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Introduction
One of  the principle underlying challenges of  transcriptional analysis in the brain is the cellular complex-
ity of  the CNS, which comprises a conglomeration of  cell types, the majority being astrocytes, microglia, 
neurons, vascular endothelia, and oligodendrocytes (1–3). This cellular complexity restricts the utility of  
traditional transcriptomic analyses, as results from the whole brain, or even specific substructures, do not 
reveal the cellular specificity of  gene expression or changes thereof. Analyzing transcriptional changes as 
an average across all types of  constituent cells comprising the bulk tissue leads to a dramatic loss of  power 
to detect changes that may occur in single cell types or in response to specific insults (4, 5). Most problemat-
ic, different cell types may display distinct or even opposing differential gene expression changes compared 
with bulk brain transcriptomics under specific pathophysiological conditions. Thus, profiles obtained using 
the whole brain may be misleading or even erroneous.

In order to gain a greater understanding into the complexity of  intracellular signaling in the brain, 
methodologies have been developed to dissociate and isolate distinct cell types from the mouse brain 
using reporter lines, such as ALDH1l1-EGFP, to label astrocytes and/or antibodies, such as CD45 and 
CD11b, to mark microglia. Utilizing analogous antibodies and reporter lines and varied strategies of  dis-
sociation, neurons (6–10), astrocytes (6, 7, 10–13), microglia (6, 7, 12, 14–20), endothelia (21, 22), and 
oligodendrocytes (6, 7, 23, 24) have been collected separately. In addition, multiple cell types have been 
isolated and profiled concurrently by using a combinatorial approach of  reporter lines and/or multiple 
antibodies (1, 5, 6). RiboTagging has also been used in single cell types to investigate gene expression 
in actively translated mRNAs in neurons (25), microglia (26), and astrocytes (27). However, genetic 
reporter lines and RiboTagging are often intractable to disease models because they require complicated 
multiallele crosses. Attempts using antibody-based strategies have required pooling of  brain samples 

Nonneuronal cell types in the CNS are increasingly implicated as critical players in brain health 
and disease. While gene expression profiling of bulk brain tissue is routinely used to examine 
alterations in the brain under various conditions, it does not capture changes that occur within 
single cell types or allow interrogation of crosstalk among cell types. To this end, we have developed 
a concurrent brain cell type acquisition (CoBrA) methodology, enabling the isolation and profiling 
of microglia, astrocytes, endothelia, and oligodendrocytes from a single adult mouse forebrain. 
By identifying and validating anti-ACSA-2 and anti-CD49a antibodies as cell surface markers for 
astrocytes and vascular endothelial cells, respectively, and using established antibodies to isolate 
microglia and oligodendrocytes, we document that these 4 major cell types are isolated with high 
purity and RNA quality. We validated our procedure by performing acute peripheral LPS challenge, 
while highlighting the underappreciated changes occurring in astrocytes and vascular endothelia 
in addition to microglia. Furthermore, we assessed cell type–specific gene expression changes in 
response to amyloid pathology in a mouse model of Alzheimer’s disease. Our CoBrA methodology 
can be readily implemented to interrogate multiple CNS cell types in any mouse model at any age.
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and/or fixation to preserve the transcriptomic profile. These strategies raise further technical and biolog-
ic limitations related to mRNA integrity and individual animal variance (5). Low mRNA yield requires 
further RNA amplification, potentially creating artifacts and sample bias (28). Further studies have noted 
additional artifacts in the form of  preparation-induced transcriptomic changes (26), such as artificial 
inflammatory signals due to endotoxin-contaminated reagents like Percoll. Single-cell transcriptional 
analysis has been increasingly used to profile specific cell types, providing a great deal of  information 
related to cell type subpopulations (29–34). However, single-cell RNA sequencing does not result in high 
coverage of  the transcriptome, and the results obtained are often unable to be integrated for systems biol-
ogy applications designed to analyze cellular crosstalk in the CNS in health and disease (29, 35).

To this end, we developed what we believe to be a novel FACS-based method to isolate the major non-
neuronal cell types, namely microglia, astrocytes, vascular endothelia, and oligodendrocytes, from (mini-
mally) half  of  a single adult mouse forebrain, while eschewing the pitfalls mentioned above. The resulting 
isolated cell types are viable, can be cultured in vitro, and yield high-quality RNA with sufficient quantity 
for RNA sequencing. Using this methodology, we tested how multiple brain cell types respond to inflam-
matory conditions following LPS stimulation and to amyloid pathology in a mouse model of  Alzheimer’s 
disease (AD). Our results reveal complex interplay of  multiple cell types and highlight the importance of  
analyzing multiple cell types concurrently from the same mouse brain. Our methodology does not require 
genetic reporter lines and thus can be rapidly implemented to interrogate any mouse model. We believe this 
is the first report of  a concurrent cell type isolation protocol with these capabilities.

