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Published: 26 September 2016 Cellular hetero.genelty is |nherent.|n most human t_lssu_es, making the investigation o.f specific cell _
types challenging. Here, we describe a novel, fixation/intracellular target-based sorting and protein
extraction method to provide accurate protein characterization for cell subpopulations. Validation
and feasibility tests were conducted using homogeneous, neural cell lines and heterogeneous, rat

. brain cells, respectively. Intracellular proteins of interest were labeled with fluorescent antibodies

. forfluorescence-activated cell sorting. Reproducible protein extraction from fresh and fixed samples

. required lysis buffer with high concentrations of Tris-HCl and sodium dodecyl sulfate as well as exposure
to high heat. No deterioration in protein amount or quality was observed for fixed, sorted samples. For
the feasibility experiment, a primary rat subpopulation of neuronal cells was selected for based on high,
intracellular 3-111 tubulin signal. These cells showed distinct protein expression differences from the
unsorted population for specific (phosphorylated tau) and non-specific (total tau) protein targets. Our
approach allows for determining more accurate protein profiles directly from cell types of interest and
provides a platform technology in which any cell subpopulation can be biochemically investigated.

The brain is a complex organ comprised of physically intertwining and chemically interdependent cell popu-

. lations. Accurately characterizing brain cell subpopulations is a necessary step for understanding normal and

: pathological neurobiology, as individual cell types may be disparately affected by stimuli, environmental con-

. ditions, or disease states2. However, identifying specific molecular properties, as well as differences in ubig-
uitously expressed proteins, for cell subpopulations poses a significant methodological challenge. Traditional
identification of nervous system cells has been reliant on morphology, anatomical location, electrophysiology,
immunohistochemical markers, retrograde tracers, and/or generation of transgenic models*->. Commonly, for
characterization studies, a region of the brain is isolated, cultured, and analyzed®®. By processing heterogeneous
samples without initial purification or enrichment, the expression levels of sparse subpopulations may become
masked in the average, particularly if the protein(s) of interest (POI) is not unique to the subpopulation cell type.
Subsequent genomic or proteomic testing of these mixed-population samples are biased by the large percentage of
non-target cell types as well as by the non-physiological conditions attributed to in vitro culturing®”. To effectively
assess cell subpopulations, samples can be directly isolated from tissues, enriched specifically for the subpopula-
tion, and analyzed to establish more accurate protein expression profiles.

Many techniques commonly used to study subpopulations are hindered by limited yields or throughput,
inability to perform quantitative assays (e.g., immunohistochemistry), highly technical and time-consuming
procedures (e.g., laser capture microdissection), or require genetic modification or low-efficiency transfection
(e.g., lineage tracing, GFP-fusions)®’. Single-cell analyses are ideal for analyzing cell-to-cell variability, but these
techniques are prone to false negatives and may be less reproducible than data gathered from pooled cells®®.
Fluorescence-activated cell sorting (FACS) overcomes some of these limitations by rapidly separating large num-
bers of cells based on size, granularity, and molecular phenotype with minimal non-target cell contamination®.
Specific POIs may be fluorescently tagged using retrograde tracers!’, generating transgenic mouse lines>!1-13, or
labeling cell surface markers'*-16. While these methods are appropriate for certain studies, they limit researchers
to using transgenic-modified, non-human species or a small subset of membrane-associated, targeting proteins
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with variable specificity for a given cell type. To improve upon these methodologies, we prepared samples for
FACS by fluorescently labeling intracellular proteins that are characteristic of the target cell type. By doing so,
subpopulations can be targeted more specifically with a broad array of available antibodies. Previous groups have
shown the feasibility of this approach!”!8, but none have subsequently analyzed the resulting subpopulations for
characteristic protein expression.

Successful sorting of samples based on intracellular markers requires fixation, which can be problematic for
downstream assays that rely on the separation of proteins for detection. In our method, we used 10% buffered
formalin phosphate (10% formalin) because it is a highly common, cost-effective, and efficient fixative!®. While
not widely adopted beyond histology/cancer biology fields, extraction of proteins from formalin-fixed samples is
an established technique, whereby formalin-fixed paraffin-embedded (FFPE) tissues are sectioned and subjected
to high heat and denaturing agents to de-crosslink formalin-protein bonds?*-?%. To our knowledge, no one has
applied this technique to establish protein profiles of cell populations sorted by FACS.

In this study, we developed a novel, fixation/sorting/protein extraction method to determine more accurate
protein expression in cell subpopulations. Our overall protocol involved the following steps: (1) cell isolation; (2)
fixation; (3) immunolabeling for our target protein of choice, 3-III tubulin (TUBB3), a common neuron-specific,
intracellular marker?, followed by FACS; and (4) protein extraction from cell subpopulations for western blot
(WB) analysis. Individual steps of the process were validated using neural lineage-specific cell lines. To evaluate
feasibility in a biologically complex system, we applied our methodology to a heterogeneous mix of primary,
neonatal rat brain cells in which subpopulations were identified by high and low TUBB3 signal, sorted, processed,
and analyzed for disease-relevant, tau protein variant expression.

