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Abstract 14 

Developing neurons undergo dramatic morphological changes to appropriately migrate 15 

and extend axons to make synaptic connections. The microtubule cytoskeleton, made of  α/β-16 

tubulin dimers, drives neurite outgrowth, promotes neuronal growth cone responses, and 17 

facilitates intracellular transport of critical cargoes during neurodevelopment. TUBA1A 18 

constitutes the majority of α-tubulin in the developing brain and mutations to TUBA1A in 19 

humans cause severe brain malformations accompanied by varying neurological defects, 20 

collectively termed tubulinopathies. Studies of TUBA1A function in vivo have been limited by 21 

the presence of multiple genes encoding highly similar tubulin proteins, which prevents 22 

TUBA1A-specific antibody generation and makes genetic manipulation challenging. Here we 23 
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present a novel tagging method for studying and manipulating TUBA1A in cells without 24 

impairing tubulin function. Using this tool, we show that a TUBA1A loss-of-function mutation 25 

TUBA1AN102D (TUBA1AND), reduced the amount of TUBA1A protein and prevented 26 

incorporation of TUBA1A into microtubule polymers. Reduced Tuba1a  α-tubulin in 27 

heterozygous Tuba1aND/+ mice significantly impacted axon extension and impaired formation of 28 

forebrain commissures. Neurons with reduced Tuba1a caused by Tuba1aND had altered 29 

microtubule dynamics and slower neuron outgrowth compared to controls. Neurons deficient in 30 

Tuba1a failed to localize microtubule associated protein-1b (Map1b) to the developing growth 31 

cone, likely impacting reception of developmental guidance cues. Overall, we show that reduced 32 

Tuba1a is sufficient to support neuronal migration, but not axon guidance, and provide 33 

mechanistic insight as to how TUBA1A tunes microtubule function to support neurodevelopment. 34 

 35 

Introduction 36 

Mammalian brain development is a complex process that requires precise coordination of 37 

multiple cell types and extracellular cues to form a fully specified tissue. Despite many advances 38 

in understanding the cellular and molecular players involved in brain development, there is still 39 

much that remains unknown. Insights into the molecular pathways governing neurodevelopment 40 

can be gained from studying genetic mutations that disrupt specific aspects of brain 41 

development. Severe cortical and neurodevelopmental phenotypes associated with mutations that 42 

disrupt tubulin genes, termed tubulinopathies, have recently been described in humans [1-4]. 43 

Tubulinopathy mutations cause a spectrum of neurodevelopmental phenotypes, but frequently 44 

involve cortical malformations such as lissencephaly, agenesis or hypoplasia of the corpus 45 

callosum, and cerebellar hypoplasia [1, 2, 4, 5]. Recent studies of human tubulinopathy 46 
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mutations have revealed that each variant may impact different aspects of microtubule function, 47 

such as protein folding, polymerization competency, and microtubule-associated protein (MAP)-48 

binding, among others [6-9]. Tubulin mutations can therefore be used to interrogate the 49 

requirement for specific aspects of microtubule function throughout neurodevelopment.  50 

Developing neurons must migrate to the correct location, extend axons to meet 51 

sometimes distant synaptic partners and form functional connections. Throughout this process, 52 

neurons undergo dramatic morphological changes that require coordinated interaction between 53 

the cytoskeleton and the extracellular environment. In post-mitotic neurons, microtubule 54 

polymers made of  α/β-tubulin dimers facilitate nucleokinesis and cellular migration, support 55 

growth cone navigation, promote axon formation and form the tracks upon which intracellular 56 

trafficking occurs [10-13]. The microtubule network needs to be precisely controlled to fulfill 57 

diverse functions in neurons. Microtubule properties can be modulated through post-translational 58 

modifications (PTMs), association with MAPs and through the particular tubulin genes, or 59 

isotypes, that a cell expresses [14]. The human genome contains at least nine unique α- and ten 60 

unique β-tubulin genes [15, 16]. The α-tubulin isotype encoded by the gene TUBA1A is abundant 61 

in the brain and is the most highly expressed α-tubulin in post-mitotic, developing neurons [17-62 

19]. TUBA1A mutations are highly represented in cases of human tubulinopathies [20], 63 

suggesting that TUBA1A plays an important role in neurodevelopment. However, due to the high 64 

degree of sequence conservation between α-tubulin genes, it has been historically challenging to 65 

study TUBA1A function in vivo, due to the limited availability of tools.  66 

Mouse models harboring mutations to Tuba1a can be used as tools to interrogate the 67 

function of Tuba1a in the context of the neuronal milieu. As tubulin genes are often required for 68 

life and the nucleotide sequence between isotypes is conserved, generation of mutant mouse lines 69 
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to study Tuba1a function in vivo has been challenging. To date, only a handful of Tuba1a mutant 70 

mouse lines have been generated, three by ENU-induced forward genetic screens and one by 71 

site-directed CRISPR gene editing [21-23]. We previously showed that the ENU-induced 72 

Tuba1aN102D allele (Tuba1aND ) impaired microtubule function in both S. cerevisiae and mice 73 

[22]. Homozygous Tuba1aND mice exhibit severely impaired brain development and are neonatal 74 

lethal, similar to phenotypes seen in the Tuba1anull and Tuba1a-R215* mutant mice [20-22]. In 75 

homozygous Tuba1aND, Tuba1aNull and Tuba1a-R215* mice, as well as many TUBA1A 76 

tubulinopathy patients, cortical migration and commissural formation are severely disrupted, 77 

making it difficult to infer whether axon pathfinding is a direct consequence of altered Tuba1a 78 

function or if it is secondary to abnormal cortical layering and migration. Tuba1aND/+ 79 

heterozygous mutant mice have reduced Tuba1a function during brain development, which was 80 

sufficient to support survival and cortical migration resulting in normal cortical layers [22, 24], 81 

but does not support formation of commissures. Therefore, Tuba1aND/+ heterozygous animals can 82 

provide insight into how Tuba1a contributes specifically to axon pathfinding.  83 

Here, we show that a reduction in developmental Tuba1a protein causes specific impairments 84 

in axon guidance through large brain commissures. Using a novel tubulin visualization 85 

technique, we demonstrate that the TUBA1AN102D mutation prevents incorporation of TUBA1A 86 

into microtubule polymers in cells. In mice, heterozygous Tuba1aND/+ brains fail to form the 87 

corpus callosum, anterior and hippocampal commissures due to apparent deficits in axon 88 

pathfinding through the midline. Cultured neurons from Tuba1aND/+ and wild-type cortices 89 

revealed that Tuba1aND/+ neurons have shorter neurites than wild-type and grow slower overall, 90 

potentially due to alterations in microtubule polymerization dynamics. Further, we demonstrate 91 

that Tuba1aND/+ neurons fail to localize at least one critical developmental MAP to the 92 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 7, 2020. ; https://doi.org/10.1101/2020.05.05.079376doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.05.079376


developing growth cone. Collectively, our data present evidence for precise mechanisms by 93 

which loss of Tuba1a causes axonal pathfinding deficits during development.  94 

 95 

Materials and Methods 96 

Animals 97 

All animal research was performed in accordance with the Institutional Animal Care and Use 98 

Committee at the University of Colorado School of Medicine. All mice used were maintained on 99 

a 129S1/C57Bl6 genetic background. Mice were kept on a 12:12 light:dark cycle with ad libitum 100 

access to food and water. Tuba1aND and wild-type littermate mice were maintained on water 101 

supplemented with 0.2g/L MgSO4 to promote Tuba1aND/+ survival and ability to reproduce. For 102 

timed mating male and female mice were introduced overnight and separated upon confirmation 103 

of mating, which was then considered embryonic day 0.5. Male and female mice were 104 

represented in all studies. All mice were genotyped by PCR amplification of tail DNA followed 105 

by Sanger sequencing to differentiate homozygous or heterozygous Tuba1aND/+ mice from wild-106 

type. Primers used to amplify mouse DNA for genotyping were: 107 

forward:TGGATGGTACGCTTGGTCTT; reverse: CTTTGCAGATGAAGTTCGCA; and 108 

sequencing: GTCGAGGTTTCTACGACAGATATC. 109 

Histology 110 

Mice were anesthetized and trans-cardially perfused with 0.1M NaCl and 4% paraformaldehyde 111 

