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ABSTRACT
The tubulin protein fulfills a variety of cellular functions that range from chromosomal separation to
locomotion. The functional diversity of tubulin is achieved through the expression of tubulin isotypes in
different cell types or developmental time periods. Post-translational modifications (PTMs) of tubulin also are
vital for specific intracellular tasks, such as binding and recruiting motor proteins. In neurons, the isotypic
expression profile for tubulin is well characterized, and the importance of PTMs for proper neuronal function
has gained recent attention due to their implication in neurodegenerative disorders. In contrast, the role of
tubulin specializations in the determination of neural cell fate has received minimal attention and studies of
tubulin PTMs and isotypes in neuroglia such as astrocytes are relatively few. To bridge this knowledge gap,
we undertook an analysis of PTMs in neurons and astrocytes derived from the federally approved H9 hESCderived human neural stem cell (hNSC) line. In hNSCs, basal cells can be directed to assume neural fate as
neurons or astrocytes by specifying different media growth conditions. Immunocytochemical methods,
fluorescent antibody probes, and confocal microscopy facilitated image acquisition of fluorescent signals from
class III β- tubulin (βIII-tubulin), polyglutamylated tubulin, and acetylated tubulin. The EBImage package for
the statistical programming language R was used to assess and compare fluorescent probe intensities using
Student’s t-tests. Qualitative analysis indicated that βIII-tubulin, polyglutamylated tubulin, and acetylated
tubulin were expressed to some degree in basal hNSCs and their media-differentiated hNSC neuronal and
astroglial progeny. In media-differentiated hNSC astrocyte progeny, quantification and statistical analysis of
fluorescence probe intensities showed that acetylated tubulin/ βIII-tubulin ratios were greater than
polyglutamylated tubulin/ βIII-tubulin ratios. These findings represent a snapshot of the dynamic and varied
changes tubulin expression profile during the specification of neural cell identity. Results imply that
investigations of tubulin PTMs have the potential to further understanding of the generation and regeneration
of nervous tissue.
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1.

INTRODUCTION
The protein tubulin is abundant in most cells and fulfils specific functions within each cell. Tubulin

specializations have been ascribed to isotypic expression profiles and modifications of tubulin that follow
protein translation and that are described as the ‘tubulin code’ (Janke, 2014; Janke and Magiera, 2020; RollMecak, 2020). The extensive variety of potential tubulin proteins that can be encoded give rise to the
complexity of tubulin functions, which include chromosomal separation, intracellular transport, and cell
structure, among others (Chakraborti et al., 2016; Li and Yang, 2015). PTMs of tubulin, such as acetylation,
glutamylation, tyrosination, and glycylation occur enzymatically and serve to confer specific molecular
functions (Pellegrini et al., 2017; Roll-Mecak, 2020; Song and Brady, 2015;). Moreover, the alpha and beta
isotypic profiles vary according to cell and tissue type, as well as developmental age (Lee et al., 1990;
Tischfield et al. 2011).
The significance of deciphering the tubulin code has been recognized, and many investigations have
been undertaken to advance this effort (Audebert et al., 1993; Cambray-Deakin and Burgoyne, 1987; Janke
and Kneussel, 2010; Lee et al., 1990; Romaniello et al., 2015; Saragoni et al., 2000; Zhang et al., 2015).
Translation of the tubulin code is particularly important for central nervous system research because of the
putative relationships between posttranslational tubulin modifications with CNS disorders, including Rett
Syndrome, Epilepsy, Alzheimer’s disease, and Parkinson’s disease (Delépine et al., 2016; Saragoni et al, 2000;
Zhang et al., 2015; Vu et al., 2017). In contrast with knowledge of PTMs in neural tissue, the isotypic
expression profile of tubulin has been studied in greater detail.
Posttranslational tubulin modifications confer specific microtubule specializations in the nervous
system. Acetylated neuronal tubulin has been implicated in protein-protein interactions and the trafficking and
recruitment of motor proteins depends on the acetylation of microtubules (Pellegrini et al., 2017).
Polyglutamylation also affects motor proteins through a demonstrated role in motor protein binding (Lessard et
al. 2019). Modification of microtubule associated protein (MAP) is linked to polyglutamylation of tubulin in
neurons, and acetylation has a putative role in neuronal plasticity (Moutin et al., 2021). Moreover, the
asymmetrical functionalization of microtubules in soma, dendrites, axons, and growth cones through
posttranslational glutamylation, acetylation, and tyrosination of microtubules helps establish the architectural
polarity that is characteristic of neurons (Park and Roll-Mecak, 2018). Although investigations of
posttranslational tubulin modifications in glia are limited, acetylation, and, to a lesser degree,
polyglutamylation have been demonstrated in cultured human astrocytes (Knight and Serrano, 2017c). While
acetylation and polyglutamylation both occur in cultured rat Schwann cells, polyglutamylation is more
prevalent in these glial cells (Gadau, 2015). Astrocytic PTMs of tubulin play a putative role in regulation of
the Na+/ K+ ATPase, neurodegeneration, and the inflammatory response (Casale et al., 2003; Yoshiyama et
al., 2003; Youn et al., 2015). These studies show that distinct posttranslational modification profiles are
necessary for tubulin function within the nervous system and highlight the need for a detailed characterization
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of the tubulin code in neurons and neuroglia during normal development as well as in neural diseases and
disorders (Roll-Mecak, 2020).
The Class III β-tubulin isotype (βIII-tubulin), which is synonymous with neuron specific β-tubulin, is
commonly used as a biomarker to identify neuronal differentiation. However, the use of βIII-tubulin in this
regard has been scrutinized because its expression is observed in other neural cell types. In particular, βIIItubulin has been demonstrated in distinct populations of human astrocytes, including astrocytes of fetal origin,
as well as mature astrocytes after injury or neoplastic transformation ( Dráberová et al., 2008; Katsetos et al.,
2001, 2002; Knight and Serrano, 2017a). In H9-derived human neural stem cells (hNSC), the expression of
βIII-tubulin increases with the expansion of basal cells, and is observed in cultures grown in neuronal and
astroglial differentiation conditions (Oikari et al., 2016). Thus, the isotypic expression pattern of βIII-tubulin
appears to intersect the boundary between neurons and astrocytes. The promiscuous expression of βIII-tubulin
and other differentiation markers among neural cell types has prompted the exploration of alternative
molecules to describe cell fate determination (Oikari et al., 2016). PTMs of tubulin, specifically acetylation
and polyglutamylation, are reportedly upregulated in neurons, and therefore offer the potential to enhance the
use of βIII-tubulin as a neuronal marker.
While posttranslational tubulin modifications have been explored in the pre-implantation embryo and
through the development of knockout mice, much less is known about the posttranslational modification
profiles of tubulin in differentiating stem cells (Houliston and Maro, 1989; Zhang et al., 2008). The
exploration of PTMs in differentiating stem cells may reveal specializations of tubulin that occur during the
determination of cell fate. To fill this knowledge gap, we evaluated the occurrence of two tubulin PTMs,
glutamylation and acetylation, in the H9-derived human neural stem cell line (hNSC) under three media
growth conditions: basal, neuronal differentiation, and astroglial differentiation. To enhance reproducibility,
we designed experiments that implemented immunocytochemical methods that relied on antibodies
characterized in the Research Resource Identifiers (RRID) registry (Bandrowski et al., 2016). Our results offer
insight into the posttranslational modification profile of tubulin during specification of neural cell fate in an in
vitro system.

