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Abstract 

 The morphological changes of neurons are essential to establish proper neuronal 

connection during development. Cellular morphogenesis is based on changes of the 

underlying two major cytoskeletons, microtubules (MTs) and filamentous actin (F-actin). 

Although MTs and F-actin have distinct roles, the spatial organization between MTs and 

F-actin are tightly coordinated during neuronal development. Accumulating evidence suggests 

that MT-actin interaction is mediated by cytoskeleton crosslinking proteins. ACF7/MACF1 is 

a member of spectraplakin family protein and able to bind both MTs and F-actin directly. 

Although ACF7 is expressed in the central nervous systems, the physiological significance of 

ACF7 in neurons has remained unknown.  

 Here, by using hippocampal dissociate culture and manipulation of ACF7 content at two 

different developmental stages, I report that ACF7 is essential for dendrite outgrowth and 

postsynaptic maturation. During early developmental stages, ACF7 accumulated the region 

where MTs and F-actin are in close contact, such as growth cones and enhanced dendrite 

outgrowth. In a later developmental stage, ACF7 clustered in a subset of dendritic spines and 

enhanced structural maturation of individual spines locally. These results may indicate that 

ACF7 maintains MT-actin interaction even in a subset of spines and contributes to proper 

excitatory synapse development. 
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Introduction 

  

 After birth and migration within specific cortical layers or nuclei, neurons break their 

previous symmetry and establish two distinct cellular structures termed axon and dendrite. 

The contact sites between presynaptic axons and postsynaptic dendrites start to differentiate 

into synapses. After establishment of initial synaptic connections, neuronal circuits are refined 

by the formation and elimination of synapses. Appropriate regulation of neuronal morphology 

during development is essential for the establishment of proper functional circuits in the 

brain1–6.  

 

Coordination of microtubule-actin interactions in neuronal morphogenesis 

 Morphogenesis of neurons is greatly influenced by the dynamic reorganization of 

microtubules (MTs) and filamentous actin (F-actin). In the early stage of neuronal 

development, the interaction between MTs and F-actin is essential for neuritegenesis7,8, 

neurite outgrowth9 and axon branching10. Especially, MT-actin interaction in the growth cone, 

a specialized terminal structures at the tip of developing neuronal processes, has been 

investigated well. A large bundle of MTs are recognized in the central domain of growth cone 

and a sub-population of the dynamic MT plus ends penetrates into the actin rich peripheral 

domain11,12. The dynamics of these two cytoskeletal components affect the shape of growth 
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cone and guide its movement to establish proper wiring of the brain3,11–14. MT-actin 

interaction within growth cones can potentially be mediated by either pairs of protein that 

contain single MT- or actin-binding domains, or by large protein molecules that can cross-link 

between MT and F-actin15–17. Although it has been emphasized that the interaction between 

MT-actin is essential for neurite morphogenesis during early neuronal development, recent 

findings start to shed light on roles of MT-actin interactions in mature neuron18,19.  

 

Crosstalk between MTs and F-actin in excitatory synapses 

 In the pyramidal neurons, most excitatory synapses are formed onto dendritic spines that 

protrude from main shafts of dendrites18,20. The cytoskeletal distribution in dendrites and 

dendritic spines seems to be distinct21. Actin filaments are closely associated with both spine 

plasma membrane and the cytoplasmic surface of the PSDs 22,23. By contrast, bundled MTs 

are mainly recognized within dendritic shafts and a sub-population of the dynamic MT plus 

ends penetrates into dendritic spines24–26.  

 It is widely accepted that the actin cytoskeleton has prominent roles in determining 

dendritic spine morphology and in anchoring postsynaptic proteins19,20,27,28. However, MTs 

are also essential for development and function of synapses. The MT-dependent transport 

system that delivers a wide variety of trafficking cargoes and organelles from soma to 

synapses should be coordinated with the actin-dependent system29–32. Furthermore, recent 
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studies suggest that dynamic MTs penetrating into spines can modulate actin dynamics within 

spines33. Dynamic MTs may contribute to critical events in synapse development, such as 

spine structural maturation and PSD formation34–36. It has been emphasized that the crosstalk 

between MTs and F-actin are tightly regulated during synapse development and synaptic 

function. Although molecular mechanisms underlying coordination of the MTs and F-actin in 

dendrites and spines are largely unknown, accumulating evidence suggests the presence of 

MT-actin crosslinking proteins even in mature neuron. 

 

Interaction between MTs and F-actin via spectraplakin family proteins 

 Spectraplakins are multifunctional giant (>500 kDa) cytoskeletal proteins which have both 

MT and F-actin binding domains16,37–39. Spectraplakins have an F-actin binding motif in their 

N-terminal domain. Within the C-terminal domain of spectraplakin, there are two MT binding 

motif; a GAR domain of spectraplakin associates with MTs and a CTD domain can interact 

with EB1, a protein which binds to the growing ends of MTs40–42. Two discrete cytoskeletal 

interaction domains are physically separated by a large number of spectrin repeats which are 

thought to provide molecular flexibility43–45. 

 Spectraplakins are broadly expressed and conserved among species. Null mutation in 

spectraplakins result in a wide variety of tissue and cellular defects including aberration of 
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MT-actin organization and cell-cell adhesion17,37. Of the mammalian spectraplakins, 

ACF7/MACF1 (actin crosslinking family 7/ microtubule and actin crosslinking factor 1) is 

present early in embryonic development. ACF7 is highly expressed in neuronal tissues and 

the foregut of embryonic day 8.5; Early developmental lethality of ACF7 KO mice prevented 

analysis of ACF7-null phenotype in the mature nervous system46. 

 To overcome this problem, nervous tissue specific ACF7 KO mice were established using 

Cre/loxP technology47. However, these ACF7 nestin-cKO mice die within 24-36 h after birth 

of apparent respiratory distress. ACF7 nestin-cKO brain displays multiple developmental 

defects including a disorganized cerebral cortex, heterotopia of the hippocampal pyramidal 

layer, and aplasia of the corpus callosum and hippocampal commissures47.  

