentiated neurons is linked to the transcriptional 

regulation of Reelin-dependent genes and hippocampal associative learning (Telese et al., 

2015).

In summary, these studies clearly underscore the pleotropic role of NCoR1 and SMRT, and 

their importance for brain development and plasticity. However, a detailed map of their 

expression patterns in the context of different cell types of the brain has not been conducted. 

A previous report using in situ hybridization examined the regional distribution of NCoR1 

and SMRT mRNA in the rat brain and provided evidence of their ubiquitous distribution in 

the brain tissue (van der Laan et al., 2005). However, understanding the cell type specificity 

of NCoR1 and SMRT expression may reveal important insights in their shared or unique 

roles in the brain. Therefore, in this study, we aimed to generate a detailed anatomical survey 

of NCoR1 and SMRT expression in different regions and cell types of the adult mouse brain 

by IHC. We found that both co-repressors are widely expressed in excitatory and inhibitory 

neurons; but, we observed remarkable differences in their relative expression in glial cells, 

including oligodendrocytes, astrocytes, and microglia. Strikingly, only NCoR1, but not 

SMRT, is expressed in microglia cells and astrocytes. Moreover, we compared our results 

with the expression of NCoR1 (Ncor1) and SMRT (Ncor2) genes in different cell types of 

the mouse neocortex that are defined by single-cell transcriptional signatures (Tasic et al., 

2016; Tasic et al., 2018). Taken together, these findings suggest that these co-repressors may 

exhibit distinct physiological roles in the mature brain, and indicate that NCoR1 may be 

exclusively implicated in mechanisms of immune defense mediated by microglia and 

astrocytes in the brain.

2. METHODS

2.1 Animals

All experimental procedures were approved by the institutional animal care and use 

committee at University of California, San Diego. For the IHC experiments, we used 2–3 

months old animals that were either wild-type C57BL/6J or Sun1-GFP-tagged transgenic 

mice. A total number of 16 animals were used, which included both females and males. We 

generated Sun1-GFP-tagged transgenic mice by crossing Sun1-GFP-floxed mice (JAX mice 

Stock No: 021429) with CamK2a-CRE (JAX mice Stock No:005359) or Pavlb-CRE (JAX 

mice Stock No:008069) transgenic mice. These transgenic lines were back-crossed to 

C57BL/6J mice.

2.2 Genotyping

For the generation of the Sun1-tagged lines, mice were genotyped using PCR. DNA was 

extracted from tail biopsies by NaOH extraction (Truett et al., 2000) and PCR was 

performed using OneTaq DNA Polymerase (NEB, Cat. Num. M0480) following the 

manufacturer’s instructions. The following forward and reverse primers were used: CRE 

forward: 5’- atggtttcccgcagaacctgaaga-3’; CRE reverse: 5’- gccgcataaccagtgaaacagcat- 3; 

Sun1–8820 (mutant reverse): 5’-gttatgtaacgcggaactcc-3’; Sun1–1615 (wild type reverse): 5’- 

catagt ctaactcgc gacactg-3’; Sun1–1414 (common): 5’- gcacttgctctcccaaagtc- 3’
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2.3 Antibodies

The antibodies used in IHC or western blot (WB) assays are listed in Table 1.

2.4 Western Blot

To generate protein extracts from embryonic brain tissue, the tissue was homogenized with 

gentleMACS Dissociator (Miltenyi Biotec, # 130-093-235) and cells lysed using N-PER 

Neuronal Protein Extraction Reagent (Cat. Num. 87792, Life Technologies) following the 

manufacturer’s instructions. Proteins were normalized using a BCA Protein Assay Kit (Cat. 

Num. 23227, Life Technologies) before loading on 7% Tris-Acetate polyacrylamide gels 

(Cat. Num. EA03585BOX, Life Technologies). To perform denaturing gel electrophoresis, 

we loaded 25ug of protein extracts in each well before proteins were transferred onto PVDF 

membranes. The membranes were blocked in Tris Buffered Saline (TBS) with 1% (w/v) 

Casein (Cat. Num. 1610782, Bio-Rad Laboratories) for 1 hour at room temperature and then 

incubated overnight at 4°C with the primary antibodies. After washing the membranes three 

times in TBST (50 mM tris-HCl at pH 7.5, 150 mM NaCl, and 0.05% Tween 20) for 10 

minutes each, membranes were incubated with secondary antibodies for 1 hour at room 

temperature. Finally, the membranes were developed by chemiluminescence using the 

Clarity Western ECL Substrate (Cat. Num. 1705060, Bio-Rad Laboratories) and imaged 

using a ChemiDoc Imaging System (Bio-Rad Laboratories).

2.5. Blocking peptide assays

For validation of the NCoR1 antibody, we used a synthetic peptide corresponding to the 

epitope P A P L L S A Q Y E T L S D S D D (from amino acid residue 2427 to 2443) of 

mouse NCoR1 protein (Cat. Num. PEP-061, Life Technologies). Before proceeding with the 

immunostaining or western blot (WB) protocol, the antibody was incubated with 1X excess 

of peptide in TBS-1% Casein overnight at 4°C. The staining and western blots were 

performed with two identical samples, using the neutralized antibody for one and the regular 

antibody solution for the other.