Results
Concurrent brain cell type acquisition from a single adult mouse forebrain. In order to evaluate the interactions 
and functional contributions of  individual cell types in the brain under different conditions, we set out 
to develop and refine an approach to purify and isolate all major nonneuronal cell types residing in the 
adult brain. To this end we built upon and refined previous endeavors to dissociate mouse brain using a 
combination of  mechanical and enzymatic digestion techniques and developed a methodology we term 
concurrent brain cell type acquisition (CoBrA) for isolation of  astrocytes, vascular endothelia, microglia, 
and oligodendrocytes (Figure 1A). Microdissection followed by papain digestion and trituration resulted 
in high cell yield and optimal conservation of  antibody epitopes for cell type–specific immunolabeling. 
Once the brain is dissociated, we found that the most effective method to remove myelin and cellular debris 
without significantly altering cellular transcription profiles is by using Miltenyi Biotec’s Myelin Removal 
Beads II filtration system. Unlike the commonly used compound Percoll, the myelin removal beads are 
devoid of  endotoxin (Table 1), minimizing the risk of  inducing artificial inflammatory responses during the 
procedure (26). The use of  Miltenyi Biotec Myelin Removal Beads II has proven to be an effective means of  
maintaining homeostatic signaling within microglia, as the transcriptional results obtained mirror those of  
RiboTag-purified microglia (26). This procedure is not without its downside, as it removed most cells close-
ly associated with myelin in vivo, including approximately 10% of  astrocytes and microglia and most, if  
not all, oligodendrocytes (Supplemental Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.121109DS1). Because of  the intimate association between myelin and 
oligodendrocytes in particular, it was necessary to utilize low-endotoxin Percoll PLUS to isolate oligoden-
drocytes from the myelin-bound fraction and then add these cells back to the main cell pool immediately 
prior to immunolabeling (Figure 1A).

Following debris removal, single cells were labeled using a panel of  antibodies to detect all major non-
neuronal cell types and sorted using a BD FACSAria II cell sorter. These include the well-established antibod-
ies against CD45 (36) and O4 (37, 38), the astrocyte-specific anti-ACSA-2 antibody that has been recently 
validated by ourselves and independent groups (27, 39, 40), (Supplemental Figure 2), and the anti-CD49a 
antibody (Figure 1B, Figure 2, and Supplemental Figure 2). Employing the commonly used ALDH1l1-EGFP 
reporter (41) believed to mark the majority of  astrocytes, we found that the anti-ACSA-2 antibody labeled all 
GFP+ astrocytes in addition to a sizable GFP– astrocyte population (Supplemental Figure 3A), suggesting 
that this reporter line does not mark all astrocytes in adult brains. This observation has recently been reported 
elsewhere, supporting the validity of  the anti-ACSA-2 antibody and the idea that this antibody may label 
astrocytes missed by the ALDH1l1 reporter line, although the extent of  additional astrocytes labeled may 
depend upon age of  the mouse or isolation method (39). We discovered that the CD49a antibody is a robust 
antibody and is specific for vascular endothelia in the brain (Figure 1B, Figure 2, and Supplemental Figure 2).
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In order to perform CoBrA from a single mouse forebrain, the CD45 antibody, commonly used for 
the detection and isolation of  microglia and immune cell lineages, was first used to label CD45mid microg-
lial cells, excluding CD45+ lymphocytes and monocytes from isolation and removing microglia from the 
CD45– nonmicroglial populations (vascular endothelia, astrocytes, and oligodendrocytes) (Figure 1B). This 
gating strategy was followed by gates to isolate CD49a+ vascular endothelia cells from CD45–CD49a– cells 
(astrocytes and oligodendrocytes) and from O4+ oligodendrocytes, leaving CD45–CD49a–O4– ACSA-2+ 
astrocytes (Figure 1B and Figure 2). The remaining quadruple-negative events appear to constitute one-
third of  the cellular identity (as verified by FSC and SSC parameters), suggesting that most intact cells were 
captured using these 4 antibodies. However, not all cells of  the brain were labeled by our panel of  antibod-
ies, suggesting an opportunity for other cell types to be isolated (Supplemental Figure 3B).

Following CoBrA isolation, the separated cell populations were immediately pelleted and lysed in Qia-
gen RLT buffer containing 1% β-mercaptoethanol or were pelleted and plated for in vitro culture and purity 
analyses. Cells isolated in this manner were more than 90% viable, as indicated by the LIVE/DEAD Blue 
viability dye (Supplemental Figure 3C), and the isolated RNA was of  high quality, with an average RNA 
integrity number greater than or equal to 8.65 for all cell types with the exception of  oligodendrocytes, 
whose score was not detectable due to low RNA yield (Table 2). We also found that sorted cell populations 
remained highly pure following post-sort FACS analysis (Table 3 and Supplemental Figure 4).

It is worth noting that the FACS-based cell type isolation may be confounded by autofluorescence, 
which is known to increase with age (Supplemental Figure 5). To circumvent this issue, we designed our 
gating strategy (Figure 1B) to remove the cells with the greatest autofluorescence (microglia) first, making 
this protocol amenable to analysis of  any disease model at any age.

CoBrA cells isolated from adult brain are pure and can be cultured in vitro. Quantitative real-time PCR (qRT-
PCR) analysis was used to determine the purity of  the dissociated cell types. Using the cell-type markers 
Aif1 and Cd68 (microglia), Aldh1l1 and Gfap (astrocytes), Pecam1 and Cdh5 (vascular endothelia), and Mog 
(oligodendrocytes), we demonstrated that the isolated cells predominantly expressed the markers specific 
for the respective cell types (Figure 3A and Supplemental Figure 6). Furthermore, these FACS-sorted cells 
can be cultured in vitro, and their identities were verified by staining with cellular protein markers: IBA1 
(microglia), GFAP (astrocytes), ZO-1 (vascular endothelia), and MBP (oligodendrocytes) (Figure 3B). 
These combined data displayed the potential for CoBrA in allowing for both transcriptional analysis and 
mechanistic studies of  individual cell types.