 Although ACF7function may be important in potential development of differentiated 

neuron and their functional connectivity via synapses, roles of ACF7 in differentiated neurons 

have not yet been investigated. Recent proteomic analyses of biochemically purified PSD 

fractions identified ACF7 as a candidate PSD component48,49, suggesting possible 

involvement of ACF7 in synaptic functions. 
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 To explore the function of ACF7 in neurons, I manipulated ACF7 content in hippocampal 

dissociated culture. An advantage of this approach is that it allows us to determine the ACF7 

phenotype in neurons at both early and later stages of development. This is not possible in 

ACF7 knockout mice due to embryonic and postnatal lethality46,47,50. Here, I report that ACF7 

is essential for two developmental stages in neurons. In an early stage of development, ACF7 

accumulates at the region where MTs and F-actin are in close contact, such as growth cones. 

Knock-down of endogenous ACF7 severely suppresses dendrite outgrowth and its 

crosslinking function is essential for enhancement of dendrite outgrowth.  

 In mature neurons, the synaptic clusters of ACF7 were detected within a subset of spines. 

Overexpression of ACF7 induced local maturation of individual spines containing ACF7 

clusters, and down-regulation of ACF7 inhibited excitatory synapse development. These 

results may indicate that ACF7 maintains proper MT-actin interaction at a subset of spines. I 

hypothesize that ACF7 regulates dynamics of MTs penetrating into spines and subsequently 

enhances postsynaptic growth. 
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Materials & Methods 

 

Mice 

 All animal experiments performed in this study were conducted in accordance with 

guidelines established by the animal welfare ethics committee at the University of Tokyo. 

ACF7 floxed mutant mice were obtained from the Jackson Laboratory. 

 

Generation of anti-ACF7 antibody 

 For generating anti-ACF7 polyclonal antibody, GST fusion proteins were engineered to 

contain the amino acid sequence 1,000 to 1,208 of mouse ACF7 (Gene ID: 11426), 

corresponding to the plakin domain. The DNA fragment was inserted into the pGEX-4T1 

vector (GE healthcare). Proteins were expressed in E.coli strain BL21 and purified using 

binding to GST-conjugated Sepharose beads. The GST tags were cut out after purification. 

The recombinant proteins were immunized into New Zealand White rabbits. The resulting 

anti serum was further purified by affinity chromatography. 
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Construction of expression plasmids 

 To isolate cDNAs of mouse ACF7 (Gene ID: 11426), the total RNA was extracted from 

mouse C57BL/6 brain by using RNeasy mini (QIAGEN). RT-PCR was performed using the 

SuperScriptⅡ reverse transcriptase (Life Technologies) and cDNAs were amplified using 

KOD+ polymerase (TAKARA). All procedures were performed according to the 

manufacture's protocols. The PCR products were subcloned into pGEM-T vector (Promega) 

for sequencing. The sequence of this cDNA is consistent with ACF7 neuronal isoform2 

(NP_001186066) which contains both CH1 and CH2 domain. The ACF7 cDNA was inserted 

into pEGFP-N2 vector (Clontech) to generate ACF7-GFP. DNA fragments corresponding to 

actin binding domain (amino acids 1-432 of ACF7) or MT binding domain (amino acids 

5054-5430 of ACF7) were also inserted into pEGFP-N2 vector to generate ACF7(NT)-GFP 

or ACF7(CT)-GFP. For neuronal expression of exogenous tagged proteins, the DNA 

fragments containing coding regions of the proteins were inserted into the multiple cloning 

site of a vector with the upstream β-actin promoter sequences. pAct-LacZ and an adenovirus 

for the expression of Cre recombinase were described previously51,52.  

 

RNA interference 

 As small interfering RNA (siRNA) sequence targeting ACF7 expression in cells, 
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nucleotides 373-393 (amino acids 68-74; gccgtggtccgagtcgctgat) of ACF7 were selected46. 

The oligonucleotides were subcloned into the pSilencer siRNA expression vector (Invitrogen). 

Stealth
™ 

RNAi Negative Control Duplexes (Invitrogen) were used as control shRNA. The 

sequence of resistant form of ACF7 was designed by introducing triple point mutations into 

the original sequences using QuickChange Site-Directed Mutagenesis Kit (Stratagene) . 

 

Biochemical purification of PSDs 

 PSD fractions were prepared from rat forebrains essentially as previously described53,54. 

Young adult mice were rapidly decapitated after anesthetized deeply, brains were removed, 

and homogenized in ice-cold HEPES-buffered sucrose (0.32 M sucrose, 4 mM HEPES, pH 

7.4) containing a protease inhibitor cocktail (Sigma-Aldrich) with Teflon homogenizer. 

Homogenized brain extract was spun at 1,000 ×g for 10 min to remove the nuclear fraction. 

Supernatant (S1) was centrifuged at 10,000 × g for 15 min to yield the crude synaptosomal 

fraction (P2). P2 was resuspended in HEPES-buffered sucrose and then respun at 10,000 × g 

for another 15 min. The resulting pellet was resuspended in HEPES buffer (4 mM HEPES, pH 

7.4) with Teflon homogenizer, and mixed constantly for 30 min at 4oC. After centrifugation of 

the lysate at 25,000 × g for 20 min, the supernatant was saved as crude synaptic vesicle 

fraction (S3), and the pellet (P3) was responded in HEPES-buffered 0.32 M sucrose. The P3 
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suspension was then carefully loaded onto a discontinuous sucrose gradient (0.8 M/1.0 M/1.2 

M sucrose solution in 4 mM HEPES, pH 7.4), and centrifuged at 150,000 × g for 2 h in a 

SW-40 rotor (Beckman). Synaptic plasma membranes (SPM) were recovered in the layer 

between 1.0 M and 1.2 M sucrose and resuspended in HEPES buffer to the final concentration 

of 0.32 M sucrose. Sample was spun at 150,000 × g for 30 min and the resulting pellet was 

resuspended in HEPES -EDTA buffer (50 mM HEPES and 2 mM EDTA, pH 7.4). Further 

purification of PSDs was performed adding concentrated stock solution of Triton X-100 to the 

final concentration of 0.5%, by followed gentle agitation at 4oC for 15 min, and subsequent 

centrifugation at 32,000 × g for 20 min in a TLA 55 rotor (Beckman). The resulting pellet was 

resuspended in HEPES-EDTA buffer (PSD-1T fraction). Next round of wash with Triton 

X-100 and sedimentation of PSDs with a stronger centrifugation condition (at 200,000 × g for 

20 min in a TLA 100 rotor) was performed to obtain PSD-2T fraction. To obtain synaptic 

vesicle (SV) fraction, saved crude synaptic vesicle fraction was centrifuged at 165,000 × g for 

2 h. 