2.6 Immunohistochemistry

Mice were anesthetized with isoflurane and fixed via transcardial perfusion with 4% 

paraformaldehyde (PFA) in phosphate buffered saline (PBS). After dissection, the brain 

tissue was fixed in 4% PFA for 24 hr at 4°C. After a wash in PBS, the fixed tissue was 

placed in a sucrose solution (30% w/v in PB) for 48 hr at 4°C until tissue sinks. This tissue 

was embedded in O.C.T. compound (Cat. Num. 4586, Scigen), frozen on dry ice and stored 

at −80°C until processing. The brain tissues were sliced into 30-μm thick coronal slices 

using a Leica CM 1850 cryostat (Leica, Wetzlar, Germany). These free-floating sections of 

the cortex, striatum and hippocampus were blocked with PBS containing 0.3% Triton X-100 

and 10% SuperBlock (Cat. Num. 37515, Life Technologies) followed by incubation with 

primary antibodies for 24 to 48h at 4°C. After the sections were rinsed with a solution of 

0.3% Triton in PBS, the slices were incubated with the secondary antibodies: goat anti-

rabbit Alexa Fluor 594 (1:3000, A11012, Life Technologies) or donkey anti-rabbit Alexa 

Fluor 488 (1:1000, A21206, Life Technologies), donkey anti-mouse Alexa Fluor 594 
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(1:3000, A21203, Life Technologies), and goat-anti-chicken Alexa Fluor 488 (1:1000, 

A11039, Life Technologies). Hoechst as a nuclear counterstain was used.

2.7 Data acquisition and data analysis of immunofluorescent images

For the analysis of the IHC staining, we acquired images using the BZ-X800 (Keyence 

Corporation, Osaka, Japan) or Leica TCS SPE (Leica, Wetzlar, Germany) microscopes. For 

the identification and annotation of brain areas, we used the mouse brain atlas Paxinos and 

Franklin (2001). For cell counting, we randomly selected images from +2 to −2 bregma 

sections for each area (cortex, striatum and hippocampus). To assess variability, we used 

three images from three animals, and cell counting was confirmed by two examiners. To 

estimate the number of cells expressing NCoR1 in the cortex and striatum, we counted the 

total number of Hoechst+ and NCoR1+ cells in each image, and then we calculated the 

fraction of Hoechst+ that were co-stained with NCoR1. To determine the number of 

astrocytes expressing NCoR1 and SMRT, we calculated the fraction of GFAP-positive cells 

that were co-stained with NCoR1 or SMRT in different brain areas. GFAP+ cells were 

identified as those cells showing positive staining around the nucleus. The fraction of 

NCoR1+ and SMRT+ astrocytes was calculated based on the overlapping signal of NCoR1 

or SMRT staining inside the nucleus of GFAP+ cells. To estimate the number of 

oligodendrocytes or microglia expressing NCoR1 or SMRT, we calculated the fraction of 

NCoR1+ or SMRT+ cells that were co-stained by the Olig2 and Iba1 antibodies, 

respectively. All numbers are presented as mean ± S.E.M. (standard error mean).

2.8 Analysis of Single-cell RNA-seq data analysis

The analysis of NCoR1 (Ncor1) and SMRT (Ncor2) gene expression in specific cell types 

was conducted using an annotated data set and analytical tools that are freely accessible via 

the Allen Brain Atlas data portal (https://portal.brain-map.org/atlases-and-data/rnaseq). The 

RNA-Seq Data Navigator tool (http://celltypes.brain-map.org/rnaseq/mouse/v1-alm) was 

used to generate the Group Plots showing the aggregate expression level of samples 

categorized by cell marker genes and cell clusters derived from the analysis of the whole 

data set. Cell clusters (groups) are shown on the x-axis, and genes are shown on the y-axis. 

The size of each dot corresponds to the fraction of cells in each cell cluster that express each 

gene, and the color corresponds to the median expression in each group expressed as log10 

of counts per million (CPM). The nomenclature of the cell clusters is described in the 

original publication (Tasic et al., 2018).

3. RESULTS

3.1. Neuroanatomical distribution of endogenous NCoR1 and SMRT in the mouse brain

3.1.1 Validation of NCoR1 and SMRT antibodies—To investigate the expression of 

NCoR1 and SMRT in the mouse brain, we used two commercial antibodies, PA1–844A 

(Thermofisher, RRID: AB_2149004) and 06–891 (Sigma-Aldrich, RRID: AB_310286) 

respectively. The NCoR1 antibody is raised against a peptide of 17 amino acids 

corresponding to the residues 2427 to 2443 of mouse NCoR1. This antibody has been 

previously used to study the interaction of NCoR1 with MeCP2 in mouse brains (Ebert et 

al., 2013) and in different cellular model systems (Cato et al., 2019; Legrand et al., 2019; 
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Pascual et al., 2005; Sengupta, Peterson, Laplante, Oh, & Sabatini, 2010; Yang et al., 2017). 