(PFA) for histology. Tissues of interest were dissected and post-fixed in 4% PFA. Tissue 112 

sectioning was performed on a CM1520 cryostat (Leica, Wetzlar, Germany) and 30µm 113 

cryosections were obtained for all histology. For luxol fast blue staining, sections from brain 114 

were stained using a 0.1% luxol fast blue solution. For immunofluorescence studies PFA-fixed 115 
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tissues or cells were blocked in phosphate-buffered saline (PBS) containing 5% goat serum or 116 

bovine serum albumin (BSA) with 0.3% Triton-X 100. Primary and secondary antibodies were 117 

diluted in PBS containing 1% BSA with 0.1% Triton-X 100. 118 

Electron Microscopy 119 

Mice used for electron microscopy were perfused with 0.1M NaCl and 2.5% glutaraldehyde 4% 120 

PFA, after which the brain was dissected and post-fixed in 2.5% glutaraldehyde 4% PFA 121 

overnight at 4°C. Following post-fixation, brains were sent for sectioning and imaging by the CU 122 

School of Medicine Electron Microscopy Core facility.  123 

Plasmids and Reagents  124 

The hexahisitidine (His6) epitope tag was inserted in the α-tubulin internal loop region [25-27]. 125 

Codon optimization for rattus norvegicus (https://www.idtdna.com/codonopt) was used to 126 

generate the His6 sequence CATCACCACCATCATCAC, which was inserted into the coding 127 

region of human TUBA1A from the Mammalian Genome Collection (clone 128 

ID:LIFESEQ6302156) between residues I42 and G43. Gibson cloning was used to insert the 129 

gBlock of TUBA1A internally tagged with His6 (TUBA1A-His6) into the pCIG2 plasmid (shared 130 

by Dr. Matthew Kennedy, University of Colorado) linearized with NruI and HindIII. TUBA1A-131 

His6 incorporation was confirmed by sequencing across the complete TUBA1A coding region. 132 

The TUBA1AT349E (TUBA1ATE) polymerization incompetent, and TUBA1AE255A (TUBA1AEA) 133 

highly polymer-stable α-tubulin mutants were identified and described in prior publications [28-134 

30].The GFP-MACF43 vector was shared by Dr. Laura Anne Lowery (Boston College) and Dr. 135 

Casper Hoogenraad (Utrecht University). Myr-TdTomato plasmid DNA was shared from Mark 136 

Gutierrez and Dr. Santos Franco (University of Colorado). 137 

Cell Culture and Nucleofection 138 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 7, 2020. ; https://doi.org/10.1101/2020.05.05.079376doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.05.079376


Cos-7 cells (Thermo Fisher Scientific, Waltham, MA; ATCC® CRL-1651™) were cultured in a 139 

37°C humidified incubator with 5% CO2 in DMEM (Gibco) supplemented with 10% fetal bovine 140 

serum (Gibco), 1mM sodium pyruvate (Thermo), and penn/strep (1,000 IU/ 1,000 µg/mL; 141 

Thermo). Cos-7 cells were transfected with 2.5µg of hexahistidine (His6) tagged TUBA1A 142 

plasmid DNA using Lipofectamine 3000 (Invitrogen). For Cos-7 proteasome inhibition assays, 143 

5µm Lactacystin A [31, 32] was added to normal culture medium for 24 hours, the day following 144 

transfection with TUBA1A-His6 constructs. Dissociated neurons were cultured from male and 145 

female P0-P2 mouse or rat cortices. Brains were removed and placed into HBSS (Life 146 

Technologies) supplemented with 1M HEPES (Life Technologies) and 1mM kynurenic acid 147 

(Tocris Bioscience, Bristol, UK). Meninges were removed and cortices were dissected and cut 148 

into approximately 1mm pieces. Cortical pieces were triturated to a single-cell suspension using 149 

glass Pasteur pipettes. Cortical neurons were plated onto 35mm Poly-D-Lysine coated glass-150 

bottom culture dishes at a density of 350,000 cells (Willco Wells, HBSt-3522). For nucelofected 151 

mouse and rat neurons, 4 µg of plasmid DNA was introduced to 4x106 neurons using an 152 

AMAXA nucleofection kit (VPG-1001, VPG-1003; Lonza). AMAXA-nucleofected cells were 153 

plated in 35mm glass bottom imaging dishes. Neurons were maintained in a 37°C humidified 154 

incubator with 5% CO2 in phenol-free Neurobasal-A medium (Life Technologies) supplemented 155 

with B-27 (Thermo Fisher Scientific, Waltham, MA), Penn/strep (Thermo), GlutaMax (Thermo), 156 

5ng/mL β-FGF (Gibco), and Sodium Pyruvate (Thermo).  157 

RNA isolation + RTPCR 158 

RNA was isolated from Cos-7 cells, 48-hours post-transfection using TRIzol Reagent (Thermo; 159 

15596026). RNA concentration and purity were determined using a spectrophotometer, then 160 

cDNA was synthesized using the RT2 First Strand Kit (Qiagen, Hilden, Germany; 330401). 161 
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qRT-PCR reactions were prepared with SYBR Green RT-PCR Master mix (Thermo; S9194) and 162 

run with a CFX Connect Real-Time System (Bio-Rad). Samples were run in triplicate, results 163 

were analyzed in Excel. All qPCR data presented in this manuscript was normalized to 164 

expression of GFP, which was present on the same plasmid as TUBA1A-His6 constructs. Wild-165 

type TUBA1A mRNA quantity was set to = 1 and TUBA1AND relative mRNA quantity was 166 

presented relative to wild-type. For all qRT-PCR experiments 3 biological replicates were used 167 

per genotype.  168 

Neuron Immunocytochemistry 169 

DIV 3 primary cortical neurons were washed with PBS and fixed with a fixation solution of 4% 170 

PFA and 0.2% glutaraldehyde in PBS for 15 minutes at room temperature. For tubulin 171 

extraction, cells were washed with PBS followed by PHEM buffer, then soluble tubulin dimers 172 

were extracted using 0.1% triton with 10µM taxol and 0.1% DMSO in PHEM buffer. Extracted 173 

cells were fixed with 2% PFA and 0.05% glutaraldehyde in PBS for 10 minutes, washed with 174 

PBS and then reduced in 0.1% NaBH4 in PBS for 7 minutes at room temperature. Cells were 175 

then washed with PBS and blocked in 3% BSA and 0.2% Triton in PBS for 20 minutes at room 176 

temperature, with agitation. Immunostaining was performed using primary antibodies directed 177 

against: 6X-Histidine (Invitrogen, 4A12E4 37-2900; 1:500), total α-tubulin (Sigma, DM1A 178 

T6199; 1:5,000), Acetylated Tubulin (Sigma, T7451; 1:1,000), Tyrosinated Tubulin (Chemicon, 179 

MAB1864; 1:1,000), Map1b (Santa Cruz Biotech, sc-135978; 1:500), Map2 (Novus Biologicals, 180 

NB300-213; 1:2,000). Primary antibodies were diluted in blocking buffer and incubated 181 

overnight at 4ºC in a humidified chamber. After primary antibody staining, cells were washed 182 

three times with PBS. Fluorescently-conjugated secondary antibodies were diluted 1:500 in 183 

blocking buffer and incubated for 2 hours at room temperature, protected from light. Secondary 184 
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antibodies were from Life Technologies (Carlsbad, CA) all used at 1:500. Alexa Fluor 568-185 

conjugated Phalloidin (Thermo, A12380; 1:20) was added during secondary antibody incubation 186 

for labeling of filamentous actin. Tissues or cells of interest were mounted onto glass microscope 187 

slides and sealed with glass coverslips and aqueous mounting media containing DAPI (Vector 188 

Laboratories, #H-1200) and imaged on a Zeiss 780 or 880 confocal microscope with a 40X or 189 

63X oil objective.  190 

Microtubule Dynamics and Neuron Growth Rates 191 

Primary neurons from wild-type and Tuba1aND/+ neonatal mouse cortices were cultured as 192 

described above. Prior to plating, mouse cortical neurons were nucleofected with 4µg each of 193 

GFP-MACF43 and Myr-TdTomato plasmid DNA. Following 1 day in culture, neurons were 194 

transferred to a 37ºC imaging chamber and time-lapse images of GFP-MACF43 comets and 195 

Myr-TdTomato membrane label were acquired using a Zeiss 780 confocal microscope with 40X 196 

oil objective. Following acquisition of baseline images, images were acquired every 2 seconds 197 

for 2 minutes. A total of four time-lapse videos were acquired per neuron, with a 10-minute 198 

waiting period in between imaging sessions. Data from all four GFP-MACF43 time points were 199 

pooled by cell to generate a cell average and then grouped by genotype for further analysis. 200 