Inflammatory profile of  CoBrA-isolated cells following peripheral LPS challenge reveals contribution of  vas-
cular endothelia. In order to validate our CoBrA methodology, we performed peripheral i.p. injection 
of  LPS (4 μg/g) in 2-month-old C57BL/6J mice (42). After 24 hours of  LPS stimulation, half  of  the 

Figure 1. Concurrent brain cell type acquisition. (A) Schematic representation of concurrent brain cell type acquisition (CoBrA) from mouse forebrain. (B) 
Representative flow cytometry work flow, gating strategy, and antibody separation using the CD45-BV421 (microglia), CD49a-FITC (vascular endothelia), 
O4-PE (oligodendrocytes), and ACSA-2-APC (astrocyte) antibodies.
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forebrain was used for bulk brain qRT-PCR analysis, while the other half  was used to perform CoBrA 
and cell type–specific qRT-PCR.

Bulk brain qRT-PCR analysis of  LPS-injected mice revealed washed out signals when compared with 
cell type–specific gene expression (Figure 4). For instance, when comparing gene expression changes pri-
marily thought to occur in microglia to changes in the bulk forebrain tissue, the only conserved detectable 
change was in Clec4d, with the observed downregulation of  Aif1, Clec7a, and Trem2 in isolated microglia 
being lost in the bulk forebrain tissue (Figure 4, A and B, and Supplemental Table 2). This same observa-
tion generally held true for genes primarily expressed in astrocytes and in vascular endothelia, with signifi-
cant expression changes in Fbln5, Ocln, and Vcam1 being lost in the bulk forebrain tissue analysis (Figure 
4, A, C, and D, red, and Supplemental Table 2). Gene expression changes known to arise in multiple cell 
types were generally conserved in both sample types, including Il1b, C3, and Ccl5. However, significant 
changes in some genes were confounded or absent due to their differential regulation in separate cell 
types, including Il6 and H2ab1, which were either significantly or trending upregulated in astrocytes and 
vascular endothelia but downregulated in microglia (Figure 4 and Supplemental Table 2). Similar results 
were obtained by others when comparing the differential expressed genes of  bulk brain (43) challenged 
with peripheral LPS to those of  microglia (5, 26, 44) or astrocytes (5, 13, 44). These findings validate our 
system and emphasize the importance of  cell type–specific analysis, as significant expression changes are 
masked when using whole brain.

Deeper analysis into the CoBrA-isolated cell types revealed that microglia possess the expected inflam-
matory profile, including significant upregulation in the proinflammatory cytokines Tnf and Il1b; in the 
chemokines Ccl2, Ccl5, and Cxcl10; and in genes known to be upregulated in an LPS-specific manner, Clec4d 
and Tarm1, in particular (Figure 4B and Supplemental Table 2) (5, 45). Multiple gene sets were also signifi-
cantly downregulated, as anticipated, including genes that typify disease-associated microglia (DAM), such 
as Clec7a and Trem2; genes associated with MHC presentation, such as H2ab1 and H2k1 (trending as down-
regulated); and genes associated with phagocytosis, such as Cd68 (Figure 4B) (31, 33, 46, 47). Interestingly, 
the microgliosis marker Aif1 was significantly downregulated in microglia following LPS treatment but 
was unchanged in the whole brain. This suggests that an increase in cell number may be responsible for the 
maintenance or slight increase of  Aif1 transcript levels often reported in whole brain transcriptomic analy-
ses (Figure 4, A and B, and Supplemental Table 2). Purified astrocytes similarly confirm an upregulated 
inflammatory response, with all significant gene expression changes, including proinflammatory cytokines 
(Il1β and Il6), chemokines (Ccl2, Ccl5, and Cxcl10), genes involved in MHC presentation (H2k1 and H2ab1 
[trending as upregulated]), and genes identifying pan-reactive (Gfap and Serpin3a) and A1-reactive (Amigo2, 
Fbln5, Gbp2, and Serping1) astrocytes (Figure 4C and Supplemental Table 2) (5, 11, 48).

Interestingly, vascular endothelia, a cell type underrepresented in the field of  brain transcriptomic stud-
ies, appeared to undergo significant changes in response to LPS, evidenced by the upregulation of  the pro-
inflammatory cytokine, Il6; chemokines (Ccl2, Ccl5, and Cxcl10); MHC presentation (H2k1 and H2ab1); cell 
adhesion molecules (Sele, Vcam1, and Icam1); and downregulation of  tight-junction proteins (Tjp1, Ocln, 
and Cdh5) (Figure 4D and Supplemental Table 2) (49). These changes indicate that vascular endothelia 
may be central to the initiation and transmission of  the LPS response from the periphery to the CNS via 
cytokines, chemokines, and extracellular remodeling.

Amyloid pathology primarily and differentially alters gene expression within microglia and astrocytes. To 
explore the value of  this methodology in the framework of  neurodegenerative disease, we compared the 
bulk brain and CoBrA-isolated cell populations of  the APP NL-G-F knockin (KI) mouse model of  AD 
and littermate wild-type controls at 9 months of  age (Figure 5) (50). Analysis of  genes expressed across 