 

Western blotting 

 Samples were separated by 5-15 % SDS-PAGE and transferred onto nitrocellulose 

membranes (Millipore). The membranes were blocked with 5 % skim milk in TBS for 1 hour 
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at room temperature and probed with antibodies overnight at 4 oC. The primary antibodies 

were rabbit polyclonal anti-ACF7 antibody, mouse monoclonal anti-α-tubulin antibody 

(Sigma-Aldrich), mouse monoclonal anti-PSD-95 antibody (Neuromab), and rabbit 

polyclonal anti-synaptophysin (Boehringer Mannheim Biochemica). Secondary antibodies 

were peroxidase labeled goat antibodies against mouse or rabbit IgG (Amersham).  

 

Cultures 

 Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 ACF7flox/flox embryos. 

MEFs, COS-7 cells and 3T3 cells were cultured in DMEM media (Life Technologies) 

containing 10 % FCS, 5 Units/ml Penicillin, 5 μg/ml streptomycin and GlutaMAX 

supplement (GIBCO). Cells were transfected with expression plasmids using Xtreme GENE 

HP DNA Transfection Reagent (Roche). 

 Dissociated hippocampal neurons from 16-day-old embryonic mice were plated onto glass 

coverslips coated with poly-L-lysine and maintained in Minimum Essential Medium (MEM) 

with B18 supplement and 5% FCS. Two days after plating, 5 μM ara-C was added to prevent 

glial cell proliferation. Hippocampal neurons were transfected by calcium phosphate method. 

Live cells were replaced into the prewarmed Tyrode's solution (119 mM NaCl, 2.5 mM KCl, 2 

mM Ca2+, 2 mM Mg2+, 25 mM HEPES, pH 7.4 and 30 mM glucose) for 30 min before the 
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treatment. Concentrated stocks of latrunculin A (Molecular Probes) and vincristine 

(Sigma-Aldrich) were added to Tyrode's solution and the final concentration of latrunculin A 

and vincristine was 5 μM. After 5 hr treatment at 37 ℃, cells were immediately examined. 

 

Immunostaining of dissociated neurons and brain sections 

 In most experiments, cells were fixed in 2 % paraformaldehyde in PBS for 25 min at room 

temperature and treated with 0.2 % Triton X-100 in PBS for 25 min. In some experiments, 

methanol solution were used to fix cells for 10 min at -20 ℃. Culture preparations were 

blocked with 5 % NGS and reacted with the first antibodies and secondary antibodies. The 

primary antibodies were rabbit polyclonal anti-ACF7, anti-β-galactosidase (Cappel), anti-GFP, 

anti-HA (MBL) : mouse monoclonal anti-α-tubulin, anti-MAP2 (Sigma-Aldrich), 

anti-PSD-95 (Thermo Scientific Pierce Antibodies), anti-EB1 (BD Transduction Laboratories) 

anti-β-galactosidase (Promega) : Secondary antibodies: Alexa488 conjugated 

anti-mouse/rabbit IgG: Invitrogen, or Cy3 conjugated anti-mouse/rabbit IgG (Jackson 

ImmunoResearch) or Alexa633 conjugated anti-mouse/rabbit IgG (Invitrogen), 

rhodamine-conjugated phalloidin (Molecular Probes).  
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Image analysis 

 Images were obtained were using a Fluoview confocal laser-scanning microscope 

(Olympus, Tokyo, Japan) with 20× dry objective lens or 60× oil immersion lens. Image 

analyses and quantification were performed by using Metamorph software (Molecular 

Devices) or ImageJ software (NIH). Multiple images with different focal planes were 

projected into a single image using a maximum-brightness operation. 

 For the measurement of total dendrite length, all dendrites of individual neurons were 

traced manually, and the number of pixels were calculated automatically. To perform sholl 

analysis, dendrite morphology was first traced by Neuron J plugin. The data were quantified 

by Sholl Analysis plugin for ImageJ, examining each 20 μm segment of the dendritic tree. To 

quantify spine morphology, one to three segments of secondary dendrites were collected from 

each neurons. Length of all protrusions were determined by tracing the protrusion manually. 

To quantify spine volume, GFP or Alexa633 fluorescence within each dendritic spine were 

quantified. To determine intensity of PSD-95, fluorescent puncta were extracted automatically 

with an identical setting of thresholding and the thresholded images were measured by 

integrated morphometry analysis using Metamorph software . Individual measurements were 

averaged per neuron. The resulting data were shown as mean±SEM. 
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Stastical analyses 

 Stastical analysis was performed GraphPad Prism 6 (GraphPad Software). Data were 

analyzed by Student's t-tests and ANOVA followed by Tukey–Kramer post hoc multiple 

comparison tests. 
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Results 

 

Expression profile of ACF7 protein in the postnatal developmental brain 

 Previous gene-targeting studies of ACF7 utilized tissue specific deletion of floxed ACF7 

gene by nestin-Cre transgene. Nervous system-specific deletion of ACF7 in the embryonic 

stage resulted in perinatal lethality with respiratory failure and disorganization of multiple 

brain structures including the cerebral cortex and the hippocampus47. Early lethality and brain 

malformation precluded further analyses of postnatal functions of ACF7 in fully differentiated 

neuron in these conditional knockout mice. To test if ACF7 plays a major role in differentiated 

neuron in the postnatal CNS, I first examined the pattern of ACF7 expression in multiple 

brain regions, by using an antibody designed to recognize the plakin domain of this molecule. 

The amino acid sequence of the antigen shares low sequence homology with another member 

of spectraplakin family present in the postnatal brain, Bpag1/dystonin 46, therefore the 

antibody is likely to be specific to ACF7.  

 Western blotting of the extract prepared from the cortex, cerebellum, and hippocampus at 

postnatal days 7, 14, 21, and 28 revealed a single immunoreactive band with its molecular 

weight larger than 200 kDa. Although the precise molecular weight of this band was difficult 

to estimate, I reasoned that this single immunoreactive band corresponds to isoform of ACF7 
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containing both N-terminal actin binding domain and C-terminal MT binding domain, with its 

molecular weight of 600 kDa from the following reason. First, the anti-ACF7 immunoreactive 

band was eliminated after expression of Cre recombinase in MEFs derived from ACF7flox/flox 

mice. Second, the size of anti-ACF7 immunoreactive band corresponded with anti-GFP 

immunoreactive band in proteins extracts prepared from ACF7-GFP expressing cells. 