Results

Comparison of extracted proteins from fresh and formalin-fixed samples. A consistently relia-
ble protocol for processing fresh and fixed samples was selected based on total protein isolation. To maintain a
controlled biological system while validating protein extraction protocols, two cell lines were chosen based on
their expression of the neuronal marker, TUBB3: SH-SY5Y (TUBB3+, “neuronal”) and SK-N-MC (TUBB3—,
“non-neuronal”). As verified by immunofluorescence (IF), SH-SY5Y cells highly expressed TUBB3, while
SK-N-MC cells had very low TUBB3 expression (Fig. 1a). Three different, commonly used protein extraction
protocols, as inspired from FFPE literature, were evaluated based on Coomassie Blue stained general protein
banding and WB?#2527, Results showed that a lysis buffer containing 300 mM Tris-HCI, 2% sodium dodecyl sul-
fate (SDS), and 2X protease and phosphatase inhibitor cocktail?® assured maximal protein extraction from fixed
samples without significant protein aggregation (Supplementary Fig. S1).

In addition to high Tris-HCI concentrations and the presence of the anionic detergent SDS, protein extrac-
tion of fixed samples required lysis by boiling (100 °C) to extract as much or more protein than that of fresh
samples using the gold standard technique of lysis on ice (4 °C). Two protein extraction protocols, lysis on ice?”’
or boiling?*?%?8, were evaluated based on total protein extracted as well as the previously described criteria. Total
protein extracted was compared within cell lines (Fig. 1b). Within SH-SY5Y cell lysates, fresh samples lysed by
boiling had three-times higher protein extraction yields than formalin-fixed samples on ice (P < 0.02). All other
SH-SY5Y cell conditions were not significantly different from each other. Within SK-N-MC cell lysates, fresh
samples lysed by boiling had protein extraction yields that ranged from 1.5-3 times higher than fresh samples
lysed on ice, formalin-fixed samples lysed on ice, and formalin-fixed samples lysed by boiling (P < 0.01). All other
SK-N-MC cell conditions were not significantly different from each other. As before, the presence of extensive
protein aggregation was evaluated by Coomassie Blue staining, with results showing similar banding patterns
across the entire length of polyacrylamide gel electrophoresis (PAGE) gels in all conditions except those fixed
with 10% formalin and lysed on ice (lanes 3 and 7). In these lanes, protein clumps were found at the top of PAGE
gels (>260kDa). Subsequent WBs were probed for our POL, TUBB3 (Fig. 1¢). In SH-SY5Y cell lysates, similar
levels of TUBB3 expression were detected across fresh samples lysed on ice, fresh samples lysed by boiling, and
fixed samples lysed by boiling. Meanwhile, lower TUBB3 levels were found in fixed samples lysed on ice. Trends
in protein banding and TUBB3 expression were consistent over four independent runs (Supplementary Fig. S2).
In all following experiments, protein from formalin-fixed samples was extracted using the boiling method.

Intracellular target-based FACS protocol validation. The ability to sort cell populations based on our
intracellular target TUBB3 was evaluated by pre- and post-FACS fluorescence imaging and WB. In addition to
TUBB3+ (SH-SH5Y cells only) and TUBB3— (SK-N-MC cells only) controls, cell lines were mixed together in
a ratio of 25% SH-SY5Y cells: 75% SK-N-MC cells (25:75) to artificially establish a well-defined, heterogeneous
population. As expected, imaging showed SH-SY5Y cells were primarily TUBB3+, SK-N-MC cells were primar-
ily TUBB3—, and 25:75 cells were 27% TUBB3+ (Fig. 2a). All cell groups exhibited limited debris when assessing
their forward and side scatter plots (Fig. 3a). Post-FACS, TUBB3 expression for cell groups remained consistent
for all iterations of the experiment. SH-SY5Y cells had a single, primarily positive peak; SK-N-MC cells had a
single, primarily negative peak; and 25:75 cells had two distinct peaks in which the positive peak (TUBB3+) had
approximately one quarter of total events collected, indicating the cell separation worked as anticipated (Fig. 2a).
Based on flow cytometric analysis, SH-SY5Y cells had a 20 4= 11% false negative rate, and SK-N-MC cells had
a7+ 7% false positive rate. 25:75 samples had lower false positive and false negative rates (~3%) than those of
single cell type samples. After sorting, fluorescence imaging of collected cells further corroborated these findings,
showing that SH-SY5Y cells and TUBB3+ enrichment groups were primarily TUBB3+; both SK-N-MC cells and
TUBB3— enrichment groups were primarily TUBB3—; and 25:75 unsorted group was 29% TUBB3+ (Fig. 2b).
To confirm the expected TUBB3 expression, post-FACS cells corresponding to positive (SH-SY5Y), negative
(SK-N-MC), and mixed (25:75, +/—/unsorted) samples were assessed by WB (Fig. 2c). Previous validation exper-
iments indicated that antibody labeling for FACS did not affect subsequent probing for the same antigen after
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Figure 1. Protein extraction from formalin-fixed cells is comparable to fresh cells when lysing protocol
includes high concentrations of Tris-HCI, anionic detergent SDS, and high heat. (a) Expression of TUBB3
(green) in cell lines SH-SY5Y and SK-N-MC. Scale bar, 200 pm. DAPI, 4/,6-diamino-2-phenylindole (blue).

