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Abstract

Dendritic arborization and axon outgrowth are critical steps in the establishment of neural 

connectivity in the developing brain. Changes in the connectivity underlie cognitive dysfunction in 

neurodevelopmental disorders. However, molecules and associated mechanisms that play 

important roles in dendritic and axon outgrowth in the brain are only partially understood. Here, 

we show that Microtubule-Actin Crosslinking Factor 1 (MACF1) regulates dendritic arborization 

and axon outgrowth of developing pyramidal neurons by arranging cytoskeleton components and 

mediating GSK-3 signaling. MACF1 deletion using conditional mutant mice and in utero gene 

transfer in the developing brain markedly decreased dendritic branching of cortical and 

hippocampal pyramidal neurons. MACF1-deficient neurons showed reduced density and aberrant 

morphology of dendritic spines. Also, loss of MACF1 impaired the elongation of callosal axons in 

the brain. Actin and microtubule arrangement appeared abnormal in MACF1-deficient neurites. 

Finally, we found that GSK-3 is associated with MACF1-controlled dendritic differentiation. Our 

findings demonstrate a novel role for MACF1 in neurite differentiation that is critical to the 

creation of neuronal connectivity in the developing brain.
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Introduction

Neurons are highly specialized and polarized cells that have two functionally and 

structurally different processes, axon and dendrites. Neurons receive input signals from 

neurons and glia through dendrites and transmit output signals to other neurons at axon 

terminals [1–3]. Thus, normal development of axons and dendrites is important for neural 

transmission. Abnormalities in these structures can lead to functional brain defects and are 

implicated in neurodevelopmental disorders such as autism and schizophrenia [4–7]. 

Formation of axon and dendrites is a dynamic process which requires remodeling of the 
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cytoskeleton controlled by actin and microtubule regulatory proteins [8–10]. However, the 

key regulators and molecular mechanisms of axon and dendrite formation and further 

differentiation during brain development are not fully understood.

Microtubule-Actin Crosslinking Factor (MACF1), also called actin cross-linking factor 7, is 

a member of the plakin family that expressed in numerous tissues including the brain [11–

14]. MACF1 is the cytoskeletal crosslinking protein that interacts with F-actin and 

microtubules to regulate polarization of cells and coordination of cellular movements [15–

17]. This protein is essential for embryonic development because the null mice show 

embryonic lethality with developmental delay [18,13]. Mutations in the Drosophila homolog 

of MACF1, Short stop (Shot), lead to abnormal cytoskeleton organization [19–23]. 

Interestingly, MACF1 is highly expressed in the developing brain and regulates migration of 

pyramidal neurons in mice [24]. These findings suggest a potential role for MACF1 in 

neuronal differentiation in the mammalian brain. However, the role of MACF1 and the 

associated mechanism in dendritic differentiation and axon outgrowth in vivo is not known.

MACF1 is physically associated with GSK-3. For example, MACF1 interacts with GSK-3 in 

rat tumor cells and human skin stem cells, and the interaction controls microtubule 

organization [18,25]. Furthermore, the protein binds to GSK-3 in mouse brain cells. The 

GSK-3 signaling pathway plays a critical role in neuronal morphogenesis including axon 

and dendritic outgrowth [26–29]. These findings suggest interplay between MACF1 and 

GSK-3 signaling in cytoskeleton arrangement and axon/dendrite development.

Here, using a conditional gene targeting strategy combined with in utero electroporation, we 

investigated the function and the mechanism of MACF1 in neurite differentiation in vivo. 

We show that MACF1 is required for dendrite arborization and axon outgrowth in the 

developing brain.

Result

Cell-autonomous role of MACF1 in dendritic arborization of pyramidal neurons

We investigated if MACF1 is required for dendritic differentiation in cortical pyramidal 

neurons. We first deleted endogenous MACF1 in developing pyramidal neurons by 

electroporating E14.5 control (MACF1loxP/+) and MACF1loxP/loxP mice in utero with the 

Dcx-cre-iGFP construct. This in utero electroporation targets the construct onto the 

ventricular surface of the cerebral cortex where radial neural progenitors and neurons reside. 

Use of the Dcx-cre-iGFP construct is particularly useful for neuronal targeting. This 

construct expresses Cre recombinase only in neuronal populations under the Dcx promoter, 

not in radial neural progenitors [30]. Thus, MACF1 is knocked out selectively in neurons 

transfected with the Dcx-cre-iGFP. After electroporation, we collected brain tissues at P10. 