 In all three brain regions I examined, ACF7 expression was highest at postnatal day 8. 

Although ACF7 expression decreased gradually in the postnatal development, protein 

expression is still maintained at postnatal day 28 (Figure 2A), indicating possible roles of 

ACF7 in maturation of differentiated neurons in the postnatal brain. To see if the pattern of 

ACF7 expression in cultured neurons follows similar pattern, I examined the level of ACF7 

expression in proteins extracts prepared from culture hippocampal neurons maintained in 

vitro for 7, 14, 21 days (Figure 2B). The peak of ACF7 was at 14 days in vitro. Because 

hippocampal neurons were dissociated from the embryonic hippocampi at E16, cultured 

neurons at 14 days in vitro correspond to in vivo neurons at postnatal day 9. Protein 

expression patterns both in vivo and in culture neurons indicated the presence of expression 

peak of ACF7 in the early postnatal period and gradual decline of its expression in the 

postnatal developmental period. 
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Presence of ACF7 in growth cones of immature hippocampal neurons  

 I first focused on the subcellular localization of ACF7 in immature hippocampal neurons. 

Immunocytochemistry of cultured hippocampal neurons using the anti-ACF7 antibodies 

revealed enrichment of ACF7 protein at the interphase between MT and F-actin at early 

developmental stage (Figures 3A and B). Although ACF7 was detected throughout the neuron, 

strong immunoreactivity was found near the tip of neurites (Figure 3A). Furthermore, ACF7 

immunoreactivity was strongest in the transition zone between the central and peripheral 

domains, and also showed +Tips-like pattern at the peripheral domain in both axonal and 

dendritic growth cones (Figure 3B). To further confirm ACF7 distribution, I transfected 

ACF7 tagged with GFP (ACF7-GFP) to hippocampal neurons. ACF7-GFP showed MT like 

localization pattern along dendritic shafts, and it was also observed in an actin-rich peripheral 

region of growth cone. ACF7-GFP colocalized with both MTs and F-actin in the growth cone 

(Figure 3C, arrow).  

 

ACF7 is essential for enhancement of dendritic growth 

 These localization patterns are consistent with the idea that ACF7 is a MT-actin 

crosslinking protein and regulates neurite outgrowth50,55. To verify the roles of endogenous 

ACF7 in dendrite morphogenesis, I performed loss-of-function analysis. I used a plasmid 
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vector-based short hairpin RNAs (shRNAs) to suppress the expression of ACF7. The shRNA 

plasmids were transfected to hippocampal neurons at 4 DIV together with GFP as a marker to 

visualize neuronal morphology and examined at 9 DIV. The ACF7 shRNA plasmid expressing 

neurons showed severe impairment of dendrite branching compared with neurons expressing 

control shRNA plasmid (Figure 4A).  

 To quantify the pattern of dendrite complexity, I used Sholl analysis, measuring the number 

of dendrite intersections at each 20 μm radial segment from the cell soma. In control shRNA 

plasmid expressing neurons, the number of intersections increases with distance from soma, 

reaching a peak at ~50 μm, and then start to decrease (Figure 4B). In ACF7 shRNA plasmid 

expressing neurons, the number of intersections simply decreases and reaches zero about 100 

μm from soma. Furthermore, ACF7 shRNA caused a decrease (about ~60 % ) in the total 

length of dendrites (Figure 4C). The dendritic phenotype of ACF7 knock-down was rescued 

by expression of an RNAi-resistant forms of ACF7, with slightly increase in both number of 

dendrite intersections and total dendrite length (Figures 4A, B and C). Thus, these data 

suggest that ACF7 is essential for dendritic morphogenesis. 

 

 To clarify the molecular basis for the function of ACF7 in dendrite morphogenesis, I 

investigated the role of its cytoskeleton binding domains. I constructed full length ACF7, the 
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actin binding domain and the MT binding domain of ACF7. These protein were fused to GFP 

and transfected into hippocampal neurons at 4 DIV together with lacZ. The morphology of 

dendrites was visualized by anti--galactosidase immunostaining. At 5 days after 

transfection, the ACF7-GFP expressing neuron showed excess dendrite branching compared 

with neurons expressing GFP (Figure 4D). By contrast, neurons expressing either the 

N-terminal actin binding domain of ACF7 (ACF7 (NT)-GFP) or the C-terminal MT binding 

domain of ACF7 (ACF7 (CT)-GFP) showed severe impairment of dendrite branching. Sholl 

analysis and measurement of total dendrite length also indicated enhancement of dendrite 

branching by the overexpression of ACF7 but not its deletion mutants (Figures 4E and F). 

These results suggest that coordination of MT-actin interaction is essential for enhancement of 

dendrite outgrowth. Thus, ACF7 is essential for proper dendrite morphogenesis and it acts as 

a cytoskeletal crosslinker in early neuronal development.  
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Presence of ACF7 in postsynaptic compartments 

 The cytoskeletal microdomains seems to be spatially separated in mature neurons21,56. 

Actin filaments are predominately concentrated in both presynaptic terminals and 

postsynaptic sites, while MTs are mainly restricted within axonal and dendritic shafts19,21,27. 

ACF7 relates to both MTs and F-actin, and its expression continued even in mature brains 

(Figures 2A and B). Thus, I next focused on the localization and function of ACF7 in mature 

neurons.  

 Cultured hippocampal neurons at 3 weeks after plating were stained by using the 

anti-ACF7 and anti-α-tubulin antibodies, and rhodamine conjugated phalloidin. In mature 

neurons, ACF7 was also detected throughout the neuron and showed strong immunoreactivity 

within soma (Figure 5A). ACF7 was distributed along dendrites, and some strong 

accumulation was present in structures projecting from dendritic shafts (Figure 5B) The 

ACF7 accumulation showed heterogeneity, and its clustering was frequently colocalized with 

phalloidin staining. This localization pattern is consistent with the concept that ACF7 

interacts with both MTs and F-actin. 