Membrane-bound Myr-TdTomato images were acquired at the beginning and end of the imaging 201 

period and were used to track neuronal growth. Kymographs of GFP-MACF43 comets in single 202 

neurites were generated from GFP-MACF43 videos in ImageJ/FIJI (National Institutes of 203 

Health) and were used to assess microtubule polymerization velocity, along with the duration 204 

and distance of individual plus-end polymerization events. In brief, polymerization velocity was 205 

determined by measuring the change in position (X2-X1; µm) divided by the change in time (Y2-206 

Y1; min) for each GFP-MACF43 comet, duration assessed the total time (Y2-Y1) each GFP-207 
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MACF43 comet spent moving in seconds, and distance assessed the total distance (X2-X1) 208 

covered by each polymerization event in µm. 209 

Western Blotting 210 

Protein was isolated from brains of P0-P2 mice by dounce homogenization and ultra-211 

centrifugation. Tubulin-enriched protein fractions with MAPs were isolated according to a 212 

previously established protocol [33]. Cos-7 cell protein was extracted using a Tris-Triton lysis 213 

buffer with protease inhibitor cocktail (Sigma). Protein concentrations were assessed using a 214 

BCA assay (Thermo), and relative concentration was determined using a Synergy H1 microplate 215 

reader (BioTek Instruments, Winooski, VT). 5µg of either whole brain lysate or tubulin-enriched 216 

protein fraction was loaded per lane and run on 4-20% Mini-Protean TGX Stain-Free precast 217 

gels (4568093; Bio-Rad Laboratories, Hercules, CA) at 150mV for 1hr. Prior to protein transfer, 218 

Stain-Free gels were activated with UV light for 1 minute and imaged for total protein on gel 219 

using a ChemiDoc MP imager (Bio-Rad). Proteins were transferred to PVDF blotting 220 

membranes (Bio-Rad) in standard 25mM Tris-base, 192mM glycine, 15% methanol transfer 221 

buffer, or transfer buffer optimized for high molecular-weight proteins (>200kDa) by the 222 

addition of 0.025% SDS. Blots were transferred at 4°C and 75V for either 1 hour for standard 223 

molecular-weight proteins, or 3 hours for high molecular-weight proteins. Immediately following 224 

transfer, PVDF membranes were rinsed in TBST and imaged to quantify the total protein on blot 225 

using UV-activated Stain-Free blots. Gels were also imaged post-transfer to assess transfer 226 

efficiency for each blot. Membranes were blocked in Tris-buffered Saline containing 0.1% 227 

Tween-20 (TBST) with 5% BSA for 1 hour and incubated in primary antibody diluted in TBST 228 

containing 1% BSA overnight at 4°C. Primary antibodies were: mouse anti 6X-Histidine 229 

(Invitrogen, 4A12E4; 1:500), chicken anti-GFP (Invitrogen, A10262; 1:1,000), and mouse anti-230 
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Map1b (Santa Cruz, sc-135978; 1:500). Blots were incubated in HRP-conjugated Goat-anti-231 

mouse (1:5,000; Santa Cruz) secondary antibody diluted in TBST containing 0.5% BSA with 232 

streptavidin-HRP (Bio-Rad, 1:10,000) for 1 hour at room temperature. Blots were developed in 233 

ECL solution for 5 minutes at room temperature (Bio-Rad) and imaged.  234 

Experimental design and statistical analyses. 235 

Band volume of all Western blots was analyzed using Image Lab software (Bio-Rad). 236 

Fluorescence intensity measurements, area and morphological assessment, kymograph 237 

generation, and quantification of EM images was performed using ImageJ/FIJI software (NIH) 238 

and Excel (Microsoft). Statistical analyses were performed, and graphs were created using Prism 239 

version 8.0 (GraphPad). Most graphs display all data points to accurately represent the variability 240 

in each dataset, except in cases where such presentation obscured visibility. For all statistical 241 

analyses, statistical significance was considered to be p < 0.05. Statistical analyses used in each 242 

experiment are indicated in their respective figure legends. For all graphs mean ± SEM was 243 

reported unless otherwise noted. Normality of each dataset was assessed using a Shapiro-Wilk 244 

test. In datasets with two groups, parametric data was analyzed using a Student’s t-test, while 245 

non-parametric data was assessed by Mann-Whitney U analysis of medians. Multiple groups 246 

were compared by one-way or two-way ANOVA and analyzed post hoc by either a Bonferroni 247 

or Kruskal-Wallis test for parametric and non-parametric data, respectively.  248 

 249 

Results 250 

Tuba1a is required for formation of midline commissural structures  251 

TUBA1A is a major component of developing neuronal microtubules, and is critical for 252 

proper brain development [20]. Human TUBA1A-tubulinopathy patients and homozygous 253 
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Tuba1a mutant mouse models both exhibit severe brain malformations. Tuba1aND/+ heterozygous 254 

mutant mice undergo normal cortical migration, display comparable brain weight to wild-type 255 

littermates at birth, and survive to adulthood [22, 24]. However, Tuba1aND/+ brains exhibit 256 

agenesis of the corpus callosum and abnormal formation of the anterior and hippocampal 257 

commissures (Fig. 1A). In wild-type mice, nascent callosal ‘pioneer’ axons extend through 258 

midline at E15.5, and early ‘follower’ axons begin extending at E17 in mice [34]. Evidence of 259 

abnormal callosal projections were apparent as early as P0 in Tuba1aND/+ brains, as seen by the 260 

early formation of aberrant axon bundles adjacent to the callosum, known as Probst bundles (Fig. 261 

1A)[35]. In addition to agenesis of the corpus callosum at midline, lateral regions of adult 262 

Tuba1aND/+ corpus callosum were found to be significantly thinner than wild-type (Fig. 1B). 263 

Similarly, adult Tuba1aND/+ anterior commissures are smaller than that of wild-type littermates 264 

(Fig. 1C). In wild-type mice, corpus callosum thickness and anterior commissure area both 265 

increased significantly between P0 and adulthood; however, normal postnatal expansion of these 266 

tracts was not evident in Tuba1aND/+ mice (Fig. 1B, C). Tuba1aND/+ axons fail to organize into 267 

typical midline commissural structures, indicating that half of the normal complement of Tuba1a 268 

during brain development is not sufficient for commissural axon guidance.   269 
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 270 

 271 

Examination of sagittal brain sections taken directly at midline revealed dramatic 272 

disorganization of corpus callosum axons in Tuba1aND/+ brains (Fig. 2A). Compared to wild-273 

type, Tuba1aND/+ midline commissural axons were largely absent, and the existing axons failed to 274 

organize into a tract with uniform orientation (Fig. 2A). Despite dramatic differences between 275 

wild-type and Tuba1aND/+ callosal axon organization, Tuba1aND/+ axons were highly colocalized 276 

with immunolabeled myelin sheaths (Fig. 2A). To further assess the impact of Tuba1aND/+ 277 

 
Figure 1  Tuba1a is required for formation of midline commissural structures.  
A.  Luxol fast blue-stained coronal brain sections from postnatal day 0 (P0; top) and Adult (middle-bottom) wild-type and Tuba1aND/+ 
mice. Images portray abnormal midline commissural formation in Tuba1aND/+ mouse brains, with labels highlighting the corpus callosum 
(CC), anter ior  commissures (AC), and hippocampal commissure (HC). Scale bar s ar e 500µm. B.  Scatter  plot r epresenting corpus 
callosum width at P0, 3-months, and 10-months-old. Ar rows indicate Probst bundles. Asterisk in A. shows where measurements for B. 
were obtained. C.  Scatter  plot displaying anter ior commissure ar ea in P0, 3-month, and 10-month-old wild-type and Tuba1aND/+ brains. 
Wild-type and Tuba1aND/+ measurements compared by two-way ANOVA. * p<0.05; ** p<0.01; *** p<0.001; and **** p<0.0001. 
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substitution on callosal axon morphology and myelination, we performed electron microscopy 278 

(EM) in both wild-type and Tuba1aND/+ corpus callosi. Due to the scarcity of axons present 279 

directly at midline in the Tuba1aND/+ corpus callosum, we sampled a region of corpus callosum 280 

2mm lateral to midline for both wild-type and Tuba1aND/+ animals (Fig. 2B). EM images 281 

revealed a striking difference in axon density between wild-type and Tuba1aND/+ corpus callosi 282 

(Fig. 2B, D; p=0.03). Myelin thickness, measured by G-ratio, was similar between wild-type and 283 