Most control neurons (MACF1 loxP/+; Dcx-cre-iGFP) in layer 2/3 of the cerebral cortex 

showed a thick apical dendrite extending toward the pial-surface and multiple basal 

dendrites (Figure 1A, 1B). MACF1 deletion led to a loss of primary apical dendrites as the 

dendrites that grew towards the pia appeared to lose the characteristics of primary apical 

dendrites. MACF1-deleted neurons (MACF1 loxP/loxP; Dcx-cre-iGFP) exhibited more apical 

dendrites (Figure 1A, 1B). The number of dendrites was significantly increased in MACF1- 
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deleted neurons by 64% compared with control neurons (Figure 1C). However, the length of 

total apical dendrites was markedly decreased in MACF1-deleted neurons by 43% compared 

with controls. Similarly, the length and the thickness of apical dendrites were decreased by 

49% and 48%, respectively, in MACF1- deleted neurons. MACF1 deletion also led to 

abnormal formation of basal dendrites. The length of basal dendrites was decreased by 53 % 

in MACF1 mutant brains compared with controls (Figure 1C). Furthermore, MACF1- 

deleted neurons showed a decrease in dendritic lengths in cultures compared with controls 

(Supplemental Figure 1), indicating the MACF1 effect on dendritic differentiation is cell-

autonomous. Additionally, we assessed orientation of apical dendrites in control and 

MACF1 loxP/loxP; Dcx-cre-iGFP neurons. Apical dendrites of MACF1 loxP/loxP; Dcx-cre-

iGFP neurons were more horizontally oriented than control dendrites that were mostly 

aligned verticality toward the pia-surface (Figure 1D). MACF1-deleted dendrites showed 

wider angles to the vertical line and developed multiple dendrites lacking specific 

orientation.

Next, we investigated whether MACF1 regulates initiation, branching, or both of dendritic 

regrowth. We isolated cortical neurons from control and MACF1 loxP/loxP mice and 

immediately transfected with the Dcx-cre-iGFP construct. After 3 days, we fixed cells and 

assessed the number and the length of dendrites by immunostaining with anti-MAP2 

antibody. MACF1 deletion increased the number of initially- regrowing dendrites by 60% 

while it decreased primary and total dendrite lengths by 64% (Figure 2A, 2B). Likewise, 

total length of dendrites was markedly decreased by 69% in MACF1-deleted neurons 

compared to controls, indicating that MACF1 deletion impairs the initiation of dendritic 

regrowth. To assess the effect of MACF1 on dendritic branching, we first cultured control 

and MACF1-deleted neurons for 6 days, allowing them to generate initial dendrites. Then, 

we transfected the Dcx-cre-iGFP construct and examined dendritic branching after 6 days. 

We observed that the number of dendritic branches and the length of total dendrites were 

markedly decreased in MACF1-deleted neurons by 58% and 71%, respectively (Figure 2C, 

2D). These results show that MACF1 regulates both initial dendrite regrowth and later-stage 

branching.

Like cortical pyramidal cells, neurons in the hippocampus migrate into appropriate layers 

and establish circuitry networks through dendritic and axonal formation during brain 

development. Thus, we examined a role of MACF1 in dendrite formation of hippocampal 

neurons. We deleted MACF1 in the developing hippocampus using an in utero 
electroporation with a modification of electrode orientation as previously reported [24]. We 

targeted Dcx-cre-iGFP into the lower part of the lower medial cortex at E14.5, which forms 

the hippocampus at later developmental stages [31–34]. After electroporation, we collected 

brain tissues at P10 and examined dendrite formation. MACF1-deletion decreased the length 

of total dendrites of hippocampal neurons by 62% compared with controls (Figure 3). In 

contrast, the number of primary dendrites was increased by 275% in MACF1-deleted 

hippocampal neurons. These results indicate that MACF1 deletion causes a general defect in 

process outgrowth in the hippocampal neurons. Taken together, our data demonstrate that 

MACF1 is essential for normal dendrite differentiation of pyramidal neurons during brain 

development.
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Dendritic spine formation in MACF1-deleted neurons

Dendritic spines are the major sites of synaptic input [35–38]. Abnormal formation of 

dendrites in MACF1-deleted neurons led us to examine a role of MACF1 in spine formation. 

We cultured cortical neurons from control and MACF1 loxP/loxP mice for 5 days and 

transfected Dcx-cre-iGFP. After 9 days, we assessed dendritic spines. MACF1 deletion 

decreased the number of dendritic spines by 61% compared with controls (Figure 4A, 4C). 

Interestingly, MACF1-deleted spines were noticeably long and thin (Figure 4B). The length 

of spines was increased by 201% in MACF1-deleted neurons compared with control neurons 

(Figure 4C). Furthermore, the diameters of spine head and neck were decreased by 67% and 

39%, respectively, in MACF1-deleted neurons. These results show that MACF1 regulates 

dendritic spine formation of cortical pyramidal neurons.