 ACF7 is a candidate PSD component48,49. To clarify the subcellular localization of ACF7, I 

used the biochemical fractionation technique. Mouse brains were homogenized and separated 

into different subcellular compartments. ACF7 was present in both crude cytosolic fraction 
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(S1) and crude synaptosomal membrane fraction (P2). To reveal the synaptic location of 

ACF7, I further separated synaptosomal membrane to a synaptic vesicle enriched fraction 

(SV) and Triton X-100 treated postsynaptic density fractions (PSD-1T and -2T). ACF7 was 

present in triton-treated PSD fractions but its enrichment was lower than that of PSD-95 

(Figure 5C). Furthermore, ACF7 content was relatively low in the SV fraction. These results 

suggest that ACF7 exists in synaptic sites, but not in synaptic vesicles. To further clarify the 

localization of ACF7 in hippocampal neurons, double-labeling with synaptic marker proteins 

was preformed. ACF7 clusters partially overlapped with PSD-95, but its localization was 

systematically shifted toward to dendritic shafts compared with PSD-95 (Figure 5D). 

Positions of ACF7 clusters localized were close, but distinct from the presynaptic boutons 

immunoreactive with synaptophysin antibody (Figure 5E). These results further support that 

ACF7 localized at postsynaptic sites rather than presynaptic terminals. These 

immunocytochemical and biochemical analyses suggest that ACF7 is widely distributed 

throughout neurons, and it accumulates at postsynaptic sites. 

 

Synaptic clusters of ACF7 were independent of microtubules 

 There are a wide variety of PSD proteins within spines that show heterogeneity in the 

modes of attachment to the cytoskeleton57,58. ACF7 can directly bind to both MT and F-actin, 
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and it accumulated to the postsynaptic sites (Figures 5B and D). To reveal the molecular 

mechanisms underlying postsynaptic clustering of ACF7, hippocampal neurons at 3 weeks 

after plating were treated with the F-actin-depolymerizing agent latrunculin A, or with the 

MT-depolymerizing agent vincristine. In the control neurons in culture, ACF7 showed 

synaptic clustering at the region where MTs and F-actin were in close contact (Figure 6A). 

Treatment with vincristine had no effect on the synaptic clustering of ACF7 which remained 

colocalized with F-actin. However some ACF7 strongly accumulated on the tubulin 

paracrystals after treatment with vincristine (Figure 6B). Treatment with latrunculin A caused 

a dispersal of the synaptic clustering of ACF7 (Figure 6C). These results indicate that 

synaptic localization of ACF7 in dendritic spines is independent of MT bundles but partly 

dependent on intact F-actin.  

 

Presence of ACF7 clusters at a subset of dendritic spines  

 To further clarify the localization of ACF7 in postsynaptic neurons, hippocampal neurons 

at 7 DIV were transfected with GFP as a volume marker, and fixes at 2 weeks after 

transfection. Neurons were stained with anti-ACF7 antibody. The ACF7 clusters were present 

in spines, with preferential localization at the base of spines or in the neck (Figure 7A). Not 

all dendritic spines were positive with ACF7 clusters (Figure 7A). Thus, I quantified the 
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proportion of the ACF7 clusters positive spines at 21 DIV. About 15 % of spines contained 

the synaptic clusters of ACF7 (Figures 7A and B), and these dendritic spines were relatively 

larger than others (Figure 7C). These data indicate a possible role for ACF7 clusters in 

dendritic spines. 

 

Overexpression of ACF7 induced local maturation of individual spines containing ACF7 

clusters 

 My data so far indicate a relation between synaptic clusters of ACF7 and regulation of  

postsynaptic development. To reveal the local effect of ACF7 synaptic clusters, I selected 

ACF7-GFP as a marker of individual synaptic clusters and evaluated a-gain-of-function 

phenotype of spines. Hippocampal neurons were transfected with ACF7-GFP together with 

lacZ, and spine morphology was visualized by anti-β-galactosidase immunostaining at 12 

days after transfection. The synaptic clustering of ACF7-GFP was observed close to PSD-95 

at a subset of dendritic spines (Figure 8A). In neurons overexpressing ACF7-GFP, there was a 

increase of dendritic protrusion compared with GFP expressing neurons (Figure 8C).  

 The GFP fluorescence enabled us to divide dendritic spines into two groups; ACF7(-) spines 

(without accumulation of ACF7-GFP) or ACF7(+) spines (with accumulation of ACF7-GFP). 

Then, I analyzed the local effect of individual spines with or without ACF7 clusters. Both 
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spine volume and PSD-95 immunoreactivity were comparable in ACF7(-) spines and GFP 

transfected neurons. However, ACF7(+) spines were significantly larger (Figure 8D) and also 

contained more PSD-95 (Figure 8E). These results suggests that ACF7 synaptic clusters 

contributes to local maturation of individual spines. 

 

ACF7-knockdown suppresses postsynaptic maturation 

 To further confirm the function of endogenous ACF7 protein in postsynaptic development, 

I performed loss-of-function analysis in the synaptogenic stage of developing neurons in 

culture. Hippocampal neurons were transfected with the ACF7 shRNA together with GFP at 9 

DIV and dendrite morphology was evaluated at 5 days after transfection. Transfection with 

ACF7 shRNA at 9 DIV did not result in obvious impairment of dendritic growth. Thus, I 

focused on spine morphology. Neurons treated with ACF7 shRNA developed less mature 

dendritic spines, width were thin and with smaller heads (Figure 9A). Density of dendritic 

protrusions was not changed significantly with or without expression of ACF7 shRNA 

(Figure 9B). However, dendritic protrusion lengths were increased about ~150 % in ACF7 

shRNA transfected neurons (Figure 9C). This phenotypes of ACF7-knockdown were rescued 

by expression of an RNAi-resistant form of ACF7. 

 Next, I evaluated spine phenotypes in mature neurons. Hippocampal neurons were 

transfected with the ACF7 shRNA together with GFP at 9 DIV, and spine morphology was 
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evaluated at 13 days after transfection. Morphology of spines in neurons expressing ACF7 

shRNA was different from control in several aspects (Figure 9D). First, they tended to have 

small spine heads. Second, the lengths of spines were also increased in mature neurons. Thus, 

I classified spines into mushroom spines or thin spines using the criteria by spine length and 

width, and evaluated the fraction of mushroom spines in ACF7 shRNA expressing neurons. 