Tuba1aND/+ brains (Fig. 2C; p=0.34), as was axon diameter (Fig. 2E; p=0.14). There was a trend 284 

towards decreased myelination in Tuba1aND/+ animals (p=0.07), but this difference was not 285 

statistically significant (Fig. 2F). These data provide evidence that Tuba1aND/+ callosal axons do 286 

not correctly organize to form a commissure. Previously published data indicated that reduced 287 

developmental Tuba1a function is tolerable for cortical neuron migration [22]; however, our 288 

results indicate that reduced Tuba1a is not sufficient to support axon pathfinding.  289 
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 290 

TUBA1AND  α-tubulin does not incorporate into neuronal microtubules 291 

Reduced developmental Tuba1a is not adequate to support long-distance axon targeting, 292 

but the molecular and cellular mechanisms by which Tuba1a alters neuronal microtubule 293 

function are unknown. The Tuba1aND allele was previously demonstrated to cause partial loss of 294 

 
Figure 2  Axon density is reduced by Tuba1aND/+ in midline corpus callosum.  
A.  Sagittal br ain sections at midline from wild-type (top) and Tuba1aND/+ (bottom) brains stained with neurofilament-heavy (NFT-
H; magenta) to label axons, and proteolipid protein (PLP; green) to label myelin. Images were taken at 4X (left) and 20X (r ight) 
magnification with 500µm and 50µm scale bar s, respectively. B.  Electron microscopy (EM) images of sagittal wild-type (top) and 
Tuba1aND/+ (bottom) sections of corpus callosum 2mm adjacent to midline. Enlarged regions on r ight ar e denoted by boxes, scale 
bar  is 1µm. C.  Scatter  plot of G-ratio measurements for  wild-type and Tuba1aND/+ axons. Data points r epresent individual 
myelinated axons and are clustered by animal (N=3 mice, n=100 axons; p=0.34). D.  Scatter  plot r epresenting axon density of wild-
type and Tuba1aND/+ axons in analyzed EM images. Data points r epresent average values for each animal (n=6 r egions containing 
same total ar ea; p=0.03). E.  Scatter  plot of axon diameter s in wild-type and Tuba1aND/+ corpus callosum by EM. Only those axons 
captured in cross section were assessed for  diameter , as skewed axons provide inaccurate measurements. Data points represent 
individual axons and are cluster ed by animal (n=100; p=0.14). F.  Scatter  plot r epresenting the average percent of myelinated axons 
per  animal in wild-type and Tuba1aND/+ corpus callosum. 6 r egions containing the same total ar ea were assessed (n=6; p=0.07). 
Statistical differ ences between means of wild-type and Tuba1aND/+ datasets were assessed by t test, with * p<0.05. 
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microtubule function in yeast and mice [22, 24]. However, the mechanism by which Tuba1aND 295 

substitution leads to loss-of-function (LOF) is unclear. The neuronal microtubule network is 296 

complex, containing many different tubulin isotype proteins, PTMs, and MAPs decorating the 297 

lattice, all of which can modify functional microtubule properties. Further, the high degree of 298 

sequence similarity between α-tubulin isotypes has precluded study of individual tubulin 299 

isotypes at the protein level in vivo. No α-tubulin isotype or species-specific antibodies exist for 300 

TUBA1A, and prior attempts to tag TUBA1A neuronal microtubules with N- or C-terminal 301 

fusion proteins have had detrimental effects on protein function [36]. These challenges have 302 

made the direct visualization of specific tubulin isotypes or mutant tubulin proteins in neurons 303 

historically difficult. Thus, the ways in which TUBA1A specifically contributes to neuronal 304 

microtubule protein function have been difficult to ascertain. To address the need for better tools 305 

to study TUBA1A protein, we generated a functional hexahistidine (His6)-tagged TUBA1A 306 

construct based on a previously identified internal loop in the α-tubulin protein for in vivo 307 

visualization and manipulation of microtubules [26] (Fig. 3A). We inserted a His6 tag into an 308 

internal loop of TUBA1A between residues I42 and G43. This region of α-tubulin was 309 

previously shown to tolerate addition of amino acids without disrupting tubulin function [26], 310 

and previous groups added a His6 tag in this loop to affinity purify tubulin subunits for 311 

reconstituted systems [25, 27]. However, to our knowledge this internal His6 tag on α-tubulin 312 

has never been used for immunohistochemical assays to visualize the microtubule network in 313 

vivo. Ectopically expressed wild-type TUBA1A-His6 is incorporated into Cos-7 cell microtubules 314 

(Fig. 3B). Compared to traditional immunolabeling of cellular microtubules (DM1A), TUBA1A-315 

His6 provides excellent labeling of microtubule polymers (Fig. 3B). 316 
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 318 

 His6-tagged mutant TUBA1A can be ectopically expressed in cells to evaluate the abundance 319 

and polymerization capability of mutant TUBA1A proteins. We ectopically expressed three 320 

TUBA1A variants in Cos-7 cells: TUBA1AND , the mutation analogous to the Tuba1aND mice; 321 

TUBA1AT349E (TUBA1ATE) an α-tubulin mutation shown to prevent polymerization in yeast [30]; 322 

and TUBA1AE255A (TUBA1AEA) an α-tubulin mutation which inhibits depolymerization and thus 323 

becomes locked in a polymer-bound state [28, 29](Fig. 3B). As predicted, TUBA1ATE-His6 324 

protein was not highly detected in Cos-7 cell microtubule polymers, while TUBA1AEA-His6 325 

protein was abundantly incorporated into cellular microtubules (Fig. 3B). In contrast to wild-326 

type, but similar to the polymerization-incompetent TUBA1ATE-His6 protein, ectopic 327 

TUBA1AND-His6 protein was not detected in Cos-7 cells (Fig. 3B). Western blotting of lysates 328 

 
Figure 3  TUBA1AND impairs incorporation into cellular microtubules and reduces α-tubulin protein abundance.  
A.  Schematic of TUBA1A-His6 tag and exper imental design. His6 epitope tag was added to an internal loop on TUBA1A (top), and 
TUBA1A-His6 plasmid DNA was tr ansfected into Cos-7 cells to label cellular  microtubules in the presence or  absence of proteasome 
inhibitor  tr eatment (bottom). B.  Images showing Cos-7 cells tr ansfected with wild-type, TUBA1AND, TUBA1ATE (polymer ization-
incompetent mutant), and TUBA1AEA (highly polymer  stable mutant) TUBA1A-His6 plasmid DNA. Cells were immunolabeled with 
α-His6 antibodies to r eveal microtubule incorporation of wild-type and mutant TUBA1A-His6 protein. TUBA1A-His6 images on the 
left ar e compared to tr aditional immunolabeling of α-tubulin using DM1A antibody in untransfected Cos-7 cells on r ight. C.  
Western blot for  His6 in TUBA1A-His6 tr ansfected Cos-7 cell lysates. A subset of transfected cells were tr eated with 5µM 
Lactacystin A (LactA) for  24 hour s to block proteasomal degradation. His6 signal was normalized to GFP, which was expressed from 
the same plasmid. D.  Quantification of band density for  His6 western blot shown in C. His6 band density was normalized to GFP-
expressing cells in control-tr eated (left), and cells tr eated with 5µM LactA for  24-hour s (r ight). Data were analyzed by t test. N=3 
tr ansfections; n=3 technical r eplicates; p=0.04 for  all compar isons marked with aster isks; p=0.83 for  control vs LactA-tr eated 
TUBA1AND. E.  Bar  graph representing TUBA1A mRNA expression in Cos-7 cells transfected with TUBA1A-His6. TUBA1A mRNA 
expression was normalized to GFP mRNA expression. Data were normalized to TUBA1A expression in wild-type (WT) TUBA1A-
His6-tr ansfected cells and r epresent 3 separate tr ansfection experiments and 3 qRT-PCR replicates. Differ ences between groups 
were assessed by t test (p=0.97). All images were taken at 40X magnification, scale bars ar e 10µm. All graphs show mean of data ± 
SEM, *p<0.05.  
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from Cos-7 cells, 48-hours post-transfection revealed that TUBA1AND-His6 protein was 329 

significantly reduced compared to wild-type TUBA1A-His6 (Fig. 3C, D; p=0.04), despite similar 330 

TUBA1A mRNA levels between wild-type and TUBA1AND transfected Cos-7 cells (Fig. 3E; 331 

p=0.97). To evaluate if TUBA1AND mutant protein is targeted for proteasomal degradation, we 332 

treated TUBA1A-His6 transfected Cos-7 cells with 5µM proteasome inhibitor, Lactacystin A 333 

(LactA [31, 32]), for 24-hours and probed for His6 abundance by western blot (Fig. 3C). 334 