4

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.31.474563; this version posted January 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

2.

METHODS

2.1

Cell culture
Gibco® H9 hESC-Derived Human Neural Stem Cells (hNSC; ThermoFisher Scientific, N7800100; lot

1402001; RRID CVCL_IU37) were cultured according to the manufacturer’s specifications for basal cell
culture, as well as neuronal and astroglial differentiation. Complete hNSC serum free media for basal cell
culture contained Knockout DMEM/F-12 (97%; Gibco®, 12660-012), GlutaMAX™ (1%; Gibco®, 35050061), StemPro neural supplement (2%; Gibco®, A10508), bFGF (2 µg / 100 mL; Gibco®, PH60024), and
EGF (2 µg / 100 mL; Gibco®, PHG0314). Prior to aliquoting, media were filtered through a 0.2 µm porous
membrane.
The T-25 flasks used for basal expansion and the 24- or 96- well plates used for imaging basal cells
and differentiated astrocytes were coated with Geltrex™ Reduced Growth Factor Basement Membrane Matrix
(Gibco®, 12760; (1:200) for one hour at room temperature. Prior to the addition of cells, Geltrex™ -coated
flasks and plates were rinsed with Dulbecco’s modified PBS (DPBS) that included calcium and magnesium, as
recommended by the manufacturer. The 24- or 96- well plates used for neuronal differentiation were coated
with poly-L-ornithine (Sigma-Aldrich, P3655; 20 µg/mL) overnight at room temperature (~26°C), then rinsed
twice in sterile water before coating with laminin (Gibco®, 23017-015; 10 µg/mL) for two hours at 37°C, 5%
CO2. Prior to the addition of cells, double ornithine/ laminin coated flasks and plates were rinsed with (DPBS)
without added calcium or magnesium, as recommended by the manufacturer.
Ampules of frozen cells were thawed, transferred to sterile centrifuge tubes (15 ml) with media (8ml)
and centrifuged at 210 G (3 min). Cryoprotectant was removed by withdrawing all but 1 mL of media and the
cell pellet was resuspended in media, then plated into flasks coated with Geltrex™ (~8 x 104 cells/ cm2; one
T25 flask per ampule,). Flasks with hNSCs (passage 0) were maintained in an incubator at 37°C, 5% CO2.
Media were replenished in basal cultures every 48 hours. Cells were subcultured according to the
manufacturer’s specifications when cultures reached 80% confluence (day 2 for new vials). After removal of
the media, cells were rinsed in DPBS with no magnesium or calcium, then 2 mL of pre-warmed StemPRO
Accutase (Gibco®, A11105-01) was added to each flask. When cell detachment was confirmed under the
microscope, cells were transferred to centrifuge tubes with 9 ml of media, then centrifuged at 210G (3 min).
Media were removed until the cell pellet was covered by 1 mL of the supernatant. Cells were resuspended by
titration after the addition of 2 ml of prewarmed media.
The first and second passages were used to initiate neuronal and astrocytic differentiation, and for
imaging of basal cells. Passaged cells were plated in complete hNSC serum free media, and differentiation was
initiated after attachment, between 24 and 48 hours after plating.
Neuronal differentiation was initiated by replacing media with neuronal differentiation media,
prepared according to manufacturer’s specifications with 97 mL of Neurobasal® Medium (Gibco®, 21103), 2
mL of B-27® Serum-Free Supplement (Gibco®, 17504), and 1 mL of GlutaMAX™. Media were filter
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sterilized with a 0.2 µm porous membrane and stored in 20 ml aliquots. Half media changes replenished
cultures every three to four days. If confluence exceeded 75%, differentiated neuronal cultures were passaged,
and passage of differentiated neurons was not undertaken past day 7 as recommended by the manufacturer.
Differentiated neurons were split 1:2 between 0 and 2 times. Neurons were harvested at day 7, day 10, and
day 14. For cultures that proceeded past 7 days, Dibutyryl cAMP (Sigma-Aldrich, D0627) was added for a
final concentration of 0.5 mM on days 7, 8, and 9.
Astrocyte differentiation was initiated by replacing media with astrocyte differentiation media,
prepared according to manufacturer’s specifications with 97 mL of Dulbecco’s Modified Eagle Medium
(ATCC, 30-2002), 1 mL of N-2 Supplement (Gibco®, 17502), 1 mL of fetal bovine serum (ATCC, 30-2020),
and 1 mL of GlutaMAX™. Media were filter sterilized with a 0.2 µm porous membrane and stored in 20 ml
aliquots. Half media changes replenished the cultures every three to four days. If confluence exceeded 75%,
differentiated astrocyte cultures were passaged. Differentiated astrocytes were passaged and divided in a 1:3
ratio between 1 and 4 times during the 21-day course of astrocyte differentiation for all cultures, as
recommended by the manufacturer.
2.2