Table 1. CoBrA quality control — endotoxin contamination

Endotoxin contamination

Endotoxin units/ml
Percoll Percoll Plus Myelin Removal Beads II
10.13 0.04 0.01

Comparative analysis of endotoxin contamination in Percoll, Percoll PLUS, or myelin removal beads. CoBrA, concurrent brain cell type acquisition. n = 3/
experiment.
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all individual cell types revealed that general inflammatory genes, Tnf, Il6, and Il1b, were not significantly 
altered, with the exception of  a 3-fold decrease in Il6 in microglia and a 3-fold increase in Il1b in the bulk 
forebrain (Figure 5A). Consistent with reports using other AD models (51), Apoe is upregulated in both 
microglia and astrocytes of  APP KI mice and such an increase has been proposed to serve as a clearance 
mechanism (52). Our bulk brain data are also consistent with recently published bulk transcriptomic data 
in the APP KI model showing increases in genes generally thought to be microglial (including Cst7, Clec7a, 
Lpl, Hexb, Spp1, Trem2, Tyrobp, and C3ar1) and astrocytic (including Gfap, Serpina3, and Osmr) (Figure 5, 
A–C) (53). In agreement with previous bulk brain data from AD mouse models (53–55), we found that 
genes of  the complement pathway were also significantly upregulated (C1qa, C3ar, C4b, Itgam, and Itgb2) 
at the bulk tissue level. However, analysis of  CoBrA-isolated cell populations revealed a more intricate 
pattern of  complement gene expression changes. Some complement genes were upregulated in astrocytes 
(C1qa, C3ar, and C4b) and oligodendrocytes (C3ar), were mixed in vascular endothelia (C1qa downregulat-
ed; C3ar and Itgb2 upregulated) and, surprisingly, mostly downregulated in microglia (C1qa, C3ar, C4b, and 
Itgam) (Figure 5A, Supplemental Figure 7, and Supplemental Table 3). This same pattern was detected 
with regard to the significant changes in various chemokine genes, with expression being upregulated in 
astrocytes (Ccl2 and Cxcl10), vascular endothelia (Ccl2), and the whole brain (Ccl2 and Cxcl10), while being 

Figure 2. Representative antibody cross-reactivity based upon gating strategy for each cell population. n = 3.

https://doi.org/10.1172/jci.insight.121109
https://insight.jci.org/articles/view/121109#sd
https://insight.jci.org/articles/view/121109#sd


6insight.jci.org   https://doi.org/10.1172/jci.insight.121109

T E C H N I C A L  A D V A N C E

downregulated in microglia (Ccl2 and Ccl5) (Figure 5A and Supplemental Table 3). These results suggest 
that astrocytes are the main initiators of  complement- and chemokine-mediated signaling in response 
to amyloid and that microglia are potentially dysfunctional, having a reduced phagocytic ability due to 
decreases in complement signaling (55, 56). Interestingly, MHC molecules were upregulated in the whole 
brain, with this upregulation appearing to be strongly influenced by astrocytes (Figure 5A and Supplemen-
tal Table 3). Correlation analysis of  the data from the CoBrA cell populations in relation to bulk brain 
suggests that astrocytes are the primary drivers of  differential gene expression in the APP KI mice at 9 
months (Supplemental Figure 8). In contrast, it appeared that the interferon response was upregulated in 
bulk forebrain tissue and was globally upregulated in all cell types, suggesting amyloid pathology may trig-
ger broad interferon signaling (Figure 5A, Supplemental Figure 7, and Supplemental Table 3). Overall, the 
highly differential expression of  specific inflammatory mediators and receptors across the analyzed cell 
types hints at complex cellular crosstalk rather than a simple, generalized proinflammatory phenomenon.

Table 2. Summary of CoBrA quality control  — viability scores

Viability scores
Mean viability Mean RIN Mean RNA Yield

Microglia 94.90% 9.2 480 ng
Endothelia 89.00% 9.45 252 ng
Oligodendrocyte 92.30% ND 67 ng
Astrocyte 92.80% 8.65 238 ng

Average cell viability, RNA integrity number (RIN), and RNA yield of concurrent brain cell type acquisition–isolated (CoBrA-isolate) cell types. n = 3/
experiment.
 

Table 3. Summary of CoBrA quality control  — post-sort purity

Post-sort purity
Sorted population Cell type Percentage of each cell type SEM
Microglia   

Microglia 92.88% 0.48%
Endothelia 0.08% 0.04%

Oligodendrocyte 0.18% 0.05%
Astrocyte 0.27% 0.21%

Other 4.12% 0.49%
Endothelia   

Microglia 0.08% 0.01%
Endothelia 98.39% 0.38%

Oligodendrocyte 0.03% 0.01%
Astrocyte 0.06% 0.01%

Other 0.29% 0.14%
Oligodendrocyte   

Microglia 0.18% 0.06%
Endothelia 0.02% 0.01%

Oligodendrocyte 92.60% 0.97%
Astrocyte 0.93% 0.16%

Other 2.77% 0.90%
Astrocyte   

Microglia 0.33% 0.26%
Endothelia 0.05% 0.02%

Oligodendrocyte 0.25% 0.05%
Astrocyte 94.63% 1.20%

Other 1.94% 0.66%

Average post-sort purity percentages from sorted cell populations analyzed using concurrent brain cell type acquisition sort strategy. n = 3/experiment.
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Analysis of  microglia-specific genes strongly indicates that the DAM response detected in the 5XFAD 
mouse model (31, 33) is also observed in the APP KI mice. This microglial state was demonstrated by the 
upregulation of  Cst7, Spp1, Lpl, Clec7a, Itgax, Csf1, Axl, and Tyrobp and the concomitant downregulation 
of  Hexb, Tgfb1, P2ry12, Cx3cr1, and Tmem119 in our CoBrA microglia (Figure 5B and Supplemental Table 
3) (31, 33). Interestingly, the profile was lost in the bulk brain, where the genes downregulated as part of  
the DAM profile were instead upregulated, further demonstrating the importance of  cell type isolation and 
characterization (Figure 5B and Supplemental Table 3). Critically, the genes found to be upregulated in 
microglia in response to LPS, Clec4d and Tarm1 (5, 26), were downregulated in APP KI microglia either sig-
nificantly or with a trend toward downregulation, respectively, after cell dissociation, signifying that CoBrA 
did not artificially activate LPS-specific response genes (Figure 5B and Supplemental Table 3).