(b) Total protein isolated from formalin-fixed cells was compared to fresh cells under two different lysing
conditions (4°C, ice; 100 °C, boil). Data represented as mean =+ standard deviation (s.d.) from four, independent
experiments. Within cell lines, one-way ANOVAs were performed to determine significance (unlike letters are
significantly different from each other, P < 0.02). (c) Protein quality assessed by Coomassie Blue stained PAGE
gel for general banding and WB for POI.
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Figure 2. Cellline controlled ratio sorts and subsequent WBs support validity of method to enrich for
cell subpopulations. (a) Representative cell populations pre-FACS and histograms collected during FACS.
Ab-labeled, TUBB3+ (green) population quantified. (b) Representative images of post-FACS, collected

cell populations. (c) Representative WB of post-FACS, collected cell populations for TUBB3 expression.
Densitometry-based quantification of TUBB3-positive expression from three, independent experiments
(mean £s.d.). One-way ANOVA was performed to determine significance among all control and enrichment
groups (unlike letters are significantly different from each other, P < 0.04). Scale bars, 200 pum.
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Figure 3. Forward vs. side scatter plots for (a) all cell line and (b) primary cell groups. Dots indicate sorted
events included within the gated region. FSC, forward scatter; SSC, side scatter.

processing samples for WB (Supplementary Fig. S3). Results showed that TUBB3 expression in the 25:75 unsorted
sample was slightly higher than expected (~30% of the positive control). TUBB34- and TUBB3— enriched groups
had similar protein expression levels to the positive and negative samples, respectively, indicating the sort and
protein assessment were successful. All cell line control and enrichment groups were statistically significant from
each other (P < 0.04), except between SK-N-MC cells and TUBB3— enrichment groups. Trends in sorts and sub-
sequent TUBB3 protein expression were consistent over three independent iterations (Supplementary Fig. S4).

Neonatal rat brain cell feasibility experiment. Neonatal rat brain cells were used as a representative
model of cellular heterogeneity found in primary tissues. To visualize the variety of cell types present in these
primary samples, cells were cultured on poly-D-lysine (PDL)-coated plastic for 4 days, and immunostained for
standard, brain cell type markers. Specifically, neurons (TUBB3+), astrocytes (glial fibrillary acidic protein;
GFAP+), oligodendrocytes (oligodendrocyte marker 1; O1+), neural progenitor cells (NPC) (nestin+), and
microglia (CD11b+) were identified (Fig. 4a). Fluorescence image analysis showed that approximately 44% of 2D
cultured cells were TUBB3+. Quantification of the other brain markers showed 4% GFAP+, 12% Nestin+, 9%
CD11b+, and 17% O1+ for a single, independent run. The extent of co-expression for specific markers in these
cells was not evaluated.

Subsequent to the cell line validation experiments, primary brain cells were pooled from nine rats, labeled
with TUBB3, and sorted. The forward and side scatter plot for FACS showed limited debris along with less uni-
formity in size and granularity as compared to cell line runs (Fig. 3b). This heterogeneity was also observed
for TUBB3 expression in brain cell isolates evaluated by fluorescence microscopy and FACS (Fig. 4b). Rather
than a binary, positive-negative signal, multiple positive peaks were present. Due to the heterogeneous nature of
TUBB3+ cells, the sample was split into TUBB3-high expressers (TUBB3y,,) in which the majority of TUBB3+
cells representing a “Neuron” population were captured and TUBB3-low expressers (TUBB3,,,,) in which all
“Other” cells were captured. While TUBB3 is not a completely exclusive marker for neurons, it was used as such
for demonstration purposes in this study. The gating threshold took into account both TUBB3 signal level - above
the third decade of fluorescence as established from cell line sorts — and cell numbers, which had to be sufficiently
high to allow for subsequent protein analysis. In total, 44% of cells were collected in the Neuron group, and 56%
of cells were collected in the Other group. Unsorted and sorted cells were imaged post-FACS. The unsorted group
was composed of ~30% TUBB3+ cells; the Neuron group was ~80% TUBB3+ cells; and the Other group was ~5%
TUBB3+ cells (Fig. 4¢). Sorting success was verified by WB (Fig. 4e). As compared to the unsorted group, TUBB3
expression was 100% higher in the Neuron group and negligible in the Other group.

Beyond TUBB3 expression, samples were probed for other POIs. Specifically, two tau proteins were chosen to
highlight the usefulness of this method to study 1) proteins specific to a single cell type and 2) expression levels of
ubiquitous proteins in a single cell type. Paired helical filament-1-specific, phosphorylated tau (p-tau) binds to a single
phosphorylated residue (at serine 396, for respective antibody used) and was chosen because, in neonatal rats, it is only
present in neurons®**. Total tau (t-tau) binds to all six isoforms of tau and was chosen because it is found at different
expression levels in neurons, astrocytes, and oligodendrocytes®*2. Both proteins were detected by IF in heterogeneous
brain cell, 2D cultures for a single feasibility experiment (Fig. 4d). WB assessment of these tau isoforms in sorted groups
showed the feasibility of examining protein expression in a given cell type without bias from the larger population. In
the Neuron group, p-tau expression increased by 150%, and t-tau expression increased 200-300% (for molecular weight
bands, 45 and 50kDa, respectively) relative to the unsorted sample (Fig. 4e). In the Other group, p-tau expression was
negligible, and t-tau expression was overall lower as compared to the unsorted sample.