The SMRT antibody (06–891) is raised against a GST fusion protein corresponding to a 

fragment of 203 amino acids (1146–1349) of human SMRT. This antibody has been 

previously used to study the role of SMRT in regulating neuronal activity- and estrogen-

dependent gene expression programs (Sharma et al., 2019; Yang et al., 2017). To further 

determine the validity of the anti-NCoR1 antibody for IHC on brain tissues, we used a 

blocking peptide assay. The blocking peptide was comprised of the amino acid sequence 

corresponding to the epitope recognized by the antibody. The antibody-peptide pre-

absorption was used to prevent the subsequent binding of the antibody to the target protein 

in the tissue slice. We compared the signal strength between samples stained with control 

antibody or pre-absorbed antibody with the blocking peptide. The IHC assay demonstrated 

the antibody specificity and showed a specific signal for NCoR1 in the nucleus, which was 

only visible in the samples stained with the control antibody, but not in those stained with 

the pre-absorbed antibody (Figure 1a). To further determine the specificity of SMRT 

antibodies in the absence of a peptide, we examined the immunoreactivity of the antibody in 

WB assays using total protein extract from embryonic brain tissue in which SMRT and 

NCoR1 are known to be expressed (Hermanson et al., 2002; Jepsen et al., 2000; Jepsen et 

al., 2007). The antibody detected a high molecular weight band with the expected size for 

SMRT (~270kDa) (Figure 1d). Similar results were observed for NcoR1 (Figure 1b). IHC 

assays also showed the expected nuclear localization for both NCoR1 (Figure 1a) and SMRT 

(Figure 1c). These results confirm the validity of the antibodies to study NCoR1 and SMRT 

by IHC.

3.1.2 Region specific distribution of NCoR1 and SMRT—Using IHC, we detailed 

the localization of endogenous NCoR1 and SMRT proteins in the mouse brains. We 

observed that both proteins show a similar regional distribution throughout the brain (Figure 

2 and Figure 3). For instance, we detected both proteins in all cortical layers of the 

neocortex, in the pyramidal cell layer of the piriform cortex, in all sub-regions of the 

hippocampus, and in the nuclei of the striatal region (Figure 2 c–j and Figure 3 a–f). To 

quantify the percent of brain cells that express NCoR1, we used coronal slices stained with 

NCoR1 antibodies that were also co-stained with Hoechst, a DNA dye that detects all cells 

(Figure 4a). This analysis indicates that ~ 60.94 % ± 2.44 of all cells in the neocortex and 

46.49 % ± 2.65 in the striatum express NCoR1. Next, we used NeuN antibody to identify 

neuronal cells. This antibody recognizes the transcription factor Fox3 and is expressed 

exclusively in post-mitotic neurons of the central nervous system (CNS) (Gusel’nikova & 

Korzhevskiy, 2015). The superimposition of the NeuN+ with NCoR1+ or SMRT+ images 

showed that these co-repressors are widely expressed in neuronal cells in different brain 

regions, such as neocortex, hippocampus and striatum (Figure 4b and Figure 5).

Together these findings demonstrate that NCoR1 and SMRT share a common 

neuroanatomical distribution in the adult brain and are widely expressed in neuronal cells. 

This suggests that they may be involved in the regulation of similar neuronal functions.
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3.2 Cell-type specific expression of NCoR1 and SMRT in the brain

3.2.1 Glutamatergic and GABAergic neurons—To investigate the neuronal 

subtype-specific cells that express NCoR1 and SMRT, we measured the expression pattern 

of these proteins in excitatory glutamatergic neurons and inhibitory GABAergic neurons. In 

the CNS, a delicate balance between excitation and inhibition dictates neuronal activity and 

is essential for proper functioning of neural circuits (Tatti, Haley, Swanson, Tselha, & 

Maffei, 2017). This balance is predominantly maintained by synaptic transmission mediated 

by interneurons, through the transmitter γ-aminobutyric acid (GABA), and excitatory 

neurons, through the transmitter glutamate. We identified glutamatergic neurons using as an 

antibody that recognize the vesicular glutamate transporter1 (Vglut1) (Millipore, Cat# 

MAB5502, RRID: AB_262185)(Blanchard et al., 2015; J. M. Li et al., 2015; Meng et al., 

2019; Octeau et al., 2018). Vglut1 is a glutamate transporter that associates with membranes 

of synaptic vesicles of excitatory neurons and is encoded by Slc17a7 gene (Takamori, Rhee, 

Rosenmund, & Jahn, 2000). We examined the excitatory neurons of the hippocampus, a 

region enriched in glutamatergic neurons and among the regions with the highest signals for 

NCoR1 and SMRT. The superimposition of Vglut1+ with NCoR1+ (Figure 6a) or SMRT+ 

(Figure 6b) cells allowed us to visualize the widespread expression of these co-repressors in 

excitatory neurons. Next, we examined the expression of NCoR1 (Figure 6c) and SMRT 

(Figure 6d) in inhibitory neurons that were identified using an antibody against glutamate 

decarboxylase 67 (GAD67) (Millipore, Cat# MAB5406, RRID: AB_2278725)(Anstotz, 

Karsak, & Rune, 2019; Chuhma, Mingote, Moore, & Rayport, 2014; Goyer et al., 2019; 

Orefice et al., 2019; Tulloch, Teo, Carvajal, Tessier-Lavigne, & Jaworski, 2019). GAD67 is 

an enzyme that catalyzes the synthesis of GABA and encoded by Gad1 gene (Pinal & Tobin, 

1998). We examined the pre-frontal cortex, in which scattered GAD67+ cells represent 

interneurons. We found that NCoR1 and SMRT are also expressed in GABAergic neurons. 