MACF1 is required for axonal growth and branching

Callosal axons of projection neurons cross the cortical midline and arrive at the contralateral 

cortex during development and then they start extensive branching [39–41]. We investigated 

if MACF1 plays a role in callosal axon development. We labeled layer 2/3 projection 

neurons in the developing brain by performing in utero electroporation of E14.5 control and 

MACF1loxP/loxP mice with Dcx-cre-iGFP construct. We collected brain tissues at P14 and 

assessed callosal axon projections and branches by chasing GFP-labeled neurons and axons 

along the callosal axon route (Figure 5A, 5B). Control neurons expressing GFP (Figure 5B, 

left panels) projected callosal axons normally toward the ventricular zone (Figure 5C, left 

panel). The axons traversed the midline in the corpus callosum (Figure 5D, left panel) and 

reached at the contralateral side (Figure 5E, left panel). However, MACF1-deleted neurons 

(Figure 5B, right panels) showed reduced numbers of callosal axons within the corpus 

callosum and the contralateral cortex (Figure 5D, 5E, right panels). As a result, mutant axon 

bundles in the corpus callosum appeared to be much thinner (Figure 5D). The axon numbers 

were decreased by 45% and 73% in the mutant corpus callosum and the contralateral side, 

respectively, compared with control samples (Figure 5F). A similar pattern of reduced axon 

bundles were observed in MACF1flox/flox; Nex-cre brains (Supplemenal Figure 2). Axon 

branching is induced by local signals [42]. We wondered if the correctly innervated axons in 

the mutant brains normally generate branches. We found that MACF1-deleted axons had a 

reduction in branching compare with control axons (Figure 5G, 5H). In the target area, the 

number of axon branches was decreased by 74%. This result suggests that MACF1 deletion 

suppresses the process of receiving local inputs or disrupts intrinsic signals for axon 

branching. Our data demonstrate that MACF1 is required for elongation and branching of 

callosal axons in the developing cortex.

Elimination of MACF1 disrupts actin and microtubule arrangement

Neurite growth and branching involve the coordinated actions of cytoskeletal rearrangements 

[43,44]. We investigated actin and microtubule arrangement and stability in control and 

MACF1-deleted neurons. We deleted MACF1 by crossing Nex-Cre mouse line that 

expresses Cre recombinase exclusively in neurons in the developing cerebral cortex [45]. We 

first examined localization of MACF1 in cortical neurons. MACF1 was found throughout 

the soma and dendrites with an accumulation at dendrite tips (Figure 6A). Then, we assessed 
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stabilized actins by labeling with phalloidin conjugated with a fluorescence dye. 

Polymerized actins labeled by phalloidin-conjugates were mostly bundled and accumulated 

at the terminal in control cells (Figure 6B, left panels). However, MACF1-deleted cells did 

not show clear accumulation patterns at neurite tips (Figure 6B, right panels). Polymerized 

actins appeared to be scattered and debundled at neurite tips in MACF1-deleted cells. 

Additionally, MACF1-deleted cells showed more accumulation of polymerized actins in the 

cell body than control cells (Figure 6B, bottom panels). Thus, localization of stable actins at 

the soma and the neurtie tip was disrupted in MACF1-deleted cells (Figure 6C), suggesting 

that MACF1 determines actin stabilization and positioning in the neuron. Finally, we 

examined microtubule structures at the neurite tip. Microtubules immunostained with a β-

tubulin antibody were bundled together in control cells, but they were more debundled in 

MACF1-deleted cells (Figure 6D), suggesting unstable microtubules at the neurite tip. 

Indeed, compared with control cells, MACF1-deleted cells showed a decrease in the level of 

acetylated tubulin that is a marker for stabilized microtubules (Figure 6E). Together, these 

results suggest that MACF1 plays an important role in neurite growth and branching by 

regulating actin and microtubule arrangement and stabilization.

Association of MACF1 with GSK-3 signaling in dendrite differentiation

To identify associated cellular signaling, we investigated an interaction of MACF1 with 

glycogen synthase kinase-3 (GSK-3) signaling in dendritic arborization. GSK-3 

phosphorylates MACF1 in brain and skin cells [24,25], and the phosphorylation by GSK-3 

regulates MACF1 binding to microtubules [25]. Using wild type control and GSK-3 

knockout brain samples, we assessed the level of phosphorylated MACF1 by Western 

blotting with a MACF1 antibody that detects GSK-3-mediated phosphorylation [25]. The 

level of phospho-MACF1 was decreased by 51% in GSK-3 knockout brain lysates compared 

with control samples (Figure 7A, 7B). When phosphorylated by GSK-3, MACF1 is 

inactivated in skin cells (Wu et al., 2011), suggesting a potential interplay between GSK-3 

and MACF1 in neurons. Thus, we examined the role of GSK-3 phosphorylation of MACF1 

in dendrite outgrowth by in utero electroporating a control GFP, a constitutively-active 