Discussion

In the current study, we established and validated a novel fixation/sorting/protein extraction method in which
cell subpopulations can be identified and collected based on an intracellular marker and their protein expression
characterized without bias from the larger population. By fixing cells immediately after tissue dissociation, rep-
resentative cellular heterogeneity was maintained, and respective molecular expression was preserved?>*. This
process allowed maintenance of cell characteristics outside original physiological environments without invoking
potential changes due to standard 2D cell culturing conditions”"”. Furthermore, by fixing samples, cells could be
immunolabeled and subsequently sorted based on intracellular markers, which provides investigators with vastly
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Figure 4. Heterogeneity found in neonatal rat brain cells underlines importance of subpopulation
identification and enrichment for more useful/accurate protein characterization. (a) Representative images
of primary, neonatal, rat brain cells cultured in 2D. Cell nuclei are labeled with DAPI (blue). Scale bar, 100 um.
(b) Representative image of TUBB3-immunostained, unsorted cells in suspension prior to enrichment and
subsequent distribution of TUBB3-associated fluorescence levels (green). Scale bar, 200 um. (c) Representative
images of post-FACS, collected cells. TUBB3 (green) population was quantified. Scale bars, 200 um. (d) IF
images of primary neonatal rat brain cells cultured in 2D. P-tau (green), t-tau (red), and DAPI (blue) populations
were quantified. Identification of cell types was based on tau expression and morphology. (1) Neuron; (2) Astrocyte;
(3) Oligodendrocyte. Scale bar, 100 pm. (e) WB and quantification of post-FACS, collected cells.

more cell type-specific targets'®. By taking advantage of commercially available antibodies, this protocol can the-
oretically be applied to any cell or animal model of interest.

While fixation and sorting based on intracellular markers has been used previously to obtain cell subpopu-
lations, these studies limited analyses to gene expression'”!®. Commonly, mRNA abundance has been used as a
proxy for protein abundance, which assumes that mRNA presence is the major factor determining the amount
of protein made®*. However, overall mRNA abundance has a relatively low correlation with protein synthesis
(squared Pearson’s coefficient of ~0.4) due to post-transcriptional modification and regulation®>*. Therefore,
protein characterization provides the most concrete representation of cell phenotype?. Through our method, we
employed a high throughput, user-friendly procedure in which common and commercially available materials
were used to study protein expression in specified cell populations. Collected cell lysates were used for the study
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of many different proteins, underlining this protocol’s usefulness in establishing more accurate protein profiles
for specific cell types.

Lysis buffer composition and high heat were both critical for successful isolation of proteins from fixed sam-
ples. The chosen lysis buffer was made of a high concentration of Tris-HCl and 2% SDS. Tris-HCl has been impli-
cated in helping the formalin fixation reversal process by acting as a formaldehyde scavenger and/or may direct
formaldehyde crosslinks through transamination®. SDS both denatures and acts as a detergent on fixed pro-
teins?2. Lastly, by heating samples to boiling temperatures, proteins become less tangled, and methylene bridges
may undergo partial thermal hydrolysis*"?2. Of note, regardless of cell type, fresh samples lysed by boiling had
significantly higher total protein collected. Based on these findings, denaturing of proteins due to the exposure of
high heat and SDS may increase availability of proteins to be collected as compared to standard WB lysing condi-
tions in which samples remain on ice. However, this processing is not suitable for all protein assays, particularly
those that depend on maintenance of physiological structure (e.g., co-immunoprecipitation, chromatin immu-
noprecipitation, two-hybrid system, x-ray crystallography).

Intracellular target-based FACS validation experiments worked as anticipated, as demonstrated using pure or
proportioned populations of neural cell lines. TUBB3 expression was largely consistent between cell line controls
and respective, positive/negative enrichment groups. Interestingly, the enriched TUBB3+- group exhibited higher
TUBB3 expression by WB densitometry than the pure, positive control group (SH-SY5Y cell line). This result was
driven by the variability in TUBB3 expression levels that exist even in SH-SY5Y cells, which by flow cytometry
showed only 80% positive cells (Fig. 2a histograms). Overall, TUBB3 expression between positive conditions
(SH-SY5Y and TUBB3+) and negative conditions (SK-N-MC and TUBB3—) was clearly distinct, even when
accounting for possible false positive/negative signals.