The fraction of mushroom-type spines was decreased in neurons expressing ACF7 shRNA 

(Figure 9E). Furthermore, PSD-95 immunoreactivity was also decreased in ACF7 shRNA 

expressing neurons (Figure 9F). These results indicates that ACF7 is essential for normal 

excitatory synapse development. 
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Discussion 

 

 Increasing evidences have suggested that essential roles for the spectraplakin family 

proteins in the nervous systems47,55,59–63. However due to lethality resulting from both 

complete and nervous tissue specific ACF7 null mutations46,47,50, the physiological 

significance of ACF7 in developing neurons has remained unclear. Using hippocampal 

dissociated culture as a model system and by manipulating ACF7 content at different 

developmental stages, I provide important insights into roles of ACF7 in mammalian neurons. 

My study shows that ACF7 is required for both dendrite growth and normal postsynaptic 

maturation.  

 

Regulation of dendritic growth by ACF7 

 The importance of spectraplakins in nervous tissue has been identified primarily from the 

phenotype of Drosophila shot mutant, which has defects in terminal branch formation of 

motor neurons and local sprouting of dendrites16,17,37,40,55,60,61,63–68. In the mammalian genome, 

there are two spectraplakins, ACF7/MACF1 and Bpag1/dystonin. The distribution patterns of 

ACF7 and Bpag1 are distinct in embryonic day 14.569. ACF7 is prominent in skeletal muscle, 

lung and the central nervous systems, by contrast, Bpag1 is enriched in skin, heart and the 
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peripheral nervous system69,70. Although ACF7 is shown to be essential for normal brain 

development including neuronal migration and axonal outgrowth in multiple brain areas47, the 

role of mammalian spectraplakins in dendrite morphology is not clear. My biochemical data 

provide the continuous expression of ACF7 in the postnatal brain (Figure 2). Furthermore, I 

provide the evidence that ACF7 plays important roles in the enhancement of dendrite growth 

in hippocampal neurons. 

 

 It is widely accepted that MT-actin crosstalk is essential for neurite outgrowth and growth 

cone motility7,9–13,15,71,72. ACF7 localized at the region where MTs and F-actin are in close 

contact in neurite tips (Figures 3A) and in growth cones (Figure 3B). Furthermore, 

downregulation of ACF7 suppressed dendritic outgrowth (Figure 4). These results support the 

idea that spectraplakins directly bind to both MTs and F-actin, and contribute to establish 

proper neuronal morphology42,62,65. In non-neuronal cells, ACF7 accumulates to the tip of 

growing MTs and coordinates MT dynamics with F-actin in the peripheral region41,50. In this 

study, the localization pattern of ACF7 was similar to +Tips at the peripheral domain in 

growth cones (Figure 3B). A recent report showed that the +Tip protein EB3 binds directly to 

the F-actin associated protein drebrin in the growth cone71. In this case, MT-actin interaction 

is mediated by multiple interactions between cytoskeletal associated proteins15. 
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ACF7-mediated MT-actin interaction is unique, as it is mediated by a single crosslinking 

molecule with a huge molecular weight. Thus, I propose that the modes of MT-actin 

interaction at the tip of MTs is regulated by multiple pathways, and ACF7 has a distinct role 

in this process. Although there is still much to understand in the molecular mechanisms of 

MT-actin interaction, my results provide new insights into cytoskeletal crosstalk during 

neuronal growth.  

 

Regulation of postsynaptic function byACF7 

 In this study, I provide the evidence that ACF7 is a postsynaptic protein in the mouse brain. 

It has long been thought that the molecular organization of PSD proteins and cytoskeletons 

can influence spine shape and contribute to synaptic plasticity73–75 . Although the PSD 

proteins are listed by recent proteomic analyses of biochemically purified PSD fractions48,49, 

the detailed molecular organization of excitatory synapses is not well understood. The 

identification of ACF7 as a PSD protein provides new insight into understanding postsynaptic 

protein network in spines. Although it is still unclear whether ACF7 is a core component of 

PSD or not, my fluorescent microscopic data showed that ACF7 localization at the base of 

spines (Figures 5D and 8E). 

 Even though ACF7 can directly bind to both MTs and F-actin, the synaptic clustering of 
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ACF7 was diminished after treatment with latrunculin A but not with vincristine (Figure 6). 

F-actin is a major cytoskeletal component in dendritic spines and plays important roles in 

anchoring postsynaptic receptors and organizing the PSD57,58. Thus, I speculate that the actin 

binding domain regulates targeting of ACF7 to spines and recruitment of ACF7 to spines 

initiates its function as a scaffolding protein. There are some evidences that spectraplakins 

may act as scaffolding proteins to organize the assembly of protein complexes46,76,77. 

Interestingly, the synaptic clustering of ACF7 was detected preferentially at larger spines, and 

the accumulation was not increased after MT depolymerization. These results suggest that 

F-actin is not the only mediator of ACF7 synaptic accumulation. ACF7, with its huge 

molecular size (>600 kDa), contains multiple domains, which may bind to as yet unidentified 

interacting partner in the PSD.  

 

 In this study, I provide evidence for the role of ACF7 in the regulation of postsynaptic 

functions. Downregulation of ACF7 by siRNA suppressed normal growth of excitatory 

synapses and moderate overexpression of ACF7 increased spine structural maturation by its 

clustering in a subset of spines (Figures 8 and 9). The importance of ACF7 function in 

postsynaptic sites was not predicted from invertebrate studies. I have not yet revealed the 

clear molecular mechanisms underlying ACF7 dependent postsynaptic growth. However, 
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accumulating evidences suggests that spectraplakins function as cytoskeletal crosslinkers 

rather than as independent modulation of MT and F-actin systems in a variety of cell 

types17,41,42,50,66. 

 In non-neuronal cells, ACF7 preferentially accumulates at the tip of MTs, where it 

coordinates growth of MTs along F-actin when the tips of MTs reach focal adhesions41. My 

immunocytochemical studies provide a molecular model that ACF7 accumulates at a subset of 

spines, where it regulates the tips of MT penetrating into spines. Detailed localization of 

ACF7 in spines remain elusive from my light microscopic studies, however this pattern is 

distinct from CRIPT localization near the post synaptic membrane, which may bind with both 

MT and PSD-9578.  