GSK-3β (ca-GSK-3β), WT MACF1, MACF1 S:A (phosphorylation-refractile form) [25], or 

ca-GSK-3β and MACF1 S:A into the E14.5 developing brain. A previous study showed that 

GSK-3 phosphorylates MACF1 at the C-terminal phosphorylation cluster [25]. MACF1 S:A 

point mutations convert GSK-3 phosphorylation sites at this cluster to a kinase-refractile 

version harboring serine to alanine mutations. The S:A mutant was shown to be resistant to 

GSK-3 phosphorylation. We examined dendrites at P10. Overexpression of ca-GSK-3β 
suppressed dendrite outgrowth and branching compared with control (Figure 7C, 7D). We 

measured the lengths of total and primary apical dendrites. Overexpression of ca-GSK-3β 
construct reduced total and primary apical dendrites by 57% and 51%, respectively (Figure 

7E). Overexpression of WT MACF1 or MACF1 S:A alone showed no significant changes in 

the number or the length of dendrites (Figure 7C–7E). However, co-expression of MACF1 

S:A partially rescued the inhibitory effect of ca-GSK-3β (Figure 7C, 7D). Similarly, the 

numbers of secondary and tertiary apical dendrites that are indicators of dendritic branching 

were decreased in neurons expressing ca-GSK-3β, and the decreased branches were 

significantly reversed by co-expression with MACF1 S:A (Figure 7E). These findings show 
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that GSK-3-mediated phosphorylation of MACF1 is an important mechanism for the 

MACF1 function in dendritic outgrowth and branching.

Discussion

We identified the role of MACF1 in dendritic branching, spine formation, and axon 

outgrowth in the developing mammalian brain. MACF1 deletion inhibits dendrite/axon 

length growth, but increases the number of short primary dendrites. Dendritic spines are long 

and thin, and the density is decreased in MACF1-deficient neurons. MACF1 functions as a 

downstream effector of GSK-3 to regulate neurite differentiation in developing pyramidal 

neurons.

Requirement of MACF1 in neurite outgrowth and spine formation in developing neurons

MACF1 is highly expressed in the brain during development [18,24]. Studies have shown 

that the Drosophila homolog of MACF1, shot, is involved in neurite outgrowth and 

branching [19,46,47,20,48]. In mouse brain, MACF1 is required for the migration and 

positioning of pyramidal neurons in the developing brain [49,24]. For example, MACF1 

deletion using the Dcx-cre-iGFP construct caused abnormal neuron migration leading to 

scattered positioning of upper layer neurons throughout the cerebral cortex instead of 

packaging within the layer II/III [24]. Consistently, we observed abnormal neuronal 

positioning in MACF1flox/flox; Dcx-cre-iGFP brains in this study. In addition to the 

abnormal neuron positioning, thalamocortical and hippocampal commissure projections are 

abnormal in MACF1; Nestin-Cre mouse brains [49]. In our study, we assessed the dendritic 

and axonal phenotype from the neurons that are positioned normally within the layer II/III 

after Dcx-cre-iGFP electroporation. Our results showed that MACF1 deficiency results in 

aberrant dendrite and axonal differentiation including immature spines and insufficient 

dendritic branching and callosal axon innervation. The Dcx-cre-iGFP construct uses the 

mouse doublecortin (Dcx) promoter to drive expression of Cre recombinase in immature and 

young neurons [50,30]. Dcx-positive immature neurons are primarily found in the 

intermediate zone where undifferentiated neurons start migrating toward the pia. 

Furthermore, Franco et al (2011) showed that Dcx-cre-iGFP-mediated deletion of Dab1 gene 

disrupted somal translocation and migration of newly-born neurons before neuronal 

differentiation. Generally, dendrites and axons form after the completion of neuronal 

migration. Thus, MACF1 deletion mediated by the Dcx-cre-iGFP disrupts early neurite 

growth of targeted neurons. These data strongly suggest that MACF1 is an essential 

component of brain wiring by contributing to the establishment of neuronal connections 

during development. Correct growth and differentiation of axons and dendrites such as 

branching and innervation are critical prerequisites for proper local neuronal connectivity 

and eventually long-range circuit formation. Abnormal neural circuit formation is associated 

with many neurodevelopmental and psychiatric diseases including autism, intellectual 

disability, and schizophrenia. In this regard, it is interesting to note that MACF1 is an 

interactome of DISC1 that is a susceptibility factor for schizophrenia [51].