Astrocytes appeared to be highly activated in the APP KI mouse model, with all pan-reactive (Gfap, 
Aspg, Osrm, and Serpina3n) and A1-reactive (Amigo2, Fbln5, Gbp2, H2d1, and Serping1) genes being signifi-
cantly upregulated (11, 48). A2-reactive astrocyte genes were upregulated either significantly (Tm4sf1) or 
trending toward upregulation (B3gnt5, Emp1, and Ptx3) (Figure 5C and Supplemental Table 3) (11, 48). In 
bulk forebrain analysis, the pan-reactive profile was mostly maintained while the A1 and A2 panels become 
inconclusive (Figure 5C and Supplemental Table 3). These data indicate that astrocytes are activated by 

Figure 3. Purity and viability analysis of concurrent brain cell type acquisition cell types. Concurrent brain cell type acquisition–isolated (CoBrA-isolated) cell 
types are highly pure and viable in vitro. (A) qRT-PCR analysis of CoBrA-isolated cell populations using the purity markers Aif1 (microglia), Aldh1l1 (astrocytes), 
Pecam1 (vascular endothelia), and Mog (oligodendrocytes) across all 4 populations. n = 6. (B) Representative immunofluorescent images of CoBrA-isolated 
primary cultures triple stained with cell type–specific antibodies as marked. Green, CD45+; red, ACSA-2+; orange, CD49a+; and blue, O4+. Scale bar: 50 microns.
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amyloid pathology and that A1-like activation is most prevalent within subpopulations of  reactive astro-
cytes. Finally, with the exception of  Cdh5, no vascular endothelia and oligodendrocyte genes were signifi-
cantly affected in APP KI mice (Figure 5D and Supplemental Figure 8, and Supplemental Table 3) (57).

The APP KI mice used in these experiments display prominent microgliosis and astrogliosis by histol-
ogy (Figure 5E–G). Our CoBrA isolation of  these two cell types provided confirmation of  this, with nearly 
twice the yield of  microglia cell numbers from the APP KI brains and increased reactive transcripts in the 
purified astrocytes (Figure 5C), without increased numbers (Figure 5H). With this in mind, we can deduce 
that the reason DAM-downregulated genes (Hexb, Tgfb1, P2ry12, Cx3cr1, and Tmem119) are accurately mea-
sured in isolated cells but masked in bulk tissue (Figure 5B and Supplemental Table 2) is due to increased 
abundance of  microglia in the tissue.

These combined results imply that astrocytes and microglia are the two primary cell types that 
respond to amyloid pathology in the APP KI mouse model and further support the idea that microglia 
cell number likely plays a large role in changes observed in bulk brain transcriptomic data from AD 
mouse models (5).

Figure 4. Comparison of transcriptional profiles in bulk brain and concurrently isolated cell types following peripheral LPS administration. (A) qRT-PCR 
data from bulk brain of selected genes in response to LPS. *P < 0.05; **P < 0.01; ***P < 0.001, t test. n = 3, vehicle; n = 4, LPS. (B–D) Heatmaps of qRT-PCR 
data from CoBrA-isolated microglia (B), astrocytes (C), and vascular endothelia (D) in response to LPS. Sig., P < 0.05 (red); Not Sig., P ≥ 0.05 (gray), t test. 
The red-and-blue scale bar represents the Z-score, the deviation from the mean by standard deviation units.
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Discussion
Our streamlined CoBrA methodology allows for the investigation of  cell type–specific gene expression and 
crosstalk among the major nonneuronal cell types in a single mouse forebrain. Furthermore, it does so in a 
manner that bypasses most of  the downsides of  previously published procedures, all of  which incorporate 
one or more of  the following pitfalls. (a) Insufficient cell number or RNA yield can necessitate the pooling 
of  mouse brains or RNA amplification (1, 5); here, we demonstrated that sufficient RNA for qRT-PCR and 
RNA seq was obtained from as little as one hemisphere of  a mouse forebrain using CoBrA, leaving the 
remaining hemisphere for correlative analysis. (b) Isolation of  only a single cell type precludes comparison 
between coexisting cell types (10, 12, 13, 15, 24, 29, 31); using CoBrA methodology we were able to isolate 
all major CNS cell types, with the exception of  neurons, permitting in-depth, cross-cell type analysis and 