Brain cells from rat neonates were used as a representative model of cellular heterogeneity found in primary
tissues. While TUBB3 is a standard neuronal marker, expression level of this protein can vary significantly across
neural cell types®”. The current study supported this observation, with flow cytometric data for TUBB3 expres-
sion in neonatal rat brain cells ranging over multiple decades of fluorescence. The feasibility portion of this study
focused on separating and analyzing protein expression in neurons; however, many other cell types of potential
interest were also present in the harvested brain cell isolate. Astrocytes, oligodendrocytes, microglia, and NPCs
each comprised small portions of the total cell population. The presented method could be applied to any of these
cell types to evaluate unique or ubiquitous protein characterization without bias from the larger population.
While exact cell composition for complex, developing organs like the brain may vary with animal model and age,
the need for robust enrichment strategies that allow for characterizing protein expression in important cell types
is clear.

The importance of our demonstrated method lies in its ability to assess multiple POIs, which may be cell
type-specific or ubiquitously expressed, in isolated cell subpopulations. As a feasibility experiment, two tau pro-
teins were chosen to illustrate this point. Tau is a major microtubule-associated protein that helps maintain the
stability of axonal and cellular processes by allowing microtubules to interact with other cytoskeletal elements,
such as spectrin and actin filaments?**#. In healthy brains, tau is primarily found in neurons, but non-neuronal
cells, such as astrocytes and oligodendrocytes, also have low expression of tau**>*-*>, Due to alternative splicing
on the MAPT gene, there are six different tau isoforms, which are differentially expressed throughout develop-
ment and may not be equally expressed across all types of neurons®***#2, In fetal and neonatal neurons, p-tau
(at serine 396) is highly abundant, which may be due to the dynamic role p-tau plays in establishing neuronal
architecture®*42, This was confirmed for isolated, primary, neonatal rat brain cells, as detected by both IF and WB.
The Neuron enrichment group, in which cells had the highest expression of TUBB3, were co-expressive for p-tau,
as was previously established by Tashiro and colleagues®. In contrast, t-tau (in which all tau isoforms are recog-
nized) was detectable in both Neuron and Other enrichment groups, although at different levels with t-tau being
higher in Neuron and lower in Other cell populations. By selectively isolating high and low TUBB3-expressing
cells, proteins like tau may be studied in specific cell populations without being biased by other resident cell types.
This may be especially advantageous when considering the role of tau and the development of neurodegenerative
diseases. Under pathological conditions, including Alzheimer’s disease, PicK’s disease, and ischemic stroke, varia-
tions in abnormal tau expression and tau aggregate formation are found in different anatomical regions, cell types,
cell type subpopulations, isoform ratios, and intensities of phosphorylation®»*4!. Classically, characterization of
tau pathology has been limited to immunohistochemistry, electron microscopy, standard immunoblotting, and
identification of morphological features*!. Due to the inherent variation in tau, the described method may clarify
the role of cell subpopulations in disease progression and potential identification of therapeutic strategies***>.

The limitations of this method align primarily with those inherent in the individual procedures and analysis
techniques. The cell subpopulation being enriched has to be identifiable based on a specific, molecular marker,
which may not be known for all cell types of interest. Antibody specificity, cell preparation, and POI localization
can all contribute to loss of signal'7#%#7. Large cell numbers, relative to the rarity of the cell type being examined,
are required to account for cell loss during FACS and to assure sufficient cell yield needed for successful protein
extraction; however, this may be remedied by using more sensitive protein assays, such as enzyme-linked immu-
nosorbent assays (ELISAs)*%. Also, FACS sample gating may disproportionately exclude certain cell types. This
was evident in the feasibility experiment, where TUBB3 expression in the unsorted population changed from
~40% (pre-FACS) to ~30% (post-FACS), indicating that a disproportionate number of TUBB3+ cells fell outside
the FSC-SSC gate. The method is not applicable to live cells, which obviates the possibility for functional assays,
but does provide a novel means for studying protein expression in sparse subpopulations. Our major goals were
to obtain more accurate protein profiles directly from cell types of interest and to establish a platform technology
in which any cell subpopulation can be biochemically investigated using common, downstream analyses.

Our presented method provides a platform from which cell subpopulation protein characterization can be
investigated for both cell type-specific and ubiquitously expressed proteins. Combinations of intracellular markers
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allow for the collection of more specific cell subpopulations than extracellular, surface markers alone, while still
allowing for protein assessment using quantitative assays such as WB and, possibly, ELISA and proteomics. While
TUBB3 expression in the brain was demonstrated as a feasible target, this platform methodology is compatible
with virtually any fluorescent antibody and can be applied to study many other relevant cell sources and tissues
made complicated by heterogeneity.