Live cell imaging with phase contrast microscopy
Phase contrast images of live samples were captured prior to cell fixation with Metavue image

software (Molecular Devices) in conjunction with a Coolsnap HQ CCD camera (Photometrics). A 20X
objective with a correction collar was used to visualize cells with an inverted Nikon TE-2000 microscope.
2.3

Antibody selection
βIII-tubulin was used as the reference target for our comparison of polyglutamylation and acetylation

in hNSCs because studies report the expression of βIII-tubulin in basal hNSCs, as well as differentiated
neurons and astrocytes (Oikari et al., 2016). βIII-tubulin was detected with rabbit anti-βIII-tubulin antibody
(Abcam; catalog # ab52623, RRID:AB_869991).
Detection of polyglutamylation and acetylation parallel previous studies (Knight and Serrano, 2017c).
The anti-polyglutamylated antibody used in this study came from the same mouse hybridoma clone (B3),but it
was purchased from a different vendor (Sigma-Aldrich) than the version used in our previous analysis
(Abcam). PTMs were labeled with mouse anti-polyglutamylated tubulin (Sigma-Aldrich; catalog # T9822,
RRID:AB_477598), which putatively detects polyglutamylation of α- and β- tubulin isoforms and mouse antiacetylated tubulin (Sigma-Aldrich; catalog # T7451, RRID:AB_609894), which putatively detects acetylation
of the α- isoform. Antibodies were validated with Western blot analysis using protein from Neuronal Human
Astrocytes (Lonza, CC-2565) as previously reported in Knight and Serrano (2017c).
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2.5

Immunocytochemistry
Tubulin in hNSC cultures was labelled with immunocytochemical methods as reported previously

(Knight and Serrano, 2017c). Specifically, primary antibodies were diluted to the following final
concentrations: 1:300, rabbit anti-class III β- tubulin antibody; 1:200, mouse anti-polyglutamylated tubulin;
1:200, mouse anti-acetylated tubulin in PBST containing 1% Bovine Serum Albumin. Simultaneous
incubation with rabbit anti-βIII-tubulin and either mouse anti-acetylated tubulin or mouse antipolyglutamylated tubulin was used to label proteins. Alexa Fluor® 488-conjugated goat anti-rabbit IgG
(Abcam; catalog # ab150077, RRID: AB_2630356) and Alexa Fluor® 594-conjugated goat anti-mouse IgG
(Abcam; catalog # ab150120, RRID: AB_2631447) were simultaneously diluted at 1:500 in PBS with 1%
BSA for secondary antibody exposure. Hoechst 33342 (0.1 µg/ ml) counterstained cell nuclei prior to
mounting slides.
Immunocytochemistry controls were incorporated into the protocol. The specificity of the βIII-tubulin
antibody was validated by incubating 1µg/ ml of the βIII-tubulin synthetic immunizing peptide with the diluted
rabbit anti-class III β- tubulin antibody for one hour at ambient temperature (~26◦C) prior to overnight
incubation followed by exposing samples to Alexa Fluor® 488-conjugated goat anti-rabbit IgG (Abcam;
catalog # ab150077, RRID: AB_2630356) secondary antibody. The cross-reactivity of Alexa Fluor® 594conjugated goat anti-mouse IgG and Alexa Fluor® 488-conjugated goat anti-rabbit IgG were assessed by
incubating samples with only rabbit anti-class III β- tubulin (1:300), mouse anti-acetylated tubulin (1:200), or
mouse anti-polyglutamylated tubulin (1:200). For the secondary antibody incubation, Alexa Fluor® 594conjugated goat anti-mouse IgG (1:500) was incubated with samples exposed to the rabbit anti-class III βtubulin antibody, and Alexa Fluor® 488-conjugated goat anti-rabbit IgG (1:500) was incubated with samples
exposed to mouse anti-polyglutamylated tubulin (1:200), or mouse anti-acetylated tubulin (1:200).
2.6