Treatment with LactA significantly increased wild-type TUBA1A-His6 protein compared to 335 

control-treated cells, but had no effect on TUBA1AND-His6 protein abundance (Fig. 3D; p=0.83). 336 

These results indicate that TUBA1AND mutant protein is likely not targeted for degradation by the 337 

proteasome, but may reduce cellular TUBA1A by other mechanisms.  338 

We next investigated if TUBA1AND substitution impairs incorporation of TUBA1A 339 

protein into neuronal microtubule polymers (Fig. 4). Wild-type rat cortical neurons were 340 

nucleofected with TUBA1A-GFP, wild-type TUBA1A-His6, TUBA1AND-His6 and TUBA1ATE-341 

His6 DNA at day in vitro 0 (DIV 0; Fig. 4A). Following 2-days in culture (DIV 2), cells were 342 

fixed and a subset of neurons were permeabilized to remove soluble tubulin dimers (“tubulin 343 

extraction”). Extraction of soluble tubulin leaves behind only polymer-bound tubulin, enabling 344 

visualization of ectopic tubulin protein polymerization competence [37]. Neurons expressing 345 

TUBA1A-GFP exhibited abundant GFP signal in intact cells, but tubulin extraction revealed that 346 

GFP fusion impaired incorporation of TUBA1A into neuronal microtubule polymers (Fig. 4B). 347 

In contrast, wild-type TUBA1A-His6 protein was highly present in both intact and tubulin 348 

extracted neurons, demonstrating that His6-tagging does not impair polymerization ability of 349 

TUBA1A in neurons  350 
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 351 

(Fig. 4C). As predicted, polymerization incompetent TUBA1ATE-His6 mutant protein was 352 

diffusely visible in intact neurons, but was absent from tubulin extracted neurons (Fig. 4C). 353 

TUBA1AND-His6 protein was detectable at very low levels in unextracted neurons, but was not 354 

visible following tubulin extraction, indicating that TUBA1AND impairs incorporation into 355 

neuronal microtubules (Fig. 4C). These experiments illustrate that TUBA1AND reduces 356 

abundance of TUBA1A protein upstream of proteasomal degradation and prevents incorporation 357 

of mutant TUBA1A into cellular microtubules.  358 

 
Figure 4  TUBA1AND  α-tubulin does not incorporate into neuronal microtubule polymers.  
A.  Schematic of cor tical neuron isolation and tr ansfection. B.  Cor tical r at neurons at DIV 2 tr ansfected with TUBA1A-GFP. 
Top panel shows neurons with intr acellular  environment intact (unextr acted), containing soluble tubulin dimer s and 
polymerized microtubules tr ansfected to express a TUBA1A-GFP fusion protein. Bottom panel shows neurons with soluble 
tubulin dimer s extr acted, showing only GFP-labeled TUBA1A that is incorporated into microtubule polymer. C.  Rat cortical 
neurons at DIV 2 tr ansfected with wild-type (WT) TUBA1A-His6, TUBA1AND-His6 LOF mutation, and TUBA1ATE-His6 
polymerization-incompetent mutant as a negative control. Top panels show composite image containing membrane-bound GFP 
(green) for  confirmation of tr ansfection, α-His6 (Magenta) and DAPI (blue) immunolabeling. Middle panels show unextr acted 
and bottom panels show tubulin extracted DIV 2 neurons (descr ibed in B.), labeled with α-His6 antibodies to visualize ectopic 
TUBA1A-His6 proteins. All images were taken at 63X magnification, scale bar  is 25µm. 
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 360 

Reduced Tuba1a alters microtubule dynamic properties in neurons 361 

Dynamic instability is a defining feature of microtubule polymers that is heavily 362 

influenced by a number of factors to tune microtubule network function in cells [14]. MAP-363 

binding, PTMs, and incorporation of different tubulin isotypes can all influence microtubule 364 

 
Figure 5  Reduced Tuba1a alters neuronal microtubule polymerization at DIV 1.    
A.  Schematic of nucleofection and imaging exper imental setup. Neurons were nucleofected with GFP-MACF43 plasmid DNA and 
imaged at DIV 1 for  microtubule polymerization events in a neur ite r egion of inter est. B.  Representative images showing GFP-
MACF43 expressing wild-type (WT) and Tuba1aND/+ neurons at 40X magnification (left) and representative kymographs that were 
generated from GFP-MACF43 images (r ight). Scale bar s are 10µm and 5µm on neuron images and kymographs, r espectively. C.  Bar  
graph representing the average polymer ization velocity for  anterograde microtubule polymer ization events in WT and Tuba1aND/+ 
cor tical neurons at DIV 1 (n=688 events; p=0.0008 by Mann-Whitney test). D.  Bar  graph representing polymer ization distance in DIV 
1 WT and Tuba1aND/+ cor tical neurons (n=688 events, p<0.0001). E.  Bar  graph representing polymer ization duration in DIV 1 WT and 
Tuba1aND/+ cor tical neurons (n=688 events, p<0.0001). Bar s r epresent the mean of each group and er ror bar s r epresent SEM. 
Differences between groups were assessed by t test, unless otherwise noted. 
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dynamics [38-41]. TUBA1AND tubulin is less abundant than wild-type and does not incorporate 365 

into neuronal microtubule polymers (Figs. 3-4). We next assessed microtubule dynamics in 366 

developing Tuba1aND/+ neurons. Wild-type and Tuba1aND/+ cortical neurons were transfected 367 

with GFP-MACF43, a fluorescently tagged protein containing the SxIP motif bound by 368 

microtubule plus-end binding proteins (EBs), allowing for visualization of microtubule plus-end 369 

polymerization in live cells (Fig. 5A)[42]. Kymograph plots generated from time-lapse GFP-370 

MACF43 images were analyzed for velocity, duration, and distance of GFP-MACF43 371 

polymerization events (Fig. 5B). Previous analysis of Tuba1aND/+ GFP-MACF43 data revealed a 372 

significant reduction in the number of microtubule plus-ends per micron of neurite, which is 373 

evident in the example kymographs (Fig. 5B; [24]). Kymograph analysis showed that 374 

Tuba1aND/+ microtubules had accelerated polymerization velocity (19.67±1.1µm/min) compared 375 

to wild-type at DIV 1 (17.36±0.43 µm/min; Fig. 5C; n=688 events per genotype; p=0.0008 by 376 

Mann-Whitney test), consistent with prior data from S. cerevisiae [22]. Additionally, Tuba1aND/+ 377 

polymerization events covered a larger distance (Fig. 5D; n=688 events, p<0.0001) and lasted a 378 

longer amount of time (Fig. 5E; n=688 events, p<0.0001) than polymerization events in wild-379 

type neurons. The increased polymerization rates of Tuba1aND/+ neuronal microtubules was 380 

surprising, but collectively with our previous results these data indicate that Tuba1aND protein is 381 

not functional, and that the diminished α-tubulin pool leads to altered microtubule dynamics and 382 

changes to microtubule organization in developing neurons.  383 

 384 
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Tuba1a is necessary for neurite extension and cytoskeletal organization in growth cone  385 

To assess potential mechanisms by which reduced Tuba1a prevents commissural neurons 386 

from reaching their contralateral targets, we measured neurite growth rates in cultured primary 387 

cortical neurons from P0 wild-type and Tuba1aND/+ mice (Fig. 6A). We labeled primary wild-388 

type and Tuba1aND/+ cortical neurons with a membrane-bound Myr-TdTomato to visualize 389 

growth rates in live neurons (Fig. 6A).  Analysis of membrane bound Myr-TdTomato images 390 

taken one hour apart revealed that Tuba1aND/+ neurons grew at a significantly slower rate than 391 

 
 