 If ACF7 also changes the retention time of the dynamic MT plus ends along F-actin in 

spines, it may contribute to MT-dependent spine enlargement26,35. It is also possible that the 

slowing MT dynamics allows for MT stabilization by other MT binding proteins in spines.. It 

is known that tubulin and a wide variety of MTs binding proteins are enriched in the PSD 

fractions, including MAP1b, MAP2, CLASPs, CRIPT, DCLKs and APC48,49,52,78–80. In fact, 

electron microscopic studies of synapses in the brain tissue show the localization of MTs in 

postsynaptic terminals of larger dendritic spines of some pyramidal neurons56,81–84. The MTs 

in dendritic spines may control organelle positioning and serves as polarized tracks to deliver 
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synaptic molecules via MT dependent motor proteins31,32,85.  

 In this study, I provide a novel role of a mammalian spectraplakin ACF7 in the regulation 

of synaptic development. I postulate that ACF7 accumulates to the larger spines by F-actin 

dependent molecular mechanisms and regulate the dynamics of MTs penetrating into 

dendritic spines. This MT-actin interaction in dendritic spines may act as the basis of 

postsynaptic molecular networks and maintain proper development of excitatory post 

synapses. 
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Figure legends  

 

Figure 1. Domain organization of ACF7/MACF1 

(A) ACF7/MACF1 is composed of seven domains: CH1 and CH2 domains, a plakin domain, 

an α-helical spectrin repeat domain, two EF hands, a GAR domain and a CTD domain. CH 

domains directly bind to F-actin. Some isoforms of ACF7 which lack the CH1 domain have 

weaker binding to F-actin. The GAR domain binds to and stabilizes MTs. CTD domain 

interact with EB1/3; proteins which bind to the growing ends of MTs. 

(B) A working model of ACF7 in MT-actin coordination in non-neuronal cell. The CTD 

domain interacts with EB1/3, and ACF7 localizes at the tip of MTs similar to other plus end 

tracking proteins (Ⅰ). When the tip of MTs arrive at actin rich regions, ACF7 interacts with 

F-actin (Ⅱ). ACF7 strongly associates with the lateral walls of MTs via its GAR domain, and 

coordinates dynamics between these two types of cytoskeletal polymers (Ⅲ). 

 

Figure 2. Expression profile of ACF7 protein in the postnatal developmental brain  

 (A and B) Western blotting analysis of ACF7. Brain tissue extracts were centrifuged to 

remove the nuclear fraction and resolved by electrophoresis through 6% SDS–polyacrylamide 

gels. Western blotting analysis were performed with anti-ACF7 antibody against a plakin 
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domain epitope. The immunoreactive bands of about 600 kDa size corresponding to the size 

of the full-length ACF7 were detected, (A) in the extracts prepared from multiple brain 

regions or (B) dissociated hippocampal neurons at various days after plating.  

(C) Western blotting of ACF7 knockout cells. MEFs derived from ACF7flox/flox embryos were 

infected with adenovirus to express Cre recombinase. The immunoreactivity was undetectable 

3 days after infection. 

 

Figure 3. Presence of ACF7 in growth cones of immature hippocampal neurons 

(A and B) Immunocytochemistry of immature dissociated hippocampal neurons in relation to 

ACF7 between MTs and F-actin. Neurons at 5 DIV were subjected to 

tripleimmunofluorescence with anti-ACF7, rhodamine-conjugated phalloidin and 

anti-α-tubulin antibodies. (A) ACF7 were accumulated at the interphase between MT and 

F-actin in growth cones at 5 DIV (arrows). (B) ACF7 localized at the transition zone between 

the central and peripheral domains in growth cones ACF7 accumulated at the interphase 

between MTs and F-actin (red arrow). ACF7 also showed +Tips-like pattern at the peripheral 

domain in growth cones (white arrow). 

(C) Hippocampal neurons were transfected with ACF7-GFP. The neurons were 

immunostained with rhodamine-conjugated phalloidin and anti-α-tubulin antibodies at 5 DIV. 
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ACF7-GFP co-localized with both MT and F-actin (arrow)  

Bars; 5 μm for A, 10 μm for B and C 

 

Figure 4. ACF7 is essential for enhancement of dendritic growth  

(A-C) Neurons expressing ACF7 shRNA showed severe impairment of dendritic branching 

(arrows), which could be rescued by expression of shRNA-resistant constructs for ACF7. The 

shRNA plasmids were transfected to hippocampal neurons at 4 DIV together with GFP and 

the neuronal morphology were evaluated at 5 days after transfection. 

(B and C) Quantification of dendrite morphology in neurons transfected with control or ACF7 

shRNA, with or without rescue constructs. Sholl analyses measuring each the number of 

dendrites intersections at each 20 μm radial segment from the cell soma (B). ACF7 shRNA 

plasmid expressing neurons caused a decrease (about ~60 % ) in the total length of dendrites 

compared with control shRNA plasmid expressing neurons (C). 

(D-E) Neurons expressing ACF7-GFP showed enhancement of dendritic growth, but not its 

truncated mutants. Hippocampal neurons at 4 DIV were transfected with a various 

GFP-tagged ACF7 mutants together with lacZ. The dendrite morphology was visualized by 

anti--galactosidase immunostaining at 9 DIV. In control samples, GFP expression 

plasmids were used. 
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(E and F) Quantification of dendrite morphology in neurons transfected with expression 

vectors of GFP-tagged a various truncated mutants of ACF7. Sholl analyses of dendritic 

complexity (E) and evaluation of total dendritic length (F) in the neurons.  

(n = each 10 cells, one-way ANOVA followed by Tukey–Kramer multiple comparison tests: 

*p < 0.05, **p < 0.01)  

Bar; 100 μm for A and D 

 

Figure 5. Presence of ACF7 in postsynaptic compartments 

(A) Immunocytochemistry of mature dissociated hippocampal neurons in relation to ACF7 

between MTs and F-actin. Neurons at 21 DIV were subjected to tripleimmunofluorescence 

with anti-ACF7, rhodamine-conjugated phalloidin and anti-α-tubulin antibodies. ACF7 were 

distributed throughout neurons and accumulated at cell soma in this stage. ACF7 exhibited 

two different patterns : a MT like staining pattern along dendrite (white arrow) and a cluster 

staining pattern co-localized with F-actin (red arrow).  