Confocal imaging
Confocal images were acquired during multiple sessions using one of two LSM 700 confocal

microscopes housed within the UTEP Border Biomedical Research Center (BBRC), depending on availability.
Image capture settings were optimized based on control samples for each cell type (basal hNSCs, 7-day
differentiated neurons, 10-day differentiated neurons, differentiated astrocytes (21 days) at each session (Table
1). Therefore, a variety of image capture settings and objectives were used. However, images of cells stained
with acetylated tubulin and polyglutamylated tubulin were always captured in parallel, with identical settings,
to facilitate a comparison of the posttranslational tubulin modifications in the same samples.
Images were captured with an EC Plan-Neofluar 10X/0.3 or EC Plan-Neofluar 20X/0.5 objective
mounted on one of two inverted LSM 700 microscopes (Zeiss). Hoechst 33342 was excited with laser λ = 405
emission, Alexa Fluor® 488 was excited with laser λ = 488 emission, and Alexa Fluor® 594 was excited with
laser λ = 555 emission. The LSM’s main beamsplitter was configured for 405/488/555/639 wavelengths, with
7
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variable dichroic beamsplitters at 579 nm, 587 nm, and 585 nm for tracks 1, 2, and 3, respectively. The SP
555 filter was used to collect emission from the first track (Hoechst), the SP 640 filter was used to collect
emission from the second track (Alexa 488), and no filter was used in the third track.
Table 1. Confocal Image Acquisition Settings. Image capture parameters are reported for each imaging
session, along with the number of images and the cell type(s) that were imaged in each session. Settings are
given for the respective channels (1, 2, 3) and were consistent for each session. The # of stack images is given
for each cell type and separated by comma.

2.7

Session

1

2

3

4

5

6

Laser Power (%)

5,5,5

5,2.2,5

11,5,5

5,5,5

7, 5, 5

13, 7, 11

Master Gain

850, 427,
507

850, 529,
529

739,
700,
705

850, 610,
775

850,
610,
775

972, 847, 864

Objective

20x, 63x

20x, 63x

20x

10x

10x

10x

Digital Gain

1

1

1

1

1

1

Digital Offset

0

0

0

0

0

0

Pinhole

1 AU

1AU

1AU

1AU

1AU

1AU

Cell Type
(days in
differentiation media)

Basal,
Neuron (7)

Neuron
(14)

Astrocytes
(21)

Neuron
(10)

Astrocytes
(21), Neuron
(10)

Astrocytes,
Neuron (10)

# of Images
(acetylated)

2, 5

2

3

7

5, 5

3,2

# of Images
(polyglutamylated)

2, 3

2

3

7

5, 5

3,2

Fluorescence intensity analysis
Fluorescence intensity values were estimated in accordance with previously described methods

(Knight and Serrano, 2017c). Maximum intensity projections were exported with a .tif extension using the
Zeiss 2009 ZenLightEdition software package. Raw image .tif files were imported and translated into a 2
dimensional array values representing pixel intensity using the image processing package ‘EBImage’ for the R
statistical programming language (Pau et al., 2010). Values ranged from 0 (black) to 1 (white) with a 16-bit
range (216 values total).
PTMs (acetylation or polyglutamylation) were estimated for each image using the following ratios: the
sum of fluorescent signal from the acetylated tubulin protein/ the sum of fluorescent signal from βIII-tubulin;
or the sum of fluorescent signal from the polyglutamylated tubulin protein/ the sum of fluorescent signal from
βIII-tubulin. The ratios were calculated for modified tubulin/ βIII-tubulin for all maximum intensity projection
images from sessions 4 and 5 because of the identical image capture settings for channels 2 and 3, which
captured fluorescent intensity from βIII-tubulin and modified tubulin, respectively.
8
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Student’s t-tests with a significance threshold (α) of 0.01 were used to evaluate possible differences in
mean values of fluorescence intensity ratios. Comparisons of the ratios of acetylated and polyglutamylated
tubulin to βIII-tubulin were made with data acquired from the same cell type (neurons or astrocytes).
Comparisons of tubulin acetylation between neurons and astrocytes were made using the ratios of acetylated
tubulin to βIII-tubulin for both cell types. Comparisons of tubulin polyglutamylation between neurons and
astrocytes were made using the ratios of polyglutamylated tubulin to βIII-tubulin for both cell types. Statistical
power was calculated as the ability to reject the null hypothesis (1- β) using G*Power version 3.1.9.2 (Faul et
al., 2009).
2.8

Figure preparation
The relative contributions of fluorescence signals from each channel were manipulated with the Zeiss