Figure 6  Tuba1aND impairs neurite outgrowth and alters growth cone cytoskeleton in cortical neurons. 
 A.  Schematic of exper imental design and time-lapse images of membrane-labeled Myr -TdTomato neurons at DIV 1. Myr -
TdTomato images were aquir ed 60 minutes apar t to assess neuronal growth r ate in wild-type (WT; top) and Tuba1aND/+ (bottom) 
cor tical neurons. B.  Scatter  plot of growth r ates in live cor tical neurons from WT and Tuba1aND/+ mice at DIV 1. Data points 
r epresent individual neurons (N=3 mice, n=13 neurons; p=0.03 by Mann-Whitney test). C.  Scatter  plot of neur ite length at DIV 3 
in fixed WT and Tuba1aND/+ primary cor tical neurons. For  each cell, the longest neur ite, designated a putative ‘axon’, was 
measured from the cell soma to the distal neur ite tip using an acetylated tubulin marker . Data points r epresent individual neurons 
(N=3 mice, n=124 neurons; p=0.02). D.  Images of DIV 3 WT (top) and Tuba1aND/+ (bottom) cor tical neurons stained with 
antibodies dir ected against acetylated tubulin (green) and rhodamine phalloidin (F-actin, magenta). Composite images ar e shown 
(left) with single channel grayscale images for acetylated tubulin (middle) and F-actin (r ight). Scale bar s ar e 10µm. E.  Scatter  plot 
of growth cone area at DIV 3 in WT and Tuba1aND/+ cor tical neurons. Data points r epresent individual growth cones (N=3 mice, 
n=52 growth cones; p=0.26). F.  Scatter  plot of acetylated tubulin intensity within the growth cone of WT and Tuba1aND/+ cor tical 
neurons at DIV 3. Data points r epresent individual growth cones (n=49 growth cones; p=0.89). G . F-actin intensity within growth 
cone of WT and Tuba1aND/+ cor tical neurons at DIV 3. Data points represent individual growth cones (N=3 mice, n=49 growth 
cones; p=0.0014). H . Representative images of WT and Tuba1aND/+ cor tical neuron growth cones showing distr ibution of acetylated 
tubulin (green) and F-actin (magenta). I.  Line plot showing the average acetylated tubulin fluorescence intensity across a 20µm 
line scan through the central domain of the growth cone in DIV 3 WT and Tuba1aND/+ neurons. Differ ences between WT and 
Tuba1aND/+ growth cones were assessed by two-way ANOVA which showed a significant inter action between genotype and 
fluorescence intensity by position (n=20 growth cones; p<0.0001). J.  Scatter  plot r epresenting the r atio of acetylated tubulin to F-
actin intensity within the growth cones of DIV 3 WT and Tuba1aND/+ cor tical neurons. Data points r epresent individual growth 
cones (N=3 mice, n=49 growth cones; p=0.0003 by Mann-Whitney test). For  all plots, lines r epresent mean and er ror  bar s r epor t 
SEM. Differ ences between WT and Tuba1aND/+ datasets were assessed by t test unless otherwise noted. *p<0.05; **p<0.01; 
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wild-type neurons (Fig. 6B; N=3 mice, n=13 neurons; p=0.03 by Mann-Whitney test) with 392 

Tuba1aND/+ neurons growing an average of 4.67±1.15µm/hr compared to 12.60±3.12µm/hr in 393 

wild-type neurons. Additionally, measurements of the longest neurite, designated a putative 394 

‘axon’, at DIV 3 revealed that Tuba1aND/+ neurites were significantly shorter than that of wild-395 

type (Fig. 6C; N=3 mice, n=124 neurons; p=0.02).Together, these data show that developing 396 

neurons with reduced Tuba1a have shorter neurites and grow at a slower rate than wild-type.  397 

To explore the precise mechanisms by which reduced Tuba1a contributes to slowed 398 

outgrowth in Tuba1aND/+ neurons, we assessed the abundance of acetylated microtubules and 399 

filamentous actin (F-actin) in developing growth cones of wild-type and Tuba1aND/+ cortical 400 

neurons at DIV 3 (Fig. 6D). The growth cone is a dynamic developmental structure that uses the 401 

coordinated action of the actin and microtubule cytoskeleton to drive neuronal outgrowth in 402 

response to internal and external cues [43, 44]. Growth cone area was not changed in Tuba1aND/+ 403 

neurons (317.4±31.3µm2) compared to wild-type (380.9±30.4µm2; Fig. 6E; n=49 growth cones; 404 

p=0.15). We examined the amount of acetylated tubulin, a PTM associated with stable 405 

microtubules (Fig. 6F) and found there to be no difference in the overall fluorescence intensity of 406 

acetylated tubulin in Tuba1aND/+ neurons compared to wild-type (n=49 growth cones; p=0.89). In 407 

contrast, we observed a significant increase in F-actin intensity within the growth cones of 408 

Tuba1aND/+ neurons compared to wild-type (Fig. 6G; n=49 growth cones; p=0.0014). Neuronal 409 

microtubules splay out in the central, actin-dominated regions of the growth cone, but are 410 

bundled towards the peripheral domains of the growth cone [45]. To assess the degree of growth 411 

cone microtubule bundling, we next performed line scans across the widest point of DIV 3 412 

growth cones ≥10µm (Fig. 6H). Line scans of acetylated tubulin through the growth cone 413 

revealed differences in microtubule organization between wild-type and Tuba1aND/+ neurons 414 
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(Fig. 6I; n=39 growth cones; p<0.0001 between genotypes by two-way ANOVA). Specifically, 415 

we observed peaks in fluorescence, indicating bundled microtubules, at the edges of the growth 416 

cone in wild-type neurons, where acetylated tubulin was more diffuse and lacked obvious 417 

organization in Tuba1aND/+ growth cones (Fig. 6I). Intriguingly, the ratio of acetylated 418 

microtubules to F-actin in the growth cone was significantly reduced in Tuba1aND/+ neurons 419 

 
Figure 7  Tuba1aND neurons do not correctly localize Map1b to the developing growth cone.  
A.  Western blots showing Map1b protein associate with a tubulin-enr iched fr action from brain (top panel) and total Map1b 
protein in whole brain lysate (bottom panel) from wild-type (WT) and Tuba1aND/+ mice. Due to the amount of protein that was 
loaded for Map1b western blots, antibody-stained bands for α-tubulin were over saturated and could not be quantified, thus 
Map1b was normalized to the 50kDa band (presumed to be primar ily tubulin) on a UV-activated stain-fr ee blot. B.  Scatter  plot 
quantifying Map1b associated with the tubulin-enr iched brain lysate, normalized to the 50kDa presumed tubulin band using 
stain-fr ee western blotting. p=0.03 C.  Scatter  plot r epresenting total Map1b protein in brain lysate by western blot, normalized 
to the total protein on a stain-fr ee blot. p=0.98 D.  Scatter  plot showing the subcellular  distr ibution of Map1b protein in WT and 
Tuba1aND/+ cor tical neurons at DIV 3. Data ar e r epresented as Map1b fluorescent signal in growth cone r egion divided by a 
r egion proximal to the cell body. p=0.009. E.  Representative images showing altered subcellular distr ibution of Map1b in 
Tuba1aND/+ (bottom) cor tical neurons compared to WT (top) at DIV 3. Composite and individual channel grayscale images of 
MAP2 and Map1b immunocytochemistry are shown, i  and i i  indicate enlarged regions shown in insets. Scale bar s are 10µm. 
Differences between groups were evaluated by t test. * p<0.05; ** p<0.01. 
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compared to wild-type, indicating changes to the overall growth cone cytoskeletal environment 420 

in Tuba1aND/+ neurons (Fig. 6J; n=49 growth cones per genotype; p=0.0003). Together, these 421 

data indicate that neurite growth rate is particularly sensitive to the amount of Tuba1a tubulin 422 

available, and impaired Tuba1a function leads to abnormal actin and microtubule architecture in 423 

the developing growth cone.  424 

 425 

Tuba1aND neurons fail to localize critical developmental proteins to growth cone 426 

MAPs play a crucial role in regulating neuronal microtubule function to support proper 427 

neurodevelopment. Microtubule-associated protein 1b (Map1b) promotes axon extension and is 428 

required for formation of the corpus callosum in mice [46, 47]. There was no significant deficit 429 

in the association of Map1b with microtubules from Tuba1aND/+ brain lysates compared to wild-430 

type; in fact, Tuba1aND/+ lysates bound slightly more Map1b than wild-type (Fig. 7A, B; p=0.03). 431 

Western blot analysis of whole brain lysates from wild-type and Tuba1aND/+ mouse brains 432 

showed no difference in the total amount of Map1b protein (Fig. 7A,C; p=0.98). These data 433 

indicate Tuba1aND does not impair Map1b’s interaction with neuronal microtubules. In 434 

developing wild-type neurons, Map1b localizes strongly to the growth cone to promote axon 435 

growth and facilitate microtubule response to guidance cues [47-51]. Tuba1aND/+ neurons 436 

contained Map1b protein, but exhibited very little Map1b fluorescence in the growth cone 437 

compared to wild-type neurons (Fig. 7D, E; n=31 growth cones; p=0.009). These data provide 438 

evidence that while the abundance of Map1b protein is unchanged by Tuba1aND , reduced 439 