Figure 5. Cell type–specific response to amyloid pathology in APP NL-G-F knockin mice. (A–D) Heatmap of qRT-PCR data from concurrent brain cell 
type acquisition–isolated (CoBrA-isolated) microglia, astrocytes, and vascular endothelia, with comparison to that of bulk brain. (A) Gene expression 
profiles of microglia, astrocytes, vascular endothelia, and bulk brain against selected genes involved in inflammation, complement, chemokine, MHC, 
interferon pathways, and ApoE. (B–D) Comparison of genes specific to microglia (B), astrocyte (C), and vascular endothelia (D) between CoBrA-isolated 
cell types and bulk brain. Sig., P < 0.05 (red); Not Sig., P ≥ 0.05 (gray), t test. The red-and-blue scale bar represents the Z-score, the deviation from the 
mean by standard deviation units. (E) Representative confocal microscopy images of brain tissue from APP NL-G-F knockin (APP KI) mice and wild-type 
littermates at 9 months. Green, GFAP; red, Iba1; and blue, 6E10. Scale bar: 50 microns. (F) Quantitation of GFAP+ signal. n = 6/group. (G) Quantitation 
of Iba1 + signal. n = 6/group. (H) Mean cell number isolated per mouse forebrain by FACS from wild-type and APP KI mice. n = 6/group. Micro, microglia; 
Astro, astrocytes; Endo, vascular endothelia. ***P < 0.001, t test.
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integration of  the brain in any state. (c) Use of  reporter lines to label specific cell types (13, 33, 48, 55), 
complicates disease model studies requiring crosses of  multiple alleles; by relying solely on antibodies, 
our approach can be immediately applied to any existing mouse model. (d) The requirement that mice be 
harvested at embryonic or preadult states to perform dissociation severely limits the application of  age-
related analyses; our technique and gating strategy affords isolation and interrogation of  adult brains of  
any age. (e) The use of  fixation for internal cell type epitope labeling leads to a decrease in RNA integrity 
and restricts multicell-type applications (38); by using live cells throughout the dissociation and isolation 
process, we were able to obtain high-quality RNA from highly pure populations of  nonneuronal cell types. 
(f) Use of  Percoll to perform debris removal potentially causes an artificial inflammatory response due to 
endotoxin contamination; we avoided using Percoll and instead used Myelin Removal Beads II, which are 
endotoxin free.

Using peripheral LPS challenge, we were able to not only validate our methodology, but also explore 
the underlying consequences of  peripheral LPS to the brain. On a technical level, this experiment confirms 
the power of  this technique where it corroborates previous work analyzing the LPS response in specific cell 
types (5, 11, 31, 33, 48, 49). On a biological level, our technique allows us to detect the response of  the vas-
cular endothelia to this stimulus that would otherwise be obstructed by other cell types in bulk brain analy-
sis. Given the observed changes, it is plausible that vascular endothelia mediate peripheral inflammation 
via response to circulating inflammatory cytokines and transmission of  this response via cytokine signaling 
(Il6) or through remodeling of  tight junction proteins (Tjp1, Ocln, Cdh5), weakening the blood-brain barrier 
and facilitating passive diffusion of  peripheral inflammatory cytokines into the brain (49).

In order to investigate how amyloid pathology alters brain biology on a cell type level, we set out to 
assess the APP NL-G-F KI model of  AD, which shares many transcriptional changes seen in human AD 
(53). Our bulk brain analysis of  microglia and astrocyte genes is consistent with the reported APP KI tran-
scriptomic data (53). Upon examination of  cell type–specific changes, we noted that most of  the observed 
cellular changes occur in microglia and astrocytes, with little to none occurring in vascular endothelia or 
oligodendrocytes. Upon closer inspection, we determined that cell type analysis was sufficient to detect 
changes occurring in subcell types, specifically shown by the differences in the DAM-downregulated mark-
ers between microglia and whole brain (Figure 5B). This difference further corroborates previous hypoth-
eses and suggests that there may be an increase in microglia cell number, skewing bulk brain analyses 
toward a microglia profile due to microgliosis (48). Though single-cell resolution reveals that transcription-
al changes do not apply broadly to the whole microglia population, our data suggest that single-cell analysis 
is not required to observe the total DAM profile and that cell type analysis of  microglia is sufficient (31, 33). 
Additionally, the fact that the inflammatory, complement, and chemokine pathways are downregulated in 
sorted microglia but upregulated in astrocytes supports the notion that astrocytes may play a larger role 
in the inflammatory response to amyloid pathology than previously recognized. To our surprise astrocyte 
number was not significantly higher than microglia number in the wild-type or APP KI preparations. It is 
possible that some astrocytes are retained in the negative population. Given the nature of  the preparation it 
is also possible that astrocytes are more sensitive to mechanical dissociation. However, assuming uniform 
loss across all preparations, we would expect to see increases in astrocyte number, similar to those observed 
in the microglia population, if  amyloid were to induce astrocyte proliferation. Thus, we can deduce that 
the astrogliosis seen in the APP KI brains is not due to increased cell number but instead to the increased 
presence of  GFAP+ reactive astrocytes, an observation corroborated by transcript analysis.

Overall, our analyses of  CoBrA-isolated cell populations from these two disease models highlight the 
importance of  examining purified populations to (a) greatly magnify changes within individual cell types 
and (b) add robustness against cell number differences between animals.

This methodology is not without considerations. First and foremost is the reality that, like all other 
techniques to attain single cells, forceful dissociation is required. Of  note, neurons do not appear to be 
recovered by this process, as none of  the available extracellular neuronal antibodies were able to positively 
identify and sort neurons (data not shown). Furthermore, this procedure likely strips away most cell pro-
cesses, leaving only the cell body and RNA contained within it. The dissociation process also takes time, 
most of  it on ice, but relies upon enzymatic digestion using papain at elevated temperatures before cells are 
ultimately lysed or plated in media. An additional caveat is the use of  a single antibody for CD45mid gating 
of  microglia. This strategy inadvertently allows the inclusion of  other nonlymphocytic or nonmonocytic 
myeloid lineage contaminants in the microglia population. However, with proper saline perfusions, these 
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cell types are removed from the tissue preparation, and little evidence suggests that these cells actively 
reside within the brain parenchyma in substantial numbers. TMEM119 antibodies may serve as a viable 
substitute (20). However, given the downregulation of  Tmem119 in DAM cells, using the TMEM119 anti-
body may not suffice in isolating all microglial subtypes of  certain disease models, resulting in unwanted 
misrepresentation of  transcriptomic analyses. Thus, using traditional CD45mid marker identification allows 
for the identification of  all potential microglial subtypes and allows for the exclusion of  nearly all periph-
eral immune cells, which express higher levels of  CD45.