2009 ZenLightEdition software package so that all signals were visible in the merged confocal images.
Confocal images were also exported as TIFF files using the Zeiss 2009 ZenLightEdition software package.
The image adjustment settings were consistent for all images in each figure and did not affect the data that
were used for quantification purposes. Adobe CS6 Photoshop was used to align, label, and assemble images.
2.9

Rigor and reproducibility practices
Rigor and reproducibility guidelines proposed by the NIH were used as a model for these experiments

(Landis et al., 2012). The hNSC line is derived from the NIH-approved WA09 (H9) embryonic stem cell line
(NIHhESC-10-0062). Information about WA09 (H9) can be found in the NIH registry for human embryonic
stem cells. The federally approved parent H9 (WA09) embryonic stem cell line was de-identified by NIH and
is exempted from review by the NMSU Institutional Review Board.
hNSC differentiation was initiated within 3 passages (10 population doublings) to guarantee lineage
according to the vendor specifications. The human origin of the cell line was confirmed through the alignment
of the hNSC transcriptome to the human genome in RNA-seq experiments described previously (Knight and
Serrano, 2017b). βIII-tubulin was detected with rabbit anti-βIII-tubulin antibody (Abcam; catalog # ab52623,
RRID:AB_869991) that was validated through western blot analysis and by blocking with the immunizing
peptide, as described previously (Knight and Serrano, 2017c).
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3.

RESULTS

3.1

Basal stem cells and their media-differentiated neuronal and astroglial hNSC progeny are

characterized by morphological differences
Phase contrast images of basal and differentiated hNSCs revealed differences in cell size and structure.
The basal stem cells (Fig. 1 A-C) appeared smaller in size than the differentiated astrocytes (Fig 1 D-F).
Astrocytes appeared to branch and spread out in comparison to hNSCs, which demonstrated a compact
morphology. Astrocytes were maintained in lower density cultures due to the tendency for endogenous growth
factors to impede differentiation, and the necessity for those same growth factors to maintain stem cell
pluripotency and prevent differentiation. Images of hNSC cultures (Figs. 1 and 2) reflect the recommended
seeding density of 50,000 cells/ cm2 for basal stem cells, and 25,000 cells/ cm2 for astroglial differentiation, as
well as the passage of astrocytes throughout differentiation when 80% confluence was attained. Despite the
high seeding density of 50,000 cells/ cm2, differentiated neurons were sparse in comparison to the basal hNSC
cultures.

Figure 1. Basal hNSCs and Differentiated Astrocytes. Phase contrast images of live cells depict phenotypic
differences between basal hNSCs 3 days after plating (A – C) and astrocytes exposed to differentiation
conditions for 21 days (D – F). Scale bar = 50 µm.
Neuronal differentiation was assessed after 7 days, prior to the addition of cAMP (Fig. 2 A -C). The
cultures were exposed to cAMP on days 7, 8, and 9, and assessment was undertaken on day 10 (Fig. 2 D-F),
and day 14 (Fig. 2 G-I). The rounding up of hNSCs was seen after 7 days and became more prevalent as
cultures progressed.
10
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Figure 2 hNSCs in Neuronal Differentiation Conditions (1 – 4). Phase contrast images of live cells depict
increased branching and polarization as neuronal differentiation progressed from day 7 (A -C) to day 10 (D-F)
and day 14 (G-I). Phase bright cell bodies and polarization became apparent by day 10 (D-F). While
polarization continued through 14 days of differentiation (G-I), phase bright cell bodies were less apparent in
cultures after 14 days of differentiation conditions, and debris became prevalent. Scale bar = 50 µm.
Morphological assessments of basal and differentiated hNSCs were undertaken with phase contrast
microscopy (Figs. 1 and 2). Basal hNSCs mandate a high seeding density and grow rapidly, thus they are
densely packed and relatively small in comparison with differentiated astrocytes (Fig. 1).
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After exposure to astrocyte differentiation media for 21 days, many cells become stellate, and some
flatten out and spread to resemble the shape of fried eggs (Fig. 1). A qualitative assessment of neuronal
differentiation does not show similar changes in the size of the cell body; however, long extensions protrude
out of the cell body that become more extensive as differentiation proceeds (Fig. 2). After 7 days, the polarized
phenotype that is typical of neurons was not always apparent in differentiated neurons (Fig. 2 A-C) In
contrast, after 10 days, some cells appeared to adopt a polarized morphology, with a single dominant axon
emerging from one side of the cell body (Fig. 2 D-F). After 14 days, debris became prevalent in the culture
and phase-bright cell bodies were less apparent than in the cultures exposed to differentiation conditions for 10
days (Fig. 2 G-I). After 7 days, some cell bodies of differentiated neurons were phase bright, and while
branching was evident, a qualitative assessment revealed that branching was not as extensive as compared to
differentiated neurons after 10 and 14 days of exposure to neuronal differentiation conditions.
Our assessment of morphology at 7 days, 10 days, and 14 days after the initiation of neuronal
differentiation led to a detailed, quantitative analysis of neuronal-differentiated cultures at day 10. We noted
that although neurons and basal hNSCs are plated at the same initial seeding density, the cultures maintained
in neuronal differentiation media begin to show signs of cell death and debris over time. Ten days following
the initiation of neuronal differentiation, hNSC cultures assumed morphologies strongly resembling neurons,
and retained the phase bright cell bodies that are indicative of healthy neuronal cultures.
3.2