These results were further confirmed using the Sun1-tagged mice that express GFP, as a 

fusion protein, with Sun1, which is localized at the inner membrane in specific cell types 

targeted by Cre recombinase (Mo et al., 2015). Here, we crossed the Sun1-tagged mice with 

the Camk2a-Cre or PV-Cre transgenic mice to express the Sun1-GFP in Camk2a+ excitatory 

neurons or parvalbumin interneurons, respectively. This complementary approach facilitates 

the visualization of the nuclei in which NCoR1 and SMRT are expressed, compared to the 

Vglut1 and Gad67 antibody staining labeling terminals or cell bodies. 

Immunohistochemistry targeting GFP+ and NCoR1+ (Figure 7a and Figure 7c) or SMRT+ 

cells (Figure 7b and Figure 7d) confirmed that both corepressors are expressed in excitatory 

and inhibitory neurons.

These results indicate that both NCoR1 and SMRT are expressed in glutamatergic and 

GABAergic neurons, and there is no preferential expression of these co-repressors in a 

specific neuronal population.

3.2.2 Astrocytes—During brain development, genetic deletions of either NCoR1 and 

SMRT in mice induce spontaneous differentiation to astrocytes (Hermanson et al., 2002; 

Jepsen et al., 2007). In the CNS, astrocytes exert a wide range of complex functions to 

support and repair the nervous tissue (Sofroniew & Vinters, 2010). However, the potential 

role of these co-repressors in mature astrocytes remains uncharacterized. We examined the 
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expression of NCoR1 and SMRT in astrocytes using an antibody that recognizes glial 

fibrillary acidic protein (GFAP) (Cell Signaling Technologies, Cat#3670, RRID: 

AB_561049)(Alvarez-Arellano et al., 2018; Lee, Martinez-Lozada, Krizman, & Robinson, 

2017; Leng et al., 2018; Murru et al., 2019; Xiong et al., 2019; S. B. Zhang et al., 2019). 

GFAP is the main astrocytic intermediate filament that is expressed at low level in the 

quiescent state and at high level in the reactive state of astrocytes (Eng, Ghirnikar, & Lee, 

2000; Jacque et al., 1978). We examined the expression of NCoR1 and SMRT in GFAP+ 

cells detected in brain regions of the corpus callosum, a white matter structure in the brain, 

and the hippocampus. Using a low magnification (20x), we observed that areas with the 

highest density of NCoR1/SMRT+ cells did not correspond with those showing the highest 

density of GFAP+ cells (Figure 8a and 9a), suggesting that NCoR1/SMRT expression is 

mainly restricted in structures enriched in neuronal cell bodies. Imaging at a higher 

magnification permitted a more detailed analysis of NCoR1 and SMRT expression in GFAP

+ cells (Figure 8b–c and 9b–c). It should be noted that the anti-GFAP antibody stains 

cellular processes, but not nuclei. Thus, overlapping of GFAP signal with Hoechst or 

NCoR1/SMRT does not result in a color transformation. We found that a small subset of 

GFAP+ astrocytes show positive immunoreactivity for NCoR1 (27.8% in the HP and 9.9% 

in the corpus callosum, see Table 2) whereas SMRT does not. However, we observed lower 

intensity compared to neuronal staining of NCoR1, suggesting a low level of expression of 

this protein in GFAP+ cells.

Taken together, these findings show that NCoR1 is expressed in GFAP+ astrocytes at low or 

undetectable levels, and in restricted subsets of GFAP+ cells.

3.2.3 Oligodendrocytes—NSC isolated from NCoR1 KO mice prematurely 

differentiate in oligodendrocytes (Castelo-Branco et al., 2014). This suggests a role of 

NCoR1 in the repression of oligodendrogenesis in the developing brain. Oligodendrocyte 

precursor cells (OPC) differentiate to non-myelinating immature oligodendrocytes, which, in 

turn, differentiate to mature myelinating cells. In the adult CNS, a population of 

oligodendrocyte precursor cells (OPC) persist in the gray and white matter, and are thought 

to give rise to mature oligodendrocytes in the injured brain. However, whether or not the 

NCoR1-SMRT complex is expressed in oligodendrocytes of the adult brain has not been 

reported. We examined brain sections from cortex, hippocampus and striatum to detect the 

expression of NCoR1 (Figure 10a and Figure 12a) and SMRT (Figure 11a and Figure 13a) 

in oligodendrocytes, which were identified using an antibody against oligodendrocyte 

transcription factor 2 (Olig2) (Millipore, Cat# MABN50, RRID: AB_10807410)(Bonnefil et 

al., 2019; Butti et al., 2019; Dimas et al., 2019; Nellessen et al., 2019). Olig2 is a basic 

helix-loop-helix TF directly involved in the lineage determination of oligodendrocytes 

(Takebayashi et al., 2002; Tekki-Kessaris et al., 2001) and it is widely used as cellular 

marker of progenitors, immature and mature (myelinating) oligodendrocytes (Yokoo et al., 

2004).

We found that all oligodendrocytes express NCoR1 (Figure 10a and Table 2), but only a 

subset expresses SMRT (~47–57%, Figure 10b and Table 2). These findings suggest that 

NCoR1 and SMRT may play distinct roles in functionally different subsets of 

oligodendrocytes with important implications for how myelination is controlled. 
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Myelination is a critical process that ensures the insulation of neuronal axons in the brain 

and spinal cord and provides a mechanism to optimize action potential and neural 

transmission (Simons & Nave, 2015; van Tilborg et al., 2018).