Tuba1a does not allow for correct subcellular localization of Map1b to the growth cone. Failure 440 

of Tuba1aND/+ neurons to localize Map1b to the developing growth cone provides a putative 441 
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mechanism by which developing axons may fail to respond to critical guidance cues, leading to 442 

the commissural deficits observed in Tuba1aND/+ mice.  443 

 444 

 
Figure 8  Mechanisms of Tuba1a-induced axonal pathfinding deficits.  
A.  Schematic illustr ating how reduced Tuba1a may impair ability of Tuba1aND/+ axons to r each key signaling points at the cor r ect 
developmental time to suppor t proper  brain formation. Wild-type axons (WT; top) r eaching the midline crossing point of corpus 
callosum at embryonic day (E) 18.5 ar e compared to the potentially stunted axonal growth in Tuba1aND/+ brains (bottom). The 
r educed density of microtubules and altered polymer ization dynamics likely contr ibute to slower  growth of developing Tuba1aND/+ 

commissural neurons. B.  Schematics illustr ating potential molecular  mechanisms by which Tuba1a suppor ts navigating axons. i .  
Inset from (A), showing WT growth cones navigating through midline corpus callosum. WT growth cones ar e r ich with Map1b, 
which binds growth cone microtubules to guide cellular  r esponse to guidance molecules like Netr in. i i .  Inset from (A) showing 
Tuba1aND/+ growth cones, which fail to localize Map1b and may be r endered unable to mount a cytoskeletal response to extracellular 
cues.  
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Multi-faceted functions of TUBA1A during neurodevelopment 445 

 Our results support two potential models by which TUBA1A regulates neuronal 446 

microtubules to promote commissural axon pathfinding. Using our TUBA1A-His6 tool, we 447 

illustrated that the TUBA1AND allele diminishes TUBA1A protein abundance in cells (Fig. 3). 448 

Here, we demonstrate that diminished Tuba1a alters microtubule dynamics and impairs neurite 449 

outgrowth in vitro (Figs. 5-6). Thus, reduced Tuba1a could render neurons incapable of 450 

supplying the microtubule bulk needed to drive axon outgrowth forward at a specific rate (Fig. 451 

8A). The timing of neurodevelopment is precisely regulated, and neurons which fail to reach 452 

targets at the correct time can miss crucial developmental signaling events. We additionally show 453 

that neurons with reduced Tuba1a fail to localize a critical developmental MAP, Map1b, to the 454 

growth cone (Fig. 7). Interactions between MAPs and microtubules play a major role in adapting 455 

microtubule function in response to a changing intra- and extra-cellular developmental 456 

environment [46, 51, 52]. Therefore, neurons with reduced Tuba1a may be rendered unable to 457 

respond to extracellular guidance cues, such as Netrin1, due to failed sub-cellular localization of 458 

MAPs and other critical cargoes (Fig. 8B). Our evidence supports a multi-faceted role for 459 

TUBA1A during neurodevelopment, where it tunes microtubule dynamics and density to fuel 460 

growth and also provides stable tracks for rapid intracellular transport.  461 

 462 

Discussion 463 

Studying α-tubulin isotypes in vivo 464 

TUBA1A has long been associated with neurodevelopment due to its spatial and temporal 465 

expression as well as its role in tubulinopathies [2-4, 17-20, 53-55], but it has been historically 466 

difficult to study the contribution of a single α-tubulin isotype to microtubule network function 467 
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in vivo due to the limited availability of isotype-specific tools. Here, we present a novel tool for 468 

studying TUBA1A protein in vivo without impacting native microtubule properties by 469 

introducing a hexahistidine (His6) tag into a previously identified internal loop of TUBA1A (Fig. 470 

3) [25-27]. In this study, we provide the first evidence that TUBA1A is essential for regulating 471 

neuronal microtubule function to support long-distance targeting of central nervous system 472 

axons. Ectopic expression of TUBA1A-His6 protein in cells revealed that TUBA1AND protein is 473 

approximately half as abundant as wild-type (Fig. 3D), despite similar amounts of mRNA 474 

expression in transfected cells (Fig. 3E). Based on this evidence, TUBA1AND substitution causes 475 

targeted depletion of the mutant TUBA1A protein, but our results suggest that degradation by the 476 

proteasome is unlikely (Fig. 3D). Newly synthesized α- and β-tubulin proteins enter a complex 477 

tubulin folding pathway, where they interact with cytosolic chaperonins and tubulin-binding 478 

cofactors to become folded and assembled into tubulin heterodimers [56]. As TUBA1AND protein 479 

is diminished compared to wild-type, but is not proteasomally degraded, we predict that mutant 480 

TUBA1AND protein may ineffectively cycle through the tubulin folding pathway. Introduction of 481 

the ND substitution into the primary yeast α-tubulin, Tub1 (Tub1ND) was previously shown to be 482 

lethal when combined with tubulin folding pathway mutants, providing evidence that ND 483 

substitution impairs tubulin assembly [22]. Further testing will be needed to evaluate the precise 484 

molecular mechanisms responsible for reduced TUBA1AND protein in mammalian neurons, but it 485 

is evident that Tuba1a function is lost in the Tuba1aND rodent model.  486 

Neurons with reduced Tuba1a function exhibited accelerated microtubule polymerization 487 

compared to wild-type, but also demonstrated deficits in neurite extension likely due to the 488 

decreased axonal microtubule density (Figs. 5, 6; [24]). Additionally, Tuba1a-deficient 489 

microtubules were not adequate to support growth cone localization of at least one critical 490 
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developmental MAP associated with commissural axon pathfinding, Map1b (Fig. 7). We show 491 

that Tuba1a-rich microtubules promote axon outgrowth and pathfinding, and reduced Tuba1a 492 

was not sufficient to form forebrain commissures in Tuba1aND/+ mice (Figs. 1-2).  Collectively, 493 

these data support the conclusion that reduced Tuba1a during neurodevelopment is adequate for 494 

cortical neuron migration [22], but does not allow for sufficient microtubule function to properly 495 

localize proteins to the growth cone for axon guidance. Thus, long range axon guidance may be 496 

exquisitely sensitive to α-tubulin levels and microtubule structure. 497 

 Studying individual α-tubulin isotypes in neurons has been historically arduous as the 498 

high degree of amino acid sequence similarity between α-tubulin isotypes has prevented 499 

generation of a TUBA1A-specific antibody and has made genetically targeting a single α-tubulin 500 

gene challenging. The abundance of clinically identified mutations to TUBA1A provide strong 501 

evidence that TUBA1A is a major player in both tubulinopathy and typical neurodevelopment; 502 

however, the lack of available tools to study TUBA1A in vivo has prevented researchers from 503 

understanding precisely how TUBA1A contributes to neurodevelopment. As such, previous 504 

studies of tubulinopathy mutations have relied heavily on mRNA analysis and indirect methods 505 

of evaluating TUBA1A function. Here we introduce an important advancement in the study of 506 

TUBA1A protein in vivo, by harnessing a previously-identified internal loop within TUBA1A 507 

that tolerates addition of small epitope tags without impacting TUBA1A incorporation or 508 

dynamics [26]. Our internal TUBA1A-His6 construct marks an important advancement for the 509 

study of tubulinopathies and neuronal α-tubulin as a whole. TUBA1A-His6 was readily expressed 510 

in both Cos-7 cells and neurons and was able to incorporate into microtubule polymers, unlike 511 

TUBA1A containing a GFP fusion that prohibited incorporation into neuronal microtubules (Fig. 512 

4). Additionally, we successfully used this epitope-tagged TUBA1A to model mutant tubulin 513 
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behavior in vitro (Figs. 3-4). Overall, this tool provides an important advancement in the study of 514 

α-tubulin protein in vivo, and makes interrogating the function of specific α-tubulin isotypes 515 

accessible to more researchers.  516 

 517 

Tuba1a influences microtubule density, dynamics, and function in cells 518 

 The microtubule cytoskeleton supports a wide range of different cellular functions in 519 

different cell types, ranging from facilitating chromosome segregation during mitosis to forming 520 

dynamic and motile structures like the neuronal growth cone. Understanding how different cells 521 

use the same basic building blocks to create vastly different microtubule-based structures is a 522 

major question in microtubule biology. Many different mechanisms have been identified through 523 

which cells can regulate microtubule network properties and overall function. We show that a 524 

mutation which reduced Tuba1a incorporation into cellular microtubules accelerates microtubule 525 

polymerization rates (Fig. 5). Alterations to tubulin isotype composition were previously shown 526 

to change microtubule polymerization dynamics when the analogous mutation was made in 527 

yeast, Tub1ND . A similar acceleration of microtubule polymerization was observed in Tub1ND 528 

yeast mutants and was likely caused by a shift in the α-tubulin isotype ratio at the protein level 529 