The CoBrA method detailed here is the first to our knowledge to describe the use of  CD49a to isolate 
vascular endothelia as well as to use the anti-ACSA-2 antibody to purify astrocytes in a combinatorial 
approach. Our method is readily and easily applicable to any mouse model and at any age and affords the 
ability to delve deep into physiological and disease-related transcriptomic alterations in a cell type–specific 
manner. Excitingly, this approach also provides proof  of  principle that isolated cells can be cultured, poten-
tially unlocking the ability to address a myriad of  molecular and cellular questions. We envision that this 
approach will have a significant effect in elucidating the underpinnings of  the inner workings of  the brain, 
beginning with basic biology and culminating with pathogenesis and therapeutic testing.

Methods
Mice. Mice were housed 2–5 per cage in a specific pathogen–free mouse facility on a 12-hour-light/dark 
cycle, with ad libitum access to food and water. Wild-type, APP NL-G-F KI mice (42), and Aldh1l1-EGFP 
astrocyte reporter mice (41) were used in this study, and they were maintained on the C57BL/6J back-
ground. Homozygous APP KI mice were derived by intercrossing with the heterozygous APP NL-G-F KI 
mice, and wild-type littermates were used as controls. Both female and male mice were used.

Eight- to ten-week-old C57BL/6 male and female mice were injected i.p. with LPS (MilliporeSigma, 
0111:B4 L3024) at 4 μg/g. Control animals were injected with an equal volume of  PBS. Animals were 
monitored for 24 hours and perfused with saline before dissection.

CoBrA. Adult mice were perfused with ice-cold PBS, forebrains were microdissected, and either half  or 
whole forebrains were gently minced with sterile razor blades and resuspended in 2.5 ml HBSS without Ca2+ 
and without Mg2+-containing activated papain (half  vial [>50 units], Worthington Biochemical, LK003172) 
and DNase (quarter vial [>250 units], Worthington Biochemical, LK003178). The resuspended forebrains 
were incubated with gently rocking for 30 minutes at 37°C. Halfway through the incubation, the minced 
forebrains were triturated 4 times using a fire-polished glass Pasteur pipette. After incubation, 2.5 ml ice-cold 
HBSS without Ca2+ and Mg2+ and with 2 mM EDTA and 0.5% BSA (HBSS+) was added to the suspen-
sion, and the cells were pelleted at 310 g at 4°C for 5 minutes. The supernatant was removed, and pellet was 
resuspended in 1,000 μl of  HBSS+, transferred to an ice-cold 1.7-ml Eppendorf  tube, and triturated gently 
3 times with a fire-polished glass Pasteur pipette. Cells and tissue were centrifuged for 15 seconds at 100 g, 
and the supernatant (containing dissociated cells) was carefully transferred to a prechilled 15-ml conical 
tube. This step was repeated until all/most cells were dissociated. Completing this step correctly and gently 
is critical to obtain a high yield of  healthy cells. The contents of  the 15-ml conical tube was filtered through 
a prewetted 40-μm cell strainer (BD, 352340) into a prechilled 50-ml conical tube and centrifuged at 310 g at 
4°C for 5 minutes. Myelin Removal Beads II (Miltenyi Biotec, 130-096-433) and LS columns (Miltenyi Bio-
tec, 130-042-401) were used according to the manufacturer’s protocol to remove myelin debris. The resulting 
flow-through containing single cells was centrifuged at 310 g at 4°C for 5 minutes. The resulting pellet from 
myelin removal bead flow-through contained a single-cell suspension of  microglia, astrocytes, and vascu-
lar endothelia. In order to isolate oligodendrocytes, the LS column was further loaded with 3 ml HBSS+, 
removed from magnet, plunged into a clean 15-ml conical tube, and centrifuged at 310 G at 4°C for 5 min-
utes. The resulting pellet was resuspended in 5 ml per half  forebrain in 20% isotonic 4°C Percoll PLUS (Mil-
liporeSigma, E0414-250ML) in 1× PBS and centrifuged with low break at 310 g at 4°C for 20 minutes. The 
resulting pellet containing oligodendrocytes and some astrocytes and microglia were washed with HBSS+ to 
remove any traces of  Percoll PLUS and then added back to the main single cell suspension.

The total dissociated single cells were incubated 200 μl HBSS+ containing 1:100 Mouse BD Fc 
Block (BD Biosciences, 553141) for 5 minutes. For cell type labeling, the following antibodies were 
used: 1:200 rat anti-CD45-BV421 (BD Biosciences, catalog 563890); 1:200 anti-CD49a-VioBright FITC 
(Miltenyi Biotec, 130-107-636); 1:200 anti-O4-PE (Miltenyi Biotec, 130-109-199); 1:100 anti-ACSA-
2-APC (Miltenyi Biotec, 130-116-245), and LIVE/DEAD Fixable Blue Dead Cell (Thermo Fisher, 
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catalog L23105). Prior to FACS sorting, the cells were washed twice and resuspended in 500 μl in 
HBSS+. FACS sorting was performed using a BD Aria II on the 100-micron nozzle. Cells were sorted 
into 1.7-ml Eppendorf  tubes containing 200 μl HBSS+ before subsequent centrifugation and resuspen-
sion of  pellets for downstream applications (see the Quantitative RT-PCR and Immunofluorescent staining 
of  cultured cells sections for details). It is important to coat the 1.7-ml Eppendorf  tubes with HBSS+ by 
simple vortex prior to sorting to optimize pelleting of  sorted cells.