3.2.3 Microglia—Microglia are immune cells that account for 5–20% of the total glial 

cell population within the CNS, and are highly similar to peripheral macrophages (Ginhoux, 

Lim, Hoeffel, Low, & Huber, 2013; Schafer & Stevens, 2015). Microglial functions can be 

activated by pathogens and injury. In their activated state, microglia change morphology, 

proliferate, and migrate to the infected or injured site, where they direct the immune 

response by secreting cytokines, and phagocytose pathogens and damaged cells (Colonna & 

Butovsky, 2017). Moreover, they have also been implicated in the maintenance of brain 

homeostasis (Greter & Merad, 2013; Nayak, Roth, & McGavern, 2014). A role for NCoR1 

and SMRT in the repression of inflammatory response gene expression has been established 

in macrophages (Ghisletti et al., 2009; P. Li et al., 2013; Ogawa et al., 2004). Intriguingly, 

NCoR1 and SMRT have a non-redundant effect on transcriptional control of inflammation 

depending on the specific inflammatory stimulus (Fan et al., 2016; Ghisletti et al., 2009). 

However, the contribution of NCoR1 or SMRT to microglia function in brain development 

and plasticity has not been explored. We examined the expression of NCoR1 and SMRT in 

microglia that were identified by an antibody against Iba1 (Sigma-Aldrich, Cat# ab5076, 

RRID: AB_2224402)(Gonzalez Fleitas et al., 2019; Kalambogias et al., 2019; Matsuda et 

al., 2019; VanRyzin et al., 2019; S. B. Zhang et al., 2019) (Ito et al., 1998), a member of the 

calcium-binding group of proteins that is specifically expressed in microglia (Imai, Ibata, 

Ito, Ohsawa, & Kohsaka, 1996). Tissue sections corresponding to the cortex, hippocampus, 

and striatum were co-stained with anti-Iba1 antibody and anti-NCoR1 (Figure 11a and 

Figure 12b) or anti-SMRT antibodies (Figure 11b and Figure 13b). Surprisingly, we found 

that NCoR1 is expressed in most Iba1+ cells (~75–95%, see Table 2), whereas SMRT is not 

expressed in this cell-type (see Table 2).

In summary, these results indicate that NCoR1, but not SMRT, might play a critical role in 

the regulation of inflammatory pathways in the brain.

3.3 Expression of NCoR1 and SMRT in transcriptomic cell-types across the mouse 
neocortex

Recently, large-scale single-cell transcriptomic studies provided a comprehensive taxonomy 

of cell types in the brain based on gene expressed in individual cells of discrete areas of the 

brain (Ecker et al., 2017; Poulin, Tasic, Hjerling-Leffler, Trimarchi, & Awatramani, 2016; 

Zeisel et al., 2015; Zeng & Sanes, 2017). To examine the expression of NCoR1 (Ncor1) and 

SMRT (Ncor2) transcripts in individual cells of the mouse brain, we leveraged freely 

available data collected from nearly ~75,000 single cells isolated from >20 areas of mouse 

cortex and hippocampus of adult mice (https://portal.brain-map.org/atlases-and-data/rnaseq). 

This data has been used to quantify diversity of cell types in mouse primary visual cortex 

(VISp) (Tasic et al., 2016) and anterior lateral motor cortex (ALM) (Tasic et al., 2018) 

identifying133 transcriptomic cell clusters. We analyzed the expression of NCoR1 and 

SMRT across all annotated cell clusters, including more than 100 neuronal and more than 10 

non-neuronal putative cell types. We focused on the major classes (Figure 14a) and 
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subclasses (Figure 14b–c) categorized using known cell marker, including Slc17a7 for 

glutamatergic neurons, Gad2 for GABAergic neurons, Aqp4 for astrocytes, Olig2 for 

different subclasses of oligodendrocytes, and Ctss for microglia. The analysis of the 

aggregated expression level of Ncor1 and Ncor2 across different classes or subclasses 

reveals that there are major differences in their patterns of expression (Figure 14a–c). The 

analysis of the main classes (glutamatergic, GABAergic and non-neuronal) shows that 

Ncor1 is expressed in the majority of cell types with the lowest expression levels in 

GABAergic neurons, but Ncor2 is expressed mostly in neuronal cells and in a small fraction 

of non-neuronal cells. (Figure 14a). Because the single cell transcriptomic analysis provides 

a higher resolution of cell type categorization, we also analyzed the relative expression of 

Ncor1 and Ncor2 transcripts in subclasses of neurons (Figure 14b) and glial cells (Figure 

14c). Although Ncor1 is expressed at high levels in glutamatergic neurons (Figure 14a), we 

observed a specific pattern of expression across different subclasses of excitatory neurons 

with high expression restricted to neurons from layers 2 to 4 (Figure 14b). Conversely, 

Ncor2 is broadly expressed in glutamatergic neurons from layers 2 to 6, but displays a 

heterogeneous pattern of expression in GABAergic neurons with highest expression levels 

detected in parvalbumin (Pvalb) and somatostatin (Sst) types (Figure 14b). Next, we 

examined the distribution of Ncor1 and Ncor2 in subclasses of glial cells, including Aqp4+ 

astrocytes, three classes of Olig2+ oligodendrocytes and Ctss+ microglia. Ncor1 is 

expressed in most glial cells with lowest expression in a fraction of microglia (Figure 14c). 