Our data also show that MACF1 controls dendritic spine formation during brain 

development. MACF1-deficient neurons show a decrease in the number of dendritic spines 
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and an alteration in their shapes, i.e., long and thin spines compared to controls. Dendritic 

spine is a major site of excitatory synaptic input and thereby important for synaptic plasticity 

[52,53]. Our results suggest that MACF1 contributes to synaptic formation, maturation and 

maintenance in the brain. Aberrant spine morphology and density caused by many 

neurodevelopmental and psychiatric diseases including autism spectrum disorders and 

schizophrenia [54,55]. Synapses undergo dynamic changes responding to a variety of inputs. 

Whether MACF1 is involved in synaptic plasticity remains to be elucidated.

Leading process extension of migrating neurons is not just a requirement for neuronal 

migration, but is an important phenomenon for dendritic differentiation. Leading processes 

of migrating pyramidal neurons differentiate into apical dendrites after completing migration 

[56]. Then, dendrites undergo arborization by establishing complex branches. We previously 

showed that MACF1 regulates leading processes of radially migrating pyramidal neurons 

[24]. For example, elimination of MACF1 disrupts the extension and orientation of leading 

processes of migrating neurons during brain development, suggesting the role of MACF1 in 

initial dendritic differentiation. Indeed, we found that MAC F1-deficient neurons have 

aberrant dendrites. Thus, initial formation of dendrites rather than maintenance and shedding 

appear to cause the defective dendritic phenotypes in MACF1-deficient neurons.

Regulation of cytoskeleton components by MACF1

Rearrangements of the actin cytoskeleton and microtubules are crucial for the initial stage of 

neuronal polarity [57]. Actins and microtubules are enriched in neurite tips and regulate 

growth and branching of neurites [1,58,44]. MACF1 is able to interact with both actins and 

microtubules, and bridges these cytoskeleton components [12,15,59]. Mutations in MACF1 

gene cause a loss of stable microtubule localization to the periphery of the zebrafish oocyte 

[60]. Consistently, we found that MACF1-deleted neurons show defective localization of 

polymerized actins at neurite tips and somas. Our results also show that microtubules are 

debundled and unstable in MACF1-deficient neurons. Thus, inactivation of MACF1 may 

cause actin and microtubule instability, and subsequent disruption of cytoskeleton 

arrangement leading to aberrant neurite outgrowth and differentiation. A schematic model of 

neurite outgrowth in the absence or presence of MACF1 is presented in Figure 8. Proper 

positioning of microtubules and actins is a prerequisite for neurite growth [57]. MACF1 

accumulated at neurite tips appears to regulate localization and stability of microtubules and 

actins during neurite outgrowth.

MACF1 and GSK-3 signaling in neurite growth

MACF1 is associated with a Wnt complex containing GSK-3, APC, Axin, and β-catenin, 

and knockdown of the protein inhibits the Wnt signaling pathway in cells [18]. GSK-3 

regulates the activity of microtubule-associated proteins including APC, CRMP2, CRMP4, 

MAP1b, MAP2, and Tau via phosphorylation mechanisms [61]. Furthermore, GSK-3 

signaling regulates neurite specification, polarity, plasticity and growth [62,26,29,27,28]. 

Importantly, GSK-3 controls the activity of MACF1 via physical interaction and 

phosphorylation in skin stem cells [25]. We have also previously shown that GSK-3 binds to 

and phosphorylates MACF1 in brain tissues [24]. This phosphorylation is important for 

MACF1 to bind and control microtubules [25]. Inhibition of GSK-3β induces dendrite 
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outgrowth in cultured cortical and hippocampal neurons [63]. Our results are consistent with 

the previous finding because overexpression of active GSK-3 inhibits dendritic branching 

and the active GSK-3-mediated inhibition is partially suppressed by co-overexpression with 

MACF1 S:A. These data suggest that MACF1 is a downstream target of GSK-3 signaling in 

dendritic differentiation. We noted that overexpression of ca-GSK-3 did not completely 

phenocopy the dendritic morphology in MACF1-deleted neurons. GSK-3 has multiple 

targets that are associated with neurite development [64,62]. While active GSK-3 suppresses 

MACF1 activity, it may also modify other microtubule and actin binding proteins. Thus, we 

think that the outcome of active GSK-3 overexpression may result from a combination of 

each substrate phenotype. However, the decreased dendritic lengths and branch numbers in 

neurons expressing active GSK-3 are similar to the MACF1 phenotypes.

In summary, we show a novel role of MACF1 in dendrite arborization and axon extension in 

the developing mammalian brain. GSK-3 as an upstream kinase is associated with the 

function of MACF1. Our findings may help develop a better understanding of neural 

connectivity during brain development.