Qualitative immunocytochemical characterization indicates expression of βIII-tubulin and tubulin

PTM in basal stem cells and their media-differentiated neuronal and astroglial hNSC progeny
βIII-tubulin expression and the occurrence of post-translational acetylation and glutamylation in hNSC
cultures were evaluated with immunocytochemical protocols. A βIII-tubulin positive label was observed in
basal hNSCs and in cells cultured under all differentiation conditions (Fig. 3- 9). This result is consistent with
prior reports of βIII-tubulin expression in hNSCs, human fetal astrocytes, and cultured neurons (Dráberová et
al., 2008; Oikari et al., 2016; Knight and Serrano, 2017c). βIII-tubulin expression was consistently seen in
hNSCs after 10 days of neuronal-differentiation as well as after astrocytic differentiation. A qualitative
assessment of βIII-tubulin revealed an increase in expression as differentiation in basal hNSC cultures
progressed to the astroglial or neuronal state.
In basal hNSC cultures, a qualitative assessment revealed that acetylation and polyglutamylation (Fig.
3) were both present, yet at low levels in comparison with differentiated cultures (Figs. 4- 9).
Polyglutamylation appeared to be more prevalent than acetylation in basal hNSCs (Fig. 3). After seven days of
neuronal differentiation, qualitative analysis indicated that acetylation (Fig. 4) was more prevalent than
polyglutamylation (Fig. 5). In contrast, after 14 days of neuronal differentiation, polyglutamylation (Fig. 7)
appeared more prevalent than acetylation (Fig. 6). After 21 days of astrocyte differentiation, acetylation (Fig.
8) appeared more prevalent than polyglutamylation (Fig. 9).
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Figure 3. Acetylated, Polyglutamylated and βIII-tubulins in Basal hNSCs Fluorescent signals from nuclei
(blue), βIII-tubulin (green), and acetylated (red, A, B) or polyglutamylated (red, C,D) tubulin were captured
from basal (undifferentiated) hNSCs in single optical sections at 20x magnification (A, C) and z-series confocal
stacks at 63x magnification (projections; B, D). Regions of image capture from higher magnification images are
depicted in white boxes in A and C. Image contrast was enhanced to display fluorescent βIII-tubulin signal (85%
contrast), polyglutamylated tubulin signal (A,B; 93% contrast), and acetylated tubulin signal (C,D; 93%
contrast). Image capture settings and enhancements paralleled those for images of hNSCs after 7 days of
neuronal differentiation (Figs. 4 and 5).
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Figure 4. Acetylated Tubulin and βIII-tubulin in Differentiated Neurons (7 day) Fluorescent signals from
nuclei (blue), βIII-tubulin (green), and acetylated (red, A, B) or polyglutamylated (red, C,D) tubulin were
captured from hNSCs after 7 days of neuronal differentiation in single optical sections at 20x magnification (A,
C) and z-series confocal stacks at 63x magnification (projections; B, D). Regions of image capture for higher
magnification images are depicted in white boxes in A and C. Image contrast was enhanced to display fluorescent
βIII-tubulin signal (75% contrast), and acetylated tubulin signal (93% contrast). Image capture settings and
enhancements paralleled those for images of acetylated and polyglutamylated tubulin in basal hNSCs (Fig. 3),
and after 7 days of neuronal differentiation (Fig. 5).
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Figure 5. Polyglutamylated Tubulin and βIII-tubulin in Differentiated Neurons (7 day) Fluorescent signals
from nuclei (blue), βIII-tubulin (green), and polyglutamylated (red, A, B) or polyglutamylated (red, C,D) tubulin
were captured from hNSCs after 7 days of neuronal differentiation in single optical sections at 20x magnification
(A, C) and z-series confocal stacks at 63x magnification (projections; B, D). Regions of image capture for higher
magnification images are depicted in white boxes in A and C. Image contrast was enhanced to display fluorescent
βIII-tubulin signal (75% contrast), and polyglutamylated tubulin signal (93% contrast). Image capture settings
and enhancements paralleled those for images of polyglutamylated and acetylated tubulin in basal hNSCs (Fig.
3), and acetylated tubulin in hNSCs after 7 days of neuronal differentiation (Fig. 4).
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Figure 6. Acetylated Tubulin and βIII-tubulin in Differentiated Neurons (14 day) Fluorescent signals from
nuclei (blue), βIII-tubulin (green), and acetylated tubulin (red) were captured from hNSCs after 14 days of
neuronal differentiation in single optical sections at 20x magnification (A, C) and z-series confocal stacks at 63x
magnification (projections; B, D). Regions of image capture for higher magnification images are depicted in
white boxes in A and C. Image contrast was enhanced to display fluorescent βIII-tubulin signal (75% contrast),
and acetylated tubulin signal (93% contrast). Image capture settings and enhancements paralleled those for
images of polyglutamylated tubulin in hNSCs after 14 days of neuronal differentiation (Fig. 7).
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Figure 7. Polyglutamylated Tubulin and βIII-tubulin in Differentiated Neurons (14 day) Fluorescent
signals from nuclei (blue), βIII-tubulin (green), and polyglutamylated tubulin (red) were captured from hNSCs
after 14 days of neuronal differentiation in single optical sections at 20x magnification (A, C) and z-series
confocal stacks at 63x magnification (projections; B, D). Regions of image capture from higher magnification
images are depicted in white boxes in A and C. Image contrast was enhanced to display fluorescent βIII-tubulin
signal (75% contrast), and polyglutamylated tubulin signal (93% contrast). Image capture settings and
enhancements paralleled those for images of acetylated tubulin in hNSCs after 14 days of neuronal
differentiation (Fig. 6).
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Figure 8 Acetylated Tubulin and βIII-tubulin in Differentiated Neurons (10 day) and Astrocytes
Fluorescent signals from nuclei (blue), acetylated tubulin (red), and βIII-tubulin (green), were captured in zseries confocal stacks (maximum intensity projections displayed) from hNSCs after 10 days of neuronal
differentiation (A, B) or 21 days of astroglial differentiation (C,D). Image contrast was not enhanced in the
images. Image capture settings paralleled those for images of polyglutamylated tubulin in hNSCs after 10 days
of neuronal and 21 days of astroglial differentiation (Fig. 9). Scale bar = 100 µm.
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Figure 9 Polyglutamylated Tubulin and βIII-tubulin in Differentiated Neurons (10 day) and Astrocytes
Fluorescent signals from nuclei (blue), polyglutamylated tubulin (red), and βIII-tubulin (green), were captured
in z-series confocal stacks (maximum intensity projections displayed) from hNSCs after 10 days of neuronal
differentiation (A, B) or 21 days of astroglial differentiation (C,D). Image brightness and contrast were not
adjusted. Image capture settings paralleled those for images of acetylated tubulin in hNSCs after 10 days of
neuronal and 21 days of astroglial differentiation (Fig. 8). Scale bar = 100 µm.
3.3