Ncor2 is expressed at high levels in in two subclasses of oligodendrocytes, but is almost 

undetectable in astrocytes and microglia (Figure 14c). Overall, the distribution of transcript 

levels across cell types is consistent with the protein levels, but the transcriptomic analysis 

reveals a finer mapping of Ncor1 and Ncor2 transcriptional expression and provides novel 

information about the specific groups of cells expressing these co-repressors and the relative 

abundance in each cell cluster.

4. DISCUSSION

This study provides the first comprehensive map of NCoR1 and SMRT proteins across 

multiple regions of the adult mouse brain by IHC. Consistent with a previous study that 

documented the mRNA expression of these two proteins (van der Laan et al., 2005) and with 

the analysis of single-cell transcriptomics of the mouse neocortex, we found evidence for the 

widespread expression of NCoR1 and SMRT throughout the brain with the highest 

expression levels in multiple forebrain regions.

Our detailed expression analysis revealed that both co-repressors are detected in neuronal 

cells. The IHC survey of the main glutamatergic and GABAergic classes shows that both 

corepressors are detected in excitatory and inhibitory neurons. However, the detailed 

transcriptomic analysis of distinct neuronal subclasses shows that both corepressors display 

different magnitude of expression in defined classes of neurons. This suggests that NCoR1 

and SMRT may have distinct roles in specific neuronal subtypes. Conditional deletion of 

NCoR1 and SMRT genes in GABAergic neurons in mice is sufficient to cause learning 

memory deficits observed in novel object recognition test and the Morris water maze (Zhou 

et al., 2019). Similar results were observed in whole-body knock-in mouse models that 

express mutated deacetylase activation domains of NCoR1 and SMRT (Zhou et al., 2019). 
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These findings do not exclude that the loss of function of NCoR1/SMRT complex in other 

brain cell types that may contribute to the cognitive deficits observed in DAD mutants. 

Further studies addressing the role of NCoR1 and SMRT in excitatory neurons or non-

neuronal cells are required. These studies are relevant to human disorders as de novo 
variants in the genes encoding NCoR1 and SMRT have been identified in patients with 

intellectual disabilities and neurodevelopmental disorders (Zhou et al., 2019). Analogously, 

other components of this corepressor complex, such as HDAC3 and TBLR1 have been 

associated with neurodevelopmental and neurocognitive disorders (Kruusvee et al., 2017; 

Zhou et al., 2019). It is noteworthy that NCoR1 and SMRT can also interact with MeCP2 

(methylated CpG binding protein 2) (Ebert et al., 2013; Lyst et al., 2013), a protein mutated 

in Rett syndrome, an X-linked autism spectrum disorder (Zoghbi et al., 2000). Importantly, 

most amino acids in the NCoR1/SMRT interaction domain cause RTT syndrome when 

mutated (Lyst et al., 2013). The functional role of NCoR1 and SMRT in the brain will need 

to be explored in future studies to better understand how loss of function of these co-

repressors impacts different brain functions.

Next, we identified the relative abundance of NCoR1 and SMRT in non-neuronal cells. The 

characterization of the null NCoR1 and SMRT mice provided strong evidence of the critical 

role of these co-repressors in the differentiation of NSC in neuronal or glial lineages 

(Hermanson et al., 2002; Jepsen et al., 2007). In this study, we examined whether mature 

GFAP+ astrocytes express NCoR1/SMRT, and we observed low or undetectable levels of 

these proteins, consistent with the observation that NSC deficient for either protein 

prematurely differentiate in astrocytes. Specifically, no GFAP+ cells were co-labeled with 

SMRT and only ~10–30% GFAP+ cells showed also immunoreactivity for NCoR1, 

suggesting that only subsets of GFAP+ astrocytes might express this protein in the adult 

brain. However, a higher fraction of Aqp4+ cells express Ncor1 transcript. Several studies 

demonstrated that only a fraction of astrocytes express GFAP in the mature brain and there is 

a great heterogeneity of astrocytes across different brain regions (Farmer & Murai, 2017). 

This diversity is reflected in differences in they morphology, spatial distribution, gene 

expression patterns and functional properties. It would be important for future studies to 

determine whether the NCoR1 protein is expressed in other classes of astrocytes, as 

suggested by the transcriptomic analysis. It should be noted that major challenges remain 

when imaging astrocytes in thick tissue, especially with antibodies that recognize cellular 

processes (e.g. anti-GFAP antibodies). This is due to the complex morphology and large size 

of astrocytes. Volumetric analysis by high-resolution microscopy estimated that astrocytes in 

mouse cortex and hippocampus span over 23,000um3 and are organized in non-overlapping 

territories (Bushong, Martone, Jones, & Ellisman, 2002; Halassa, Fellin, Takano, Dong, & 

Haydon, 2007). These morphological features render the observation of their entire structure 

more challenging; and identifying nuclei of astrocytes stained by anti-GFAP antibodies 

remains a challenge. In addition, subpopulations of GFAP+ astrocytes have been identified 

as bona fide neural stem cells in the subventricular zone of the lateral ventricle and in the 

subgranular zone of the dentate gyrus of the adult mammalian brain (Denise et al., 2004; 

Doetsch, Caille, Lim, Garcia-Verdugo, & Alvarez-Buylla, 1999; Doetsch, Garcia-Verdugo, 

& Alvarez-Buylla, 1999). Further studies using additional markers of astrocytes and neural 
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stem cells are required to address the heterogeneity of the astrocytes and better identity the 

subset that express NCoR1.