Materials and Methods

Antibodies. Primary antibodies used in the study included: Mouse anti-TUBB3 (801201, 1:500 for WBs
and IF, Biolegend), rabbit anti-GFAP (Z0334, 1:1000 for IF, Dako), mouse anti-nestin (MAB353, 1:200 for IF,
Millipore), mouse anti-CD11b (CBL1512, 1:50 for IE, Millipore), mouse anti-O1 (MAB344, 1:50 for IF, Millipore),
rabbit anti-TUBB3 (ab18207, 1:100 for sorts, Abcam), mouse anti-3-actin (ab6276, 1:1,000 for WB, Abcam),
mouse anti-TAU-5 (refers to t-tau; ab80579, 1:500 for WB and 1:100 for IF, Abcam), and rabbit anti-tau (phos-
pho S396) (ab109390, 1:1,000 for WB and 1:100 for IF, Abcam). For sorting studies, primary antibodies were
detected with goat anti-rabbit IgG (H&L) secondary antibody conjugated to Alexa Fluor 488 (A11008, 1:100, Life
Technologies). For IF studies, primary antibodies were detected with either goat anti-rabbit IgG (H&L) Alexa
Fluor 488 (A11008, 1:500, Life Technologies) or Cy5 AffiniPure goat anti-mouse IgG (H&L) (115-175-146, 1:500,
Jackson ImmunoResearch). For WB using chemiluminescence detection, primary antibodies were detected using
rat anti-mouse IgG1 HRP-conjugated secondary antibody (18-4015-82, 1:10,000, Affymetrix eBioscience) or goat
anti-mouse IgG2a HRP-conjugated secondary antibody (sc-2061, 1:5,000, Santa Cruz Biotechnology). For WB
using near-infrared (NIR) detection, primary antibodies were detected using IRDye 800CW goat anti-mouse
(925-332210) or IRDye 680RD donkey anti-rabbit (925-68073) secondary antibodies (1:15,000, LI-COR). All
antibodies were diluted in 1-5% wt/vol (1% for IF; 3% for sorts; 5% for WBs) bovine serum albumin (BSA; Fisher
Scientific) (Fraction IV) in phosphate buffered saline (PBS) or 1X tris-buffered saline tween (TBST).

Cell lines and reagents. Two different cell lines were used in this study: SH-SY5Y (human, bone
marrow-derived neuroblastoma) and SK-N-MC (human, brain-derived neuroepithelioma). SH-SY5Y cells (a gift
from Dr. Eric Morrow, purchased from ATCC, CRL-2266, lot# 59121171) were expanded in high glucose DMEM
(HyClone, GE Healthcare) with 10% FBS (Zen-Bio, lot# 08152003), 1% penicillin/streptomycin (HyClone, GE
Healthcare), and 1% Gluta-Max (HyClone, Thermo Scientific). SK-N-MC cells (purchased from ATCC, HTB-10,
lot# 58078653) were grown in MEM (HyClone, GE Healthcare) supplemented with 10% FBS and 1% penicillin/
streptomycin. Cultures were maintained in incubators at 37 °C with 5% CO, and were passaged when cell conflu-
ence reached 60-80% using 0.25% trypsin-EDTA (HyClone, GE Healthcare). Cell lines were recently authenti-
cated using short tandem repeat profiling by ATCC, which confirmed that both cell lines were exact matches for
corresponding ATCC standards.

Primary cell isolation. Brown University’s Institutional Animal Care and Use Committee approved all
protocols related to primary cell isolation (IACUC #1409000090A002), and the methods were carried out in
accordance with the approved protocols. Whole brains were isolated from postnatal day 1-2 CD rats (Charles
River). Cell isolation followed a modified BrainBits protocol* (Fig. 5, Part 1). Briefly, meninges were removed
from whole brains while submerged in Hibernate A buffer (BrainBits) supplemented with 1X B27 (Invitrogen)
and 0.5mM Gluta-Max. Each brain was minced into ~2 mm? pieces and digested in 2 mg/mL papain (BrainBits)
solution dissolved in Hibernate A without calcium buffer (BrainBits) at 30 °C for 30 minutes. After removing the
papain solution, tissues were titurated 25 times with a fire polished Pasteur pipette in Hibernate A/B27 buffer.
The cell suspension was centrifuged for 5 minutes at 150 x g and was resuspended in culture medium composed
of Neurobasal A medium (Invitrogen) supplemented with 1X B27, 0.5 mM Gluta-Max, and 1X penicillin/strep-
tomycin. To remove cellular debris, resuspended cells were passed through a 40 pm cell strainer, centrifuged for
5minutes at 150 x g, and resuspended in culture medium. Cell straining, centrifugation, and resuspension were
repeated once more. Cell viability and yields were calculated by using a trypan blue exclusion assay (HyClone,
Thermo Scientific). On average, cell viability was 97% (+1%), and cell yields were 37 x 10° (£3 x 10°) cells per

pup-

Immunofluorescence. Cell line cultures were seeded onto sterile 15 mm? circular glass coverslips at
85,000 cells/cm? and grown for 4 days. Primary, neonatal rat brain cells were seeded onto 50 pg/mL PDL
(Sigma)-coated wells at a density of 72,000 cells/cm*and were also cultured for 4 days. Cell line cultures were fixed
with 10% formalin (Fisher Scientific), while primary, neonatal rat cultures were fixed with 4% vol/vol paraform-
aldehyde (Electron Microscopy Science) supplemented with 8% wt/vol sucrose (Fisher Scientific). In both cases,
cells were fixed for 10 minutes. Following fixation, samples were washed three times with 1X PBS (standard for
all wash steps) and permeabilized with 0.1% vol/vol Triton X-100 (Fisher Scientific) in 1X PBS for 10 minutes.
Cultures were washed and blocked with 3% wt/vol BSA in 1X PBS for 1 hour. Primary antibodies were incubated
with samples for 1hour at room temperature or overnight at 4 °C. After washing, secondary antibodies were
incubated with samples for 1 hour at room temperature. Lastly, samples were washed, and nuclei were stained
with 1pg/mL DAPI (Thermo Fisher Scientific) in 1X PBS. Images were taken on a Cytation 3 Reader (BioTek
Instruments) or a Nikon Eclipse Ti-U epifluorescent microscope (Nikon Instruments) with a QICAM digital
camera (QImaging). Quantification was based on raw, untouched images using Gen5 Data Analysis Software to
count nuclei as well as positively antibody-labeled cells (BioTek Instruments). Images shown were enhanced by
adjusting brightness and contrast uniformly across the entire image to show morphology. All cell line and pri-
mary cell results were from single experiments with 3-4 technical replicates, respectively.