Materials and Methods

Plasmids

A constitutively-active GSK-3β (S9A) plasmid was generously provided by Dr. James 

Woodgett (Samuel Lunenfeld Research Institute). Dcx-cre-iGFP was described previously 

[30]. MACF1-GFP S:A plasmid was a generous gift from Dr. Elaine Fuchs (Howard Hughes 

Medical Institute, The Rockefeller University).

Mice

Mice were handled according to our animal protocol approved by the University of 

Nebraska Medical Center. MACF1 floxed mouse [25] was described previously. Nex-cre 

mouse [45] was used to generate conditional MACF1 knockout mice (MACF1loxP/loxP; Nex-

cre).

Immunohistochemistry

Immunohistochemical labeling of embryonic brain sections or dissociated neural cells was 

performed as described previously [65,66]. The following primary antibodies were used: 

Chicken anti-GFP (Invitrogen), Rabbit anti-GFP (Invitrogen), mouse anti-β-III Tubulin 

(Phosphosolutions), rabbit anti-acetyl-α-tubulin (Cell Signaling), and mouse anti-β-tubulin 

(Upstate). Appropriate secondary antibodies conjugated with Alexa Fluor dyes (Invitrogen) 

were used to detect primary antibodies. Polymerized F-actins were detected by labeling with 

phalloidin-Alexa 568 (Invitrogen).

In utero electroporation

In utero electroporation was performed as described previously [66,24]. Briefly, timed 

pregnant female mice from E14.5 day of gestation were deeply anesthetized and the lateral 

ventricles of an embryonic brain were injected with plasmid DNA (2 μg/μl) and 0.001% fast 

green using a Picospritzer II (Parker Inc.). Electroporation was achieved by using BTX 
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ECM830 elecroporator (5 pulses with 100 ms length separated by 900 ms intervals were 

applied at 45V). Embryos were allowed to develop in utero for the indicated time. For 

hippocampal gene delivery, the electrodes were placed at an angle to the opposite way of 

cortical targeting as described previously [37].

Morphometry

For the quantification of lengths, numbers, or thickness of primary dendrites and branches, 

images of 20 different brain sections containing the corpus callosum from more than 5 mice 

were taken with Zeiss LSM510 and LSM710 confocal microscopes and a Nikon Eclipse 

epifluorescence microscope attached with a QImaging CCD camera. For spine 

quantification and cytoskeleton analysis in cultured cells, ten mice for each experiment 

(control mice, n=5; mutant mice, n=5) were used. More than 20 fields scanned horizontally 

and vertically were analyzed in each condition. Cell numbers examined were described in 

figure legends. The images were analyzed by using ZEN (Zeiss), LSM image browser 

(Zeiss), QCapture software (QImaging), and ImageJ (NIH). The calculated values were 

averaged, and some results were recalculated as relative changes versus control.

Primary neuron cultures

Primary neuronal culture was described previously [67,24]. Briefly, cerebral cortices from 

E13.5-16.5 mice were isolated and dissociated with trituration after trypsin/EDTA treatment. 

Then, the cells were plated onto poly-D-lysine/ laminin-coated coverslips and cultured in the 

medium containing neurobasal medium, 5% serum, B27 and N2 supplements.

Cell transfection

Mouse cortical neurons were transfected with various plasmids as described in a previous 

paper [29]. Embryonic cortices were dissociated and suspended in 100 μl of Amaxa 

electroporation buffer containing 1–10 μg of plasmid DNA. Then, suspended cells were 

electroporated with an Amaxa Nucleofector apparatus. After electroporation, cells were 

plated onto coated coverslips and the medium was changed 4 hours later to remove the 

remnant transfection buffer. For transfecting DNA constructs into attached cells, 

lipofectamine (Invitrogen)-mediated transfection was performed according to the 

manufacturer's protocol.

Western Blotting

Western blotting was performed as described previously [68,69]. Lysates from E14.5 

telencephalon were prepared using RIPA buffer and the protein content was determined by a 

Bio-Rad Protein Assay system. Proteins were separated on 4–12% SDS-PAGE gradient gel 

and transferred onto nitrocellulose membrane. Then the membrane was incubated with 

rabbit anti-acetyl-α-tubulin (Cell Signaling), mouse anti-α-tubulin (Sigma), or rabbit anti-

GAPDH (Cell Signaling) at 4°C overnight. Appropriate secondary antibodies conjugated to 

HRP were used (Cell Signaling) and the ECL reagents (Amersham) were used for 

immunodetection. For quantification of band intensity, blots from 3 independent 

experiments for each molecule of interest were used. Signals were measured using ImageJ 
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software and represented by relative intensity versus control. GAPDH was used as an 

internal control to normalize band intensity.