Quantitation of fluorescence intensity suggests differences in tubulin PTM between media-

differentiated neuronal and astroglial hNSC progeny
Mean values for the ratios of PTM to βIII-tubulin were calculated for hNSC progeny after 10 days of
neuronal differentiation and 21 days of astroglial differentiation. Acetylation and polyglutamylation were
compared within each cell type (neurons, astrocytes). Potential differences in the level of each PTM
(acetylation, polyglutamylation) between neurons and astrocytes were also evaluated.
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The degree of tubulin post-translational modification (polyglutamylation or acetylation) was estimated
using the ratio of the sum of fluorescent signal from polyglutamylated or acetylated tubulin to the sum of the
βIII-tubulin fluorescent signal in each image.
Table 2. Statistical comparison of pixel intensity ratios for acetylated tubulin/ βIII-tubulin and
polyglutamylated tubulin/ βIII-tubulin in hNSCs after 10 days of neuronal differentiation and 21 days of
astrocytic differentiation. Images of neuronal (n=12) and astroglial (n = 5) progeny from sessions 4 and 5
(Table 1), where the magnification and master gain were identical (Table 2), were combined and evaluated for
potential differences in posttranslational modifications. Students t-test unovered differences between the
posttranslational tubulin modifications in astrocytes for polyglutamylation and acetylation with p < 0.01,
denoted with *.
Test 1

Cell Type

Acetylated Tubulin/
βIII-tubulin

Neurons

Polyglutamylated Tubulin/
βIII-tubulin

Neurons

Test 2

Cell Type

Acetylated Tubulin/
βIII-tubulin

Astrocytes

Polyglutamylated Tubulin/
βIII-tubulin

Astrocytes

Test 3

Cell Type

Acetylated Tubulin/
βIII-tubulin

Neurons

Acetylated Tubulin/
βIII-tubulin

Astrocytes

Test 4

Cell Type

Polyglutamylated Tubulin/
βIII-tubulin

Neurons

Polyglutamylated Tubulin/
βIII-tubulin

Astrocytes

Mean

σ

0.73

0.25

0.72

0.12

Mean

σ

0.97

0.19

0.63

0.09

Mean

σ

0.73

0.25

0.97

0.19

Mean

σ

0.72

0.12

0.63

T-value

DF

p Value

Power
(1 – β)

0.11

22

0.91

0.01

T-value

D.F.

p Value

Power
(1 – β)

3.71

8

0.006*

1.00

T-value

D.F.

p Value

Power
(1 – β)

1.95

16

0.07

0.37

T-value

D.F.

p Value

Power
(1 – β)

1.50

16

0.15

0.21

0.09

The mean ratios for polyglutamylated tubulin/ βIII-tubulin acetylated and tubulin / βIII-tubulin were
comparable in neurons (~0.7; Table 2). In astrocytes, a greater divergence was found between the mean ratios
of acetylated tubulin/ βIII-tubulin (0.97) and polyglutamylated tubulin/ βIII-tubulin (0.63; p < α = 0.01; Table
2). The mean ratio of polyglutamylated tubulin/ βIII-tubulin was 0.72 in neurons and 0.63 in astrocytes (Table
2). While the mean ratios of acetylated tubulin / βIII-tubulin in neurons (0.73) and astrocytes (0.97) were more
divergent (p > α = 0.01; Table 2).
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4.