FACS based on intracellularTUBB3 expression.  Cell Line Sorts. To determine how well our proposed
method resolved isolating cell subpopulations under idealized conditions, cell lines SH-SY5Y and SK-N-MC were
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Figure 5. Methodology schematic. (1) Isolate tissue of interest and dissociate cells; (2) Fix samples in
suspension with 10% formalin; (3) Label cells with a specific intracellular marker for the cell population of
interest and select for cells using FACS; (4) Extract protein from collected samples, and run protein assays. Ab,
antibody.

used as positive and negative controls for TUBB3 expression, respectively, our chosen marker for subsequent
sorting (Fig. 5, Part 3). Briefly, cell lines were uplifted using 0.25% trypsin-EDTA, centrifuged for 5 minutes at
400 x g, resuspended in their respective culture medium, and counted using the trypan blue exclusion assay. Cells
were again centrifuged for 5 minutes at 400 x g and resuspended at 10 x 10°cells/mL in 10% formalin for 10 min-
utes. For each unsorted condition, 1-2 mL of the cell suspension were processed by FACS, and for each sorted
condition, 3-6 mL of the cell suspension were processed. Cells were then centrifuged for 5 minutes at 2,500 X g
and resuspended in 1X PBS. At this point, cells were split into four groups: (1) Cell line only: no antibody labeling
control; (2) Cell line only: secondary antibody labeling control; (3) Cell line only with both primary and second-
ary antibody labeling; and (4) Mixed ratio of 25% SH-SY5Y cells: 75% SK-N-MC cells (25:75) with full antibody
labeling. Volumes of each sample fit within 1.7 mL snap cap tubes. All seven samples were centrifuged for 5min-
utes at 2,500 x g and washed three times with 1X PBS. Samples were resuspended at 10 x 10°cells/mL in 1X PBS
and stored overnight at 4 °C. The following day, after cells were washed once with cold, 1% wt/vol BSA in 1X PBS
(wash buffer), samples were incubated with 0.5% vol/vol Tween20 (Fisher Scientific) for 15 minutes in the dark
at room temperature to permeabilize cells. Samples were washed once with cold wash buffer and then blocked
with cold, 3% wt/vol BSA for 30 minutes at room temperature. Cells were incubated with primary antibodies for
30 minutes at room temperature, followed by two iterations of centrifugation (5 minutes at 2,500 x g) and washes
with cold wash buffer. Then, cells were incubated with secondary antibody for 30 minutes at room temperature in
the dark, followed by two iterations of centrifugation (5 minutes at 2,500 x g) and washing with cold wash buffer.
Finally, a sample of cells from each group was counted, and each sample was resuspended at 20 x 10°cells/mL in
1X PBS.

Directly prior to sorting, cells were passed through a 40 um filter. An Influx high-speed cell sorter (BD
Bioscience) using a 488 nm laser and a 530/30 bandpass filter was used to sort cells. Non-antibody-labeled con-
trols were used to gate forward and side scatter profiles for both cell lines. Secondary-only controls were used to
establish fluorescence baseline noise. Fully antibody labeled SH-SY5Y cells were used to gate positive TUBB3
expression, and fully antibody labeled SK-N-MC cells were used to gate negative TUBB3 expression. Single cell
line, fully antibody-labeled groups were run through the sorter and collected in their entirety (i.e., collected based
on gating their forward and side scatter profiles and exclusion of any doublets or triplets). The 25:75 group was
sorted into TUBB3+ and TUBB3— populations. All samples were collected into 50 mL falcon tubes, and a small
sample of collected cells was imaged. All other cells were immediately prepared for protein extraction. Results
were from three, independent experiments. All results from sorts were graphed using Flow]Jo 10.1 software.