Statistical analysis

Normal distribution was tested using Kolmogorov–Smirnov test and variance was compared. 

Unless otherwise stated, statistical significance was determined by two-tailed Student's t-test 

for two-population comparison and one way analysis of variance followed by Bonferonni 

correction test for multiple comparisons. Data were analyzed using GraphPad Prism and 

presented as mean (+/−) SEM. P values were indicated in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Elimination of MACF1 suppresses dendritic branching in developing cortical 
neurons
(A) Neuron-specific deletion of MACF1 leads to abnormal dendritic branching in the 

developing cortical neurons. Control (MACF1loxP/+) or MACF1loxP/loxP embryos were 

electroporated in utero with Dcx-cre-iGFP at E14.5 to delete MACF1 in cortical pyramidal 

neurons. The electroporated mice were then sacrificed at P10 and the brain samples were 

collected. GFP-positive cells were visualized in the lateral cerebral cortex. Scale bar: 25 μm. 

(B) Representative single cell traces of soma and dendrites shown in (A). (C) The numbers 

and lengths of dendrites were quantified. The lengths and thickness of apical and basal 

dendrites were decreased in MACF1loxP/loxP neurons compared with controls while the 

number of primary dendrites was increased. n = 75 cells from 5 mice for each condition. 

Statistical significance was determined by two-tailed Student's t-test. *p < 0.05, **p < 0.01. 

***p < 0.001. (D) MACF1loxP/loxP neurons showed abnormal orientation of apical dendrites 

in the cerebral cortex.

Ka and Kim Page 15

Mol Neurobiol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. MACF1 deletion effects in early and later stages of dendritic growth
(A) MACF1 regulates initial dendritic growth. Cortical neurons from control (MACF1loxP/+) 

or MACF1loxP/loxP brains at E14.5 were cultured and transfected with Dcx-cre-iGFP at 0 

day in vitro (DIV). Dendritic morphology was examined in MAP2/GFP-positive neurons at 

3 DIV. Bar, 25 μm. (B) The numbers and lengths of primary and total dendrites were 

quantified. (C) Effect of MACF1 in later-stage dendritic branching. E14.5 control and 

MACF1loxP/loxP cortical neurons were cultured and transfected with Dcx-cre-iGFP at 6 DIV. 

MAP2/GFP-positive neurons were assessed at 12 DIV. Bar, 25 μm. (D) The numbers of 

dendritic branches were quantified. n = 60 cells from 3 independent cultures using 3 mice 

for each condition. Statistical significance was determined by two-tailed Student's t-test. 

***p < 0.001.
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FIGURE 3. MACF1 is required for dendritic arborization of developing hippocampal neurons
(A) Neuron-specific deletion of MACF1 leads to abnormal dendritic development in the 

hippocampus. Control (MACF1loxP/+) or MACF1loxP/loxP embryos at E14.5 were 

electroporated in utero with Dcx-cre-iGFP to target hippocampal pyramidal neurons. The 

electroporated mice were sacrificed at P10 and the brain samples were collected. GFP-

positive neurons were assessed in the hippocampus. MACF1 deletion decreased the lengths 

of apical dendrites of hippocampal neurons. Scale bar: 25 μm. (B) Representative single cell 

traces of soma and dendrites shown in (A). (C) The length and the number of dendrites were 

quantified. n = 70 cells from 5 mice for each condition. Statistical significance was 

determined by two-tailed Student's t-test. ***p < 0.001.
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FIGURE 4. Role of MACF1 in dendritic spine formation
(A) MACF1-deleted neurons show aberrant dendritic spines. Cortical neurons from E14.5 

control (MACF1loxP/+) and MACF1loxP/loxP brains were cultured for 5 days, and then 

transfected with a plasmid encoding Dcx-cre-iGFP. Spines were assessed in GFP-positive 

neurons at 14 DIV. Bar, 10 μm. (B) Higher magnification images shown in (A). (C) The 

numbers, lengths, and sizes of spines were quantified. n = 45 cells from 3 independent 

cultures using 3 mice for each condition. Statistical significance was determined by two-

tailed Student's t-test. **p < 0.01. ***p < 0.001.
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FIGURE 5. MACF1 deletion disrupts callosal axon growth and innervation
(A) A schematic illustration of callosal axons that traverse the cortical midline and arrive at 

the contralateral cortex during the first postnatal week. Red rectangles indicate the different 

regions shown in panel B to E. (B) Control (MACF1loxP/+) or MACF1loxP/loxP; embryos 

were electroporated in utero with Dcx-cre-iGFP at E14.5 to target cortical pyramidal 

neurons. The electroporated mice were then sacrificed at P14 and GFP-positive pyramidal 