[22]. We propose that this polymerization rate increase is not due to a reduction of available 530 

cellular tubulin, but instead is due to a change in the ratio of tubulin isotypes available for 531 

microtubule growth. This result is also supported by recent evidence showing that increased 532 

incorporation of Tuba1a tubulin, with subsequent decreased incorporation of alternative tubulin 533 

isotypes, slowed microtubule polymerization rates in in vitro reconstituted microtubules [40]. 534 

These results are fitting with the “tubulin code” model, which proposes that incorporation of 535 

different tubulin isotypes can modify microtubule network behavior [14, 57]. Importantly, 536 
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previous work has shown that local changes to growth cone microtubule dynamics facilitate 537 

growth cone turning in response to extracellular cues [11, 13, 43, 45, 58, 59]. Thus, 538 

dysregulation of growth cone microtubule dynamics, as was observed in Tuba1aND/+ cortical 539 

neurons, could diminish the ability of developing neurons to appropriately interact with their 540 

environment. Together, these data support the conclusion that incorporation of Tuba1a α-tubulin 541 

tunes neuronal microtubule polymerization rates to support neurodevelopmental processes.  542 

 While the abundance of acetylated tubulin was not significantly different between 543 

Tuba1aND/+ and wild-type growth cones, the distribution of acetylated microtubules was different 544 

by genotype (Fig. 6). Differences in distribution of acetylated tubulin within the growth cone 545 

likely reflects altered microtubule organization (Fig. 6). Acetylation is a microtubule PTM that is 546 

associated with stable microtubule populations and as such is sparse in dynamic structures like 547 

growth cones [60-65]. However, microtubule acetylation can be induced in growth cones 548 

following contact with extracellular matrix proteins and was shown to promote cortical neuron 549 

migration in vivo and suppress axon branching in vitro, demonstrating a clear role for this PTM 550 

in development [66-68]. Tubulin PTMs, like acetylation, have been shown to impact MAP-551 

binding affinity and function, providing a clear mechanism by which changing the PTM 552 

landscape of microtubules could alter neuronal microtubule function [41, 57, 65, 69-72]. Thus, 553 

any changes to the organization or distribution of acetylated microtubules in the growth cone 554 

could impact the ability of developing neurons to appropriately navigate their environment and 555 

establish correct synaptic targets.  556 

 Tuba1aND/+ growth cones showed a significant increase in F-actin signal compared to 557 

wild-type, causing an overall shift in the growth cone microtubule-actin balance (Fig. 6). It is 558 

well established that interplay between the actin and microtubule cytoskeleton drives growth 559 
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cone movements in developing neurons [43, 44, 73, 74]. Growth cone microtubule 560 

polymerization has been shown to induce F-actin assembly, and coordination of actin and 561 

microtubules is regulated by interactions with MAPs to drive appropriate growth cone response 562 

[75-78]. As actin and microtubules are tightly regulated within the growth cone, it is reasonable 563 

to assume that mutations which disrupt microtubule function, like Tuba1aND, likely also impact 564 

the actin cytoskeleton of developing neurons. In Tuba1aND/+ neurons, the actin cytoskeleton may 565 

occupy increased growth cone territory as the result of microtubule deficiencies, but additional 566 

testing of actin-response in developing Tuba1aND/+ neurons is needed to assess whether the 567 

increase in growth cone actin has any functional consequences. Further, we showed that 568 

Tuba1aND/+ neurons do not effectively localize at least one developmental MAP, Map1b, to the 569 

growth cone (Fig. 7). Map1b acts downstream of several important developmental signaling 570 

pathways to regulate function of both actin and microtubules within the growth cone, and 571 

dysregulation of this or other MAPs could therefore impact multiple cytoskeletal components 572 

[50, 51, 79]. The mechanisms by which Tuba1aND induces changes to the growth cone actin 573 

cytoskeleton remain to be explored, but could reveal important insights on how microtubules and 574 

actin are coordinately regulated to support growth cone navigation.  575 

 576 

Models of Tuba1a-dysfunction reveal potential roles in developmental signaling 577 

 Tuba1aND/+ neuronal microtubules were not sufficient to support growth cone localization 578 

of Map1b (Fig. 7). Microtubules are the tracks upon which intracellular cargo transport occurs in 579 

neurons. Here we present evidence that impaired Tuba1a function in neurons causes aberrant 580 

localization of Map1b (Fig. 7). Map1b mRNA is a known target of the mRNA transport protein 581 

FMRP and is locally translated within developing neurons [80, 81]. As we previously 582 
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demonstrated that intracellular transport is impaired in developing Tuba1aND/+ neurons [24], this 583 

provides a putative model by which reduced Tuba1a could lead to altered localization of 584 

developmental MAPs. Intracellular transport is a crucial function of neuronal microtubules 585 

throughout life; however, microtubule-based transport has been shown to be essential during 586 

neurodevelopment [12, 82-87]. Correct localization of developmental MAPs, mRNAs and 587 

organelles are crucial for cytoskeletal response to extracellular guidance cues [84, 86, 88-90]. In 588 

particular, Map1b is required for neuronal response to the guidance cue, Netrin1, a key player in 589 

commissural formation [91-96]. We showed that neuronal microtubules with reduced Tuba1a do 590 

not support neuronal growth to the same degree as wild-type microtubules, causing shorter 591 

neurite length and slower growth rates in vitro (Fig. 6). The timing of developmental processes is 592 

crucial for effective signal transduction and supports the formation of appropriate synaptic 593 

contacts [97, 98]. Collectively, the data presented in this study support two potential models by 594 

which Tuba1aND neuronal microtubules fail to support proper neurodevelopment. The first model 595 

proposes that the timing of axon extension during development is crucial for effective axon 596 

guidance, as neurons with reduced Tuba1a exhibit impaired neurite extension (Fig. 6). If neurons 597 

lacking TUBA1A are not reaching the correct location at the correct time, it is possible that 598 

neurons will fail to receive key developmental signals (Fig. 8).The second model posits that 599 

neurons lacking functional TUBA1A do not have adequate intracellular transport to support 600 

localization of critical developmental proteins (Fig. 8). Inappropriate protein localization during 601 

critical points in axon extension and guidance could render neurons unable to respond to 602 

incoming guidance cues, as the machinery required to induce microtubule response to 603 

extracellular cues is absent. Importantly, these models are not mutually exclusive, as we 604 

demonstrated that TUBA1A is crucial for both developmental protein localization and neuron 605 
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outgrowth. The extent to which these processes contribute to the overall deficit in commissural 606 

axon guidance remains to be explored in future studies.  607 

 Understanding the mechanisms by which microtubules contribute to discrete aspects of 608 

neurodevelopment is an active area of research. Human neurodevelopmental disorders that 609 

impact microtubule function, such as tubulinopathies, demonstrate that microtubules are critical 610 

for proper neurodevelopment to occur. Tubulinopathy patients exhibit severe, sometimes lethal, 611 

brain malformations that frequently impact multiple neurodevelopmental processes, including 612 

neuronal survival, migration and axon extension [3, 6-8, 53, 99-101]. The range of phenotypes 613 

exhibited by tubulinopathy patients have made it challenging for scientists to pinpoint specific 614 

aspects of neuronal function that are reliant on TUBA1A tubulin. In this way, mutations such as 615 

the Tuba1aND variant whose severity can be tuned according to gene dosage can be used as 616 

important tools to interrogate the requirement for Tuba1a in discrete aspects of 617 

neurodevelopment. Importantly, though tubulinopathy patients exhibit a range of brain 618 

phenotypes, commissural abnormalities such as agenesis of the corpus callosum, are one of the 619 

most commonly reported features of this disease [1-4, 20]. Cortical malformations and neuronal 620 

migration errors are also common features of TUBA1A tubulinopathies; however, it has thus far 621 

been unclear as to whether commissural deficits occur as a primary or secondary consequence of 622 

TUBA1A dysfunction. In this study, we provide evidence that neurons deficient in Tuba1a fail to 623 

properly navigate to meet contralateral binding partners. These data demonstrate that TUBA1A 624 

is required for forebrain commissural formation, independent of its role in neuronal survival or 625 

migration. The insights presented in this manuscript expand upon the currently known role for 626 

TUBA1A in neurodevelopment, and advance the study of tubulinopathy by presenting specific 627 

mechanisms by which TUBA1A supports neurodevelopment.  628 
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