Primary Cell Sort. To explore the feasibility of the proposed method for a heterogeneous, primary cell popula-
tion, cells were isolated and pooled from the whole brains of 9 rat neonatal pups. After cell isolation and disso-
ciation, cells were immediately fixed with 10% formalin in suspension for 10 minutes, washed three times with
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1X PBS, and incubated overnight at 4°C in 1% wt/vol BSA in 1X PBS to minimize cell clumping (Fig. 5, Part 2).
Cells were then split into four groups: (1) No-antibody labeling control; (2) Secondary antibody-only control; (3)
Fully antibody-labeled sample collected in its entirety through the FACS instrument (unsorted); and (4) Fully
antibody-labeled sample sorted based on positive and negative TUBB3 expression. 90 x 10°cells (e.g., 9 mL cell
suspension) were used for the unsorted condition, and 180 x 10°cells (e.g., 18 mL cell suspension) were used for
the sorted condition. Antibody labeling followed the procedures described above. Since TUBB3 expression in
primary cells spanned a three-decade continuum, gating was designated by fluorescence intensity for the upper
third (TUBB3,,;,; “Neuron” enrichment group) and lower two-thirds (TUBB3,,; “Other” enrichment group).
This gating corresponded to the fluorescence profile for positive and negative cell lines. Data were collected from
a single feasibility run (n =9rats, cells pooled), and results were graphed using Flow]Jo 10.1 software.

Total protein isolation and quantification. To investigate parameters required to extract protein from
formalin-fixed cells, SH-SY5Y cells and SK-N-MC cells lines were used as representative samples, and three lysis
buffers (varying in concentration of Tris and addition of SDS) were assessed based on their general protein band-
ing profile and WB protein expression for our POI TUBB3. Ultimately, the most reliable lysis buffer was com-
posed of 300 mM Tris-HCI (Fisher Scientific) at pH 8, with 2% SDS (Fisher Scientific) and 2X Halt Protease and
Phosphatase Single-Use Inhibitor Cocktail (Pierce, Thermo Scientific)*. Two lysis protocols were evaluated: (A)
30 minutes on ice (standard for WB sample preparation?’) or (B) 30 minutes at 100 °C followed by 2 hours at 60°C
(boiling method; accepted for FFPE samples??#*?). All samples were then centrifuged at 4 °C for 10 minutes at
14,000 x g, and supernatants were transferred to fresh microcentrifuge tubes. Total protein concentration was
determined using the BCA assay (Pierce, Thermo Scientific), and protein quality was assessed using Coomassie
Blue (MP Biomedicals LLC) to stain general protein banding in equally loaded PAGE gels (Bio-Rad). Protein
extracted from fresh samples lysed on ice was used as a positive control, while protein extracted from fixed
samples lysed on ice was used as a negative control. In all subsequent cell line and primary cell sorts, collected
samples were lysed using the boiling method (Fig. 5, Part 4). For the validation experiment using cell lines,
between 15-150 ug (corresponds to estimated 5-30 x 10° cells) protein were collected per sorted group, and for
the feasibility experiment using primary cells, 15-18 g (corresponding to estimated 1-2 x 10°cells) protein were
collected per sorted group.

Western blot. 'WBs were run to assess POl expression (Fig. 5, Part 4). To validate lysing protocols, WBs were
used to compare POI expression between formalin-fixed and fresh cells. In sorting studies, POI expression was
used to evaluate the success of FACS enrichment based on a specific, intracellular marker. Specifically, TUBB3
was used as the intracellular marker of interest, and in the feasibility experiment, Neuron and Other enriched
populations were evaluated for other POIs, such as p-tau and t-tau.

Equal amounts of total protein (5ug per lane; corresponding to estimated 2 x 10%-1 x 10° cells) were separated
on precast PAGE gels and transferred onto Immobilon IP (for chemiluminescence visualization) or Immobilon
IF (for NIR visualization) polyvinylidene fluoride (PVDF) membranes (Millipore). Ponceau S (Acros Organics)
stain was used to confirm successful protein transfer. Membranes were blocked with 5% BSA in 1X TBST (10 mM
Tris-HCl (pH 7.6), 15mM NaCl, 0.05% Tween 20) for chemiluminescence studies or 5% BSA in 1X PBS for NIR
studies. Blots were incubated overnight with primary antibodies. Blots were washed three times in 1X TBST and
incubated with secondary antibodies (HRP-conjugated for chemiluminescence or NIR-conjugated for NIR) for
1 hour at room temperature. For chemiluminescence studies, blots were developed using 5-Amino-2,3-dihydro-
1,4-phthalazinedione (MP Biomedicals LLC) and p-courmaric acid (MP Biomedicals LLC) and were visual-
ized on a C-Digit Blot Scanner (LI-COR). For NIR studies, blots were scanned on an Odyssey Infrared Imaging
System (LI-COR) and were assessed by densitometry using Image] (NIH) software. NIR blots were stripped with
NewBlot PVDF Stripping Buffer (LI-COR) and were reprobed up to three times to allow for detection of multiple
POIs with similar molecular weights on the same blot.

WBs for the lysing protocol validation were run from 4 independent experiments, with 1-2 technical replicates
per experiment. For cell line sorting experiments, WBs were run from 3 independent experiments, each with
2 technical replicates. WB results from the primary neonatal rat cell sort were from a single experiment with
2 technical replicates.

Statistical Analysis. Sigma Plot version 12.5 (Systat Software Inc.) was used to perform all statistical anal-
yses. All data sets passed Shapiro-Wilk normality and equal-variance tests. Data presented are displayed as
arithmetic mean (+£s.d., if applicable). One-way ANOVAs were used to detect significance for all experiments
involving multiple comparisons (processing conditions, sorted cell groups). Significance levels were determined
using Bonferroni post-hoc tests (P < 0.05).
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