Quantitative RT-PCR. Single-cell-type pellets (see the CoBrA section) were lysed in Qiagen RLT buf-
fer containing 1% β-mercaptoethanol immediately following sorting, and RNA was extracted using the 
RNeasy Micro kit (Qiagen, 74004). Brain tissue samples were lysed in Qiagen RLT buffer containing 
1% β-mercaptoethanol, but RNA was extracted using the RNeasy Mini Kit (Qiagen, 74106). Reverse 
transcription was performed using the iScript Reverse Transcription Supermix (Bio-Rad, 1708840) 
according to the manufacturer’s protocol. All RNA isolated from cell pellets was converted into 
cDNA. Quantitative RT-PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, 
172-5120) on a CFX384 Touch Real-Time PCR Detection System. Primer sequences used are listed in 
Supplemental Table 1.

In vitro culture of  sorted cell populations for immunofluorescence. Coverslips (Electron Microcopy Sciences, 
72196-12) were coated with 1× PBS containing a mixture of  25 μg/ml human collagen IV (MilliporeSigma, 
C5533) and 25 μg/ml human fibronectin (Corning, 356008) for astrocytes, endothelia, and oligodendro-
cytes or 10 μg/ml human fibronectin for microglia. All coating was performed using 0.4 ml coating mixture 
for 2–4 hours at 37°C. Following sorting, cells were seeded at approximately 8.25 × 104/cm2, 4 × 105/
cm2, 2.75 × 105/cm2, and 1.5 × 105 cells/cm2 for oligodendrocytes, microglia, astrocytes, and endothelia, 
respectively. Astrocytes and oligodendrocytes were seeded and maintained in DMEM containing 5% FBS, 
B27 supplement (Thermo Fisher, 17504044), 20 ng/ml rhFGF (R&D Systems, 233-FB-025/CF), 10 ng/ml 
rhBDNF (Miltenyi Biotec, 130-096-285), and 100 ng/ml insulin (MilliporeSigma, I2643). Endothelial cells 
were seeded and maintained in EGM-2 MV Bulletkit medium (Lonza, CC-3202). Microglia were seeded 
and maintained in DMEM containing 10% FBS, 10 ng/ml rmGMCSF (R&D Systems, 415-ML/CF), and 
10 ng/ml rmMCSF (R&D Systems, 416-ML/CF). All media were changed every third day. Cultures were 
maintained for 1 week prior to immunofluorescent staining.

Immunofluorescent staining of  cultured cells. Cells were washed once with 1× PBS prior to fixing. Astro-
cytes, oligodendrocytes, and microglia were fixed in 4% PFA for 30 minutes. Endothelial cells were fixed on 
ice in an ice-cold mixture of  50% acetone and 50% methanol for 20 minutes. Cells were then blocked and 
permeabilized in PBS containing 0.4% Triton X-100, 1% BSA, and 5% donkey serum at room temperature 
for 1 hour. Cells were stained using primary antibodies: chicken anti-GFAP (1:2,000, Abcam, 4674); mouse 
anti-MBP (1:500, Covance, SMI-99P); rabbit anti-Iba1 (1:1,000, Wako, 019-19741); and rabbit anti-ZO1 
(1:250, Cell Signaling Technologies, 5406S). Then, they were diluted in blocking buffer and lightly rocked 
overnight at 4°C. Cells were washed 3 times with PBS, and secondary antibodies were diluted 1:1,000 and 
incubated at room temperature in blocking buffer. Cells were washed 3 times in PBS, and coverslips were 
mounted onto slides using Vectashield mounting medium (Vector Labs, H-1200). Confocal microscopy 
was performed using the Leica DM-2500.

Immunostaining of  brain sections and image quantification. Mice were perfused with 4% PFA, and brains 
were post-fixed in 4% PFA overnight at 4°C followed by cryoprotection in 40% sucrose. Thirty-micrometer 
coronal sections were cut with a microtome and stored in cryoprotectant at −20°C. For each experiment, 
sections were collected randomly from at least 3 animals. Sections were extensively washed in PBS; blocked 
with PBS containing 0.4% Triton X-100, 1% BSA, and 5% donkey serum for 30 minutes; and then incu-
bated in primary antibody diluted in blocking solution overnight at 4°C (mouse anti-GFAP [Millipore, 
MAB3402]; rabbit anti-Iba1 [Wako, 019-19741]; mouse anti-6E10 [MilliporeSigma, A1474]). After wash-
ing, sections were incubated in secondary antibody for 1 hour at room temperature and mounted in DAPI 
solution after final washing. The brain sections were imaged using a Leica laser confocal microscope. For 
the quantification of  reactive glial cells in the mouse cortex and hippocampus, the sections were scanned 
using an EVOS FL Auto system. Images were then processed by ImageJ (NIH), and background was sub-
tracted by the software for fluorescence images before quantification.

Statistics. All data are presented as mean ± SEM. Pairwise comparisons were analyzed using a 2-tailed 
Student’s t test for all analyses. P values of  less than or equal to 0.05 were considered statistically signifi-
cant. P values higher than 0.05 were considered nonsignificant.
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