We also investigated the region- and cell type-specific expression of NCoR1 and SMRT in 

oligodendrocytes. A previous study reported that the loss of NCoR1 in NSC leads to 

premature oligodendrocyte differentiation. We found that both co-repressors are expressed in 

Olig2+ cells. Specifically, NCoR1 was detected in nearly all Olig2+ cells, whereas SMRT 

was only detectable in ~50% of oligodendrocytes. These results are supported by the single-

cell transcriptional analysis, which identifies three subclasses of oligodendrocytes based on 

transcriptomic signatures (Tasic et al., 2018). Olig2 is a sonic hedgehog-responsible basic 

bHLH (helix-loop-helix) TF that functions as an oligodendrocyte lineage-specific 

transcription factors during brain development, and it is also expressed throughout the CNS 

after development in precursors, immature (non-myelinating) and mature (myelinating) 

oligodendrocytes (van Tilborg et al., 2018). Additional research is needed to determine the 

functional properties of different transcriptomic subclasses of oligodendrocytes. A challenge 

remains in identifying specific cell markers that can label the cell body of different 

subclasses of oligodendrocytes.

Finally, we examined the expression of NCoR1 and SMRT in microglia cells identified by 

Iba1. Strikingly, only NCoR1 was detected in this population of cells, but not SMRT. This 

result is corroborated by the transcriptomic analysis and suggests that NCoR1 might have a 

specific role in the immune responses mediated by microglia in the brain.

In sum, we provided a detailed characterization of the cell type-specific expression of 

NCoR1 and SMRT in the adult mouse brain. Our results reveal that these two co-repressors 

exhibit a cell type-specific expression in different cell types of the brain. Considering that 

targeting NCoR1 and SMRT in NSC or inhibitory neurons revealed their critical role in cell 

fate determination and memory formation, our findings might serve as foundation for future 

studies targeting NCoR1 and/or SMRT in different cell types, which might reveal their 

important contribution to other signaling pathways, including neuroinflammation.
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Figure 1. Antibodies validation.
(a) NCoR1 IHC in brain tissue shows nuclear staining co-localized with DNA dye Hoechst 

(top panel); pre-absorption of NCoR1 antibody with excess of the blocking peptide (BP) 

prevents NCoR1 signal to be detected by IHC (bottom panel). Immunoreactivity of anti-

NCoR1 (PA1–844A) antibody (b) and anti-SMRT #06–891 (d) antibody in protein lysates 

from mouse brain tissue. (c) SMRT IHC in brain tissue shows nuclear localization.
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Figure 2. Distribution of NCoR1 in different areas of the mouse brain.
(a-b) Coronal sections of mouse brain (Bregma 1.42mm to −1.94mm) stained with anti-

NCoR1 antibody. (C) NCoR1 immunoreactivity in somatosensory cortex (SS); (D) piriform 

cortex (Pir); (E) dorsal striatum (CPu)/corpus callosum (cc); (F) ventral striatum (LV = 

lateral ventricle; acp = anterior commissure, posterior); (G) CA1 of the hippocampus; (H) 

CA2/CA3 of the hippocampus; (I) dentate gyrus (DG) of the hippocampus; (J) subthalamic 

nuclei (Sth).
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Figure 3. Distribution of SMRT in different areas of the mouse brain.
Immunolabeling of SMRT in coronal slices of the mouse brain corresponding to (from left 

to right panel): somatosensory cortex (SS), piriform cortex (Pir), dorsal striatum (CPu)/

corpus callosum (cc), CA1 of the hippocampus, CA2/CA3 of the hippocampus; and dentate 

gyrus (DG) of the hippocampus.
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Figure 4. NCoR1 expression in brain cells.
(a) Representative images showing NCoR1 and Hoechst staining in brain tissue; white 

arrows show nuclei labeled with both staining; yellow arrows show NCoR1-negative nuclei. 

(b) Representative images of NCoR1 expression in neuronal cells marked by NeuN antibody 

in neocortex, striatum and hippocampus.
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Figure 5. SMRT expression in neuronal cells.
Immunolabeling of SMRT in neocortex, striatum and hippocampus shows staining co-

localized with neuronal marker NeuN.
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Figure 6. NCoR1 and SMRT expression in excitatory and inhibitory neurons.
Double staining of NCoR1 (a) or SMRT (b) with Vglut1 shows NCoR1 and SMRT 

expression in the nuclei of glutamatergic neurons of the hippocampus. Immunolabeling of 

NCoR1 (c) or SMRT (d) shows staining co-localized with GAD67, a marker of GABAergic 

neurons in the prefrontal cortex.
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Figure 7. Expression of NCoR1 and SMRT in Camk2a+ neurons and Pavlb+ neurons.
NCoR1 (a) or SMRT (b) immunoreactivity detected in gluatamatergic neurons of the 

hippocampus from Sun1-GFP-tagged mice that express GFP on the nuclear membrane of 