neurons in the lateral cerebral cortex (region 1) were visualized (upper panes). Lower panels 

showed low magnification images of in utero electroporated brain samples. (C–E) Neuron-

specific deletion of MACF1 leads to abnormal callosal axon growth in the developing 

cerebral cortex. GFP-positive callosal axons project toward the lower layers of the cerebral 

cortex (C, region 2), traverse in the cortical midline (D, region 3), arrive the contralateral 

cortex (E, region 4). (F) The numbers of callosal axons in each region shown in (B–E) were 

assessed. n = 21 sections from 5 mice for each condition. Statistical significance was 

determined by two-tailed Student's t-test. ***p < 0.001. (G) Representative traces of axon 

branches in region 4. (H) The numbers of axonal branches shown in (G) were quantified. n = 

128 axons for control and 46 axons using 5 mice for each condition. Statistical significance 

was determined by two-tailed Student's t-test. ***p < 0.001.
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FIGURE 6. Actin and microtubule localization and arrangement in MACF1 mutant neurons
(A) MACF1 expression in cortical neurons. Cortical neurons from E14.5 control 

(MACF1loxP/+; Nex-cre) and MACF1loxP/loxP; Nex-cre brains were cultured for 5 days, and 

MACF1 localization was examined using immunostaining. Arrows indicate an accumulation 

of MACF1 in dendritic tips (B) MACF1 deletion causes aberrant actin arrangement and 

localization. Polymerized actins were visualized by phalloidin staining. Top panels show the 

patterns of polymerized actins at neurite tips. Middel and bottom panels show polymerized 

actins accumulated in the cytosol. (C) The levels of polymerized actin (F-actin) intensity in 

the cell body and at the neurite tip were quantified using Image J (NIH) software. n = 21 

cells from 3 independent cultures using 3 mice for each condition. Statistical significance 

was determined by two-tailed Student's t-test. ***p < 0.001. (D) MACF1-deleted neurons 

show abnormal microtubule arrangement at the neurite tip. (E) Immunoblotting was 

performed to measure the levels of α-tubulin or acetylated-tubulin using E14.5 control and 

MACF1loxP/loxP; Nex-cre brain lysates (top panel). The levels of each tubulin were 

quantified in the bottom panel. n = 3 blots using 3 different lysates from 3 mice for each 

condition. Statistical significance was determined by two-tailed Student's t-test. ***p < 

0.001.
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FIGURE 7. MACF1 mediates GSK-3 signaling in dendritic branching
(A) GSK-3 deletion inhibited phosphorylation of MACF1in the developing brain. 

Phosphorylation of MACF1 was measured by Western blotting using brain lysates from 

control and GSK-3 knockout mice (GSK-3α−/−; GSK-3βflox/flox; Nestin-cre). Control: 

GSK-3α+/−; GSK-3αflox/+; Nestin-cre. (B) Quantification of (A). (C) Suppression of GSK-3 

phosphorylation of MACF1 partially restores the inhibitory effect of GSK-3 in dendrite 

outgrowth. E14.5 mice were electroporated in utero with a GFP, ca-GSK-3β-GFP, WT 

MACF1, MACF1 S:A-GFP, or ca-GSK-3β-GFP and MACF1 S:A-GFP constructs. Brain 

sections were prepared at P14 to assess dendrite outgrowth and branching. The 

overexpression of ca-GSK-3β-GFP inhibited dendrite outgrowth. However, the defective 

dendrite outgrowth was partially rescued by co-overexpression of ca-GSK-3β -GFP with 

MACF1 S:A-GFP construct. Scale bar: 25 μm. (D) Representative single cell traces soma 

and dendrites shown in (C). (E) The lengths and numbers of total and primary/secondary 

apical dendrites were quantified. n = 75 cells from 5 mice for each condition. Statistical 

significance was determined by one-way ANOVA with Bonferonni correction test. *p < 

0.05, **p < 0.01. ***p < 0.001.
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FIGURE 8. A schematic model illustrating a role of MACF1 in neurite outgrowth
(A) MACF1 regulates neurite outgrowth. In control neurons, MACF1 localized at the neurite 

tip stabilizes microtubules by bundling them together and contributes to accumulate 

polymerized actins at the neurite tip. In contrast, MACF1 deficiency leads to microtubule 

debundling at the neurite tip. Also, polymerized actins are reduced and scattered around the 

neurite tip in the absence of MACF1, but accumulated in the cytosol. (B) GSK-3 regulates 

MACF1 activity on dendritic arborization. Unphosphorylated MACF1 is required for 

primary dendritic polarity. GSK-3 phosphorylation of MACF1 induces short multiple 

primary dendrites.
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