DISCUSSION
Despite the current emphasis on the significance of posttranslational tubulin modifications in the

central nervous system, tubulin acetylation and polyglutamylation patterns during the differentiation of neural
stem cells have not been thoroughly explored (Cao et al., 2017; Sheikh et al. 2021). The expression of βIIItubulin in neurons is well documented (Kapitein and Hoogenraad, 2015; Moody et al., 1989; Lee et al., 1990).
There are relatively fewer demonstrations of βIII-tubulin expression in astrocytes and neural stem cells.
However, the presence of βIII-tubulin is becoming established in human neural stem cells as well as plastic
cell types and human fetal astrocytes (Dráberová et al., 2008; Katsetos et al., 2001, 2002, 2015; Knight and
Serrano, 2017c; Oikari et al., 2016). Astrocytes are diverse and abundant in the CNS (Matias et al, 2019;
Matyash and Kettenmann, 2010; Nedergaard et al, 2003; Oberheim et al., 2009; Stipursky et al., 2012). While
the tubulin code has been credited with conferring the diverse array of functional specifications of tubulin, the
exploration of potential connections between the tubulin code and astrocyte specialization is in its infancy.
This research was an attempt to gain insight into tubulin specifications in human neural stem cells cultured in
basal conditions and following differentiation into neurons and astrocytes. Immunocytochemical techniques
were used to detect polyglutamylated tubulin, acetylated tubulin, and βIII-tubulin, in hNSCs.
We observed βIII-tubulin expression in hNSCs in all the culture conditions that were used in this
study, a finding that is in accord with previous reports (Oikari et al., 2016). Quantification and statistical
analysis of fluorescence intensity showed that probe intensity ratios for acetylated tubulin / βIII-tubulin and
polyglutamylated tubulin/ βIII-tubulin were similar after 10 days of neuronal differentiation. In contrast, after
astrocytic differentiation, the ratio of acetylated tubulin/ βIII-tubulin was greater than the ratio of
polyglutamylated tubulin/ βIII-tubulin (p < α = 0.01; Table 2). This finding is concordant with previous reports
of more acetylation than polyglutamylation in human astrocytes (Knight and Serrano, 2017c).
Given that neurons and basal hNSCs are plated at the same initial seeding density, the neuronal
differentiation conditions seem to impact the density of observed cells as seen in phase contrast images of
basal hNSCs and neuronal progeny (Figs. 1 & 2). This could be attributed to the lack of division that
characterizes cells that have committed to a neuronal lineage and are in a post-mitotic state (Deneris and
Hobert, 2014; Herrup et al., 2004). Qualitative analysis indicated that acetylated tubulin and polyglutamylated
21

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.31.474563; this version posted January 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

tubulin were also expressed in varying degrees throughout the course of neuronal differentiation. After seven
days of differentiation, acetylation appeared more dominant than polyglutamylation in neuronal progeny (Figs.
4 & 5). After 10 days of differentiation, there is no distinct difference between the degrees of acetylation and
polyglutamylation in neuronal progeny (Figs. 8 & 9). Finally, after 14 days of neuronal differentiation,
polyglutamylation is more prevalent than acetylation in hNSC-derived neurons. This finding is contextualized
by the increased levels of tubulin polyglutamylation that are seen in neurodegeneration, which increases in
prevalence in proportion to age (Zempel et al., 2013; Vu et al., 2017; Santiago-Mujika et al., 2021;
Bodakuntla et al., 2021). A putative role for polyglutamylated tubulin in neurodegenerative disorders is
through the regulation of endoplasmic reticulum morphology (Zheng et al., 2021).
Whereas the link between polyglutamylation and neurodegeneration is being established, there is still
relatively little information about the function of tubulin acetylation and polyglutamylation in the specification
of neural cell fate (Moutin et al., 2021). The changing profile of tubulin modifications during neuronal
development have been established in mouse neurons (Przyborski and Cambray-Deakin, Audebert et al.,
1994). However, we have yet to understand the precise role of PTMs in the process of differentiation,
particularly of human neural cell types. Acetylation and polyglutamylation have a demonstrated role in cell
fate specification overall, as seen in the pre-implantation embryo and during mouse development (Houliston
and Maro, 1989; Zhang et al., 2008). Recent studies have also established the role of acetylation in neuron
development and morphogenesis, particularly with respect to axon overbranching (Wei et al., 2017). Our
outcomes add to this accumulating evidence and advance the understanding of tubulin PTMs in human
neurons and astrocytes during development.
In summary, these results are a preview of the tubulin modification patterns that facilitate the
specification of distinct identities among neural cell types. Our findings offer insight into the complex
specialization patterns conferred by tubulin PTMs in the specification of neural cell fate and the overarching
process of morphogenesis. Outcomes from this study emphasize the need to explore how tubulin
specifications contribute to neural cell identity during stem cell differentiation as well as the role of PMTs in
glial functional diversity (Schiweck et al. 2018). Moreover, these findings present hNSCs and their progeny as
a potential model for unraveling the complex processes of morphogenesis and neurodegeneration.
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