Camk2a+ neurons. Double staining of NCoR1 (c) or SMRT (d) with GFP in the prefrontal 

cortex of Sun1-GFP-tagged mice that express GFP on the nuclear membrane of parvalbumin 

neurons.
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Figure 8. NCoR1 expression in GFAP+ astrocytes.
IHC assays show co-localization of NCoR1 in GFAP+ astrocytes of the corpus callosum (a) 

and hippocampus (b). Magnified images (c) show NCoR1 nuclear staining in GFAP+ cells 

(white arrows), whereas yellow arrows indicate GFAP+ cells that do not express NCoR1.
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Figure 9. SMRT expression in GFAP+ astrocytes.
IHC assays show co-localization of SMRT (a,b) in GFAP+ astrocytes of the corpus callosum 

(a) and hippocampus (b). Magnified images (c) show lack of SMRT nuclear staining in 

GFAP+ cells (yellow arrow).
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Figure 10. NCoR1 and SMRT expression in oligodendrocytes.
IHC assays show co-localization of NCoR1 (a) and SMRT (b) in striatal Olig2-positive cells 

(white arrows); yellow arrow shows a SMRT-negative oligodendrocyte. Magnified images 

are shown on the right.

Iemolo et al. Page 28

J Comp Neurol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. NCoR1 and SMRT expression in microglia.
IHC assays show immunolabeling of NCoR1 (a) and SMRT (b) in hippocampal Iba1+ 

microglia; white arrow indicates co-labeling; yellow arrows indicate lack of co-localization. 

Magnified images are shown on the right.
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Figure 12. Expression of NCoR1 in oligodendrocytes and microglia.
Double staining of NCoR1 and Olig2 (a) or Iba1 (b) in neocortex, striatum, and 

hippocampus; white arrows indicate co-labeling; yellow arrow indicates lack of co-

localization.
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Figure 13. Expression of SMRT in oligodendrocytes and microglia.
Double staining of NCoR1 and Olig2 (a) or Iba1 (b) in neocortex, striatum, and 

hippocampus; white arrows indicate co-labeling; yellow arrows indicate lack of co-

localization.
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Figure 14. Ncor1 and Ncor2 expression in transcriptomic cell clusters.
Group plots show the aggregated expression level of genes (y-axis) in samples grouped by 

annotations assigned by the RNAseq data navigator (http://celltypes.brain-map.org/rnaseq/

mouse/v1-alm) for main classes of Glutamatergic, GABAergic and non-neuronal cells (a), 

and subclasses of neuronal (b) or non-neuronal (c) cell types. The size of each point 

corresponds to the fraction of cells in each group that have expression of each gene, and the 

color corresponds to the median expression in each group.
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Table 1.

List of primary antibodies used

Target Host species Dilution Catalog # Company RRID

NCoRl rabbit 1:500 (IHC) and 1:1000 (Western) PA1–844A Thermofisher AB_2149004

SMRT rabbit 1:500 (IHC) and 1:1000 (Western) 06–891 Millipore 310286

NeuN guinea pig 1:1000 ABN90 Millipore AB_11205592

GFP chicken 1:500 A10262 Thermofisher AB_2534023

GAD67 mouse 1:250 MAB5406 Millipore AB_2278725

VGlutl mouse 1:250 MAB5502 Millipore AB_262185

GFAP mouse 1:500 3670 Cell Signaling AB_561049

Ibal goat 1:250 ab5076 Sigma-Aldrich AB_2224402

Olig2 mouse 1:250 MABN50 Millipore AB_10807410

GAPDH mouse 1:5000 sc-32233 Santa Cruz AB_627679
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Table 2.

Fraction (%) of non-neuronal cells expressing NcoR1 and SMR

Gene Target Brain Area Cell Marker

GFAP Iba1 Olig2

NCoRl

Neocortex ND 80.12 ± 5.71 100 ± 0

Callosum 9.92 ± 4.30 ND ND

Striatum ND 74.69 ± 6.76 100 ± 0

Hippocampus 27.84 ± 7.80 95.71 ± 1.50 100 ± 0

SMRT

Neocortex ND 0.00 ± 0.00 48.32 ± 6.98

Callosum 0.00 ± 0.00 ND ND

Striatum ND 0.00 ± 0.00 55.73 ± 7.40

Hippocampus 0.00 ± 0.00 0.00 ± 0.00 46.87 ± 8.57

Note: The numbers represent Mean ± S.E.M. Abbreviations: ND= not detected
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Table 3.

Fraction (%) of non-neuronal cells expressing NcoR1 and SMR

Gene Target Brain Area Cell Marker

GFAP Iba1 Olig2

NCoRl

Neocortex ND 80.12 ± 5.71 100 ± 0

Callosum 9.92 ± 4.30 ND ND

Striatum ND 74.69 ± 6.76 100 ± 0

Hippocampus 27.84 ± 7.80 95.71 ± 1.50 100 ± 0

SMRT

Neocortex ND 0.00 ± 0.00 48.32 ± 6.98

Callosum 0.00 ± 0.00 ND ND

Striatum ND 0.00 ± 0.00 55.73 ± 7.40

Hippocampus 0.00 ± 0.00 0.00 ± 0.00 46.87 ± 8.57

Note: The numbers represent Mean ± S.E.M. Abbreviations: ND= not detected
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