(B and C) Double-labeling with synaptic marker proteins. Strong ACF7 clusters co-localized 

with a subset of PSD-95(B). ACF7 localized at adjacent area of synaptophysin puncta (C).  

(D) Presence of ACF7 immunoreactivity in PSD-1T and PSD-2T fractions. Adult mouse brain 

were homogenized and separated into different subcellular compartments (P2: Crude 
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synaptosomal pellet, S3: Crude synaptic vesicle fraction,P3: Lysed synaptosomal membrane 

fraction, SV: Synaptic vesicle fraction, SPM: Synaptic plasma membrane fraction, PSD1T, 

PSD2T: purified PSD fractions) The isolated subcellular compartments were analyzed by 

western blotting. 

Bars; 50 μm for A, 10 μm for B, D and E 

 

Figure 6. Synaptic clusters of ACF7 was independent of microtubules  

(A-C) ACF7 localization after treatment with the F-actin-depolymerizing agent or with the 

MT-depolymerizing agent. Hippocampal neurons at 3 weeks after plating were treated with 

latrunculin A or with vincristine and stained with anti-ACF7, rhodamine conjugated 

phalloidin and anti-α-tubulin antibodies. 

(A) In the control neurons, F-actin and MTs seems to be spatially separated. ACF7 showed 

the synaptic clustering pattern at the region where MTs and F-actin were closely contacted. 

(B) Treatment with MT depolymerizing agent vincristine eliminated the MT bundles but 

unaffected to F-actin within spines. ACF7 synaptic clusters remained with F-actin, and other 

populations of ACF7 co-localized with tubulin paracrystals after treatment with vincristine. 

(C) Treatment with latrunculin A eliminates the F-actin within the neurons, while not 

affecting MTs. ACF7 clusters were dispersed after treatment with latrunculin A. 
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Bars; 10 μm for A, B and C 

 

Figure 7. Presence of ACF7 clusters at a subset of dendritic spines  

(A- C) Spine localization of ACF7 in GFP transfected neurons. Hippocampal neurons at 7 

DIV were transfected with GFP as a volume marker and stained with anti-ACF7 antibody at 

21 DIV. The synaptic clustering of ACF7 was presented within spine cytoplasm, and their 

localization was relatively close to spine neck (A). 

(B) Quantification of the proportion of the ACF7 clusters positive spines.  

(C) Quantification of spine volume based on GFP fluorescence.  

(ACF7(-) spines: n= 4 cells, 178 spines, ACF7(+) spines: n= 4 cells, 24 spines, t-tests: *p < 

0.05) 

Bar; 10 μm for A 

 

Figure 8. Overexpression of ACF7 induced local maturation of individual spines 

containing ACF7 clusters 

 (A) The synaptic clustering of ACF7-GFP were adjacent to PSD-95 within dendritic spines. 

Hippocampal neurons were transfected ACF7-GFP together with the lacZ. At 12 days after 

transfection, the neurons were stained with anti-PSD-95 and anti-β-galactosidase to visualize 
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spine morphology.  

(B-E) Neurons expressing ACF7-GFP showed enhancement of postsynaptic maturation. 

Hippocampal neurons at 9 DIV were transfected GFP-tagged protein together with lacZ. 

Spine morphology was visualized by anti--galactosidase immunostaining. Spines were 

divided into two groups; ACF7- spines or ACF7+ spines (with or without accumulation of 

ACF7-GFP). Dendritic protrusion density (C), spine volume (D) and relative intensity of 

PSD-95 puncta (E) in neurons expressing GFP and ACF7-GFP (GFP: n =13 cells, ACF-GFP: 

n = 12 cells, one-way ANOVA followed by Tukey–Kramer multiple comparison tests: **p < 

0.01, ***p < 0.001) 

Bars; 1 μm for A, 5 μm for B. 

 

Figure 9. ACF7-knockdown suppresses postsynaptic maturation 

(A-C) Neurons expressing ACF7 shRNA showed longer dendritic spines (arrows), which 

could be rescued by expression of shRNA-resistant constructs for ACF7. Hippocampal 

neurons were transfected with the ACF7 shRNA together with GFP at 9 DIV and spine 

morphology based on GFP fluorescence were subjected at 14 DIV. Dendritic protrusion length 

(B) and dendritic protrusion density (C) in neurons transfected with control or ACF7 shRNA, 

with or without rescue constructs. 

(control shRNA: n = 11 cells, ACF7 shRNA: n =10 cells, ACF7 shRNA plus ACF7: n = 11 
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cells , one-way ANOVA followed by Tukey–Kramer multiple comparison tests:, ***p < 

0.001) 

(D-F) Reduction of PSD-95 immunoreactivity was observed in ACF7 shRNA expressing 

neurons. Hippocampal neurons were transfected with the ACF7 shRNA together with GFP at 

9 DIV and stained with anti-PSD-95 at 21 DIV. Fractions of mushroom type spines (E) and 

relative PSD-95 intensity (E) in neurons expressing control shRNA or ACF7 shRNA. 

(control shRNA: n = 12 cells, ACF7 shRNA: n =12 cells, t-tests: *p < 0.05, ***p < 0.001) 

Bars; 10 μm for A and D. 

 

 

 

 

 

 

 

 



Figure 1. Domain organization of ACF7/MACF1
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Figure 2. Expression profile of ACF7 protein in the postnatal developing brain
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Figure 3. Presence of ACF7 in growth cones of immature hippocampal neurons
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Figure 4. ACF7 is essential for enhancement of dendritic growth
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Figure 5. Presence of ACF7 in postsynaptic compartments

54

Anti‐ACF7 Anti‐PSD‐95 Merge

Anti‐ACF7 Anti‐Synaptophysin Merge

D

E

B Anti‐ACF7 Phalloidin

Anti‐α‐Tubulin Merge

A

Anti‐α‐Tubulin Merge

Anti‐ACF7 Phalloidin

WB:ACF7

WB:PSD-95

WB:Synaptophysin

C



Figure 6. Synaptic clusters of ACF7 was independent of microtubules
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Figure 7. Presence of ACF7 clusters at a subset of dendritic spines
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Figure 8. Overexpression of ACF7 induced local maturation of individual spines containing ACF7 clusters
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Figure 9. ACF7-knockdown suppresses postsynaptic maturation
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