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ABSTRACT 40 

Neuronal dendrites have specialized actin-rich structures called dendritic spines that 41 

receive and integrate most excitatory synaptic inputs. The stabilization of dendrites and spines 42 

during neuronal maturation is essential for proper neural circuit formation. Changes in dendritic 43 

morphology and stability are largely mediated by regulation of the actin cytoskeleton, however 44 

the underlying mechanisms remain to be fully elucidated. Here, we present evidence that the 45 

nebulin family members LASP1 and LASP2 play an important role in the postsynaptic 46 

development of rat hippocampal neurons from both sexes. We find that both LASP1 and LASP2 47 

are enriched in dendritic spines, and their knockdown impairs spine development and synapse 48 

formation. Furthermore, LASP2 exerts a distinct role in dendritic arbor and dendritic spine 49 

stabilization. Importantly the actin-binding N-terminal LIM domain and nebulin repeats of 50 

LASP2 are required for spine stability and dendritic arbor complexity. These findings identify 51 

LASP1 and LASP2 as novel regulators of neuronal circuitry. 52 
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SIGNIFICANCE STATEMENT  60 

Proper regulation of the actin cytoskeleton is essential for the structural stability of 61 

dendrites and dendritic spines. Consequently, malformation of dendritic structures accompanies 62 

numerous neurologic disorders, such as schizophrenia and autism. Nebulin family members are 63 

best known for their role in regulating the stabilization and function of actin thin filaments in 64 

muscle. The two smallest family members, LASP1 and LASP2, are more structurally diverse 65 

and are expressed in a broader array of tissues. While both LASP1 and LASP2 are highly 66 

expressed in the brain, little is currently known about their function in the nervous system. In this 67 

study, we demonstrate the first evidence that LASP1 and LASP2 are involved in the formation 68 

and long-term maintenance of dendrites and dendritic spines.    69 

 70 
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INTRODUCTION 81 

The structure of a neuron’s dendritic arbor is essential for neural circuit formation, 82 

determining how synaptic inputs are received and integrated. In turn, presynaptic inputs 83 

themselves can shape and stabilize the dendritic arbor (Parrish et al., 2007). The arbor is highly 84 

dynamic during early development as numerous branches form, elongate, and retract (Scott 85 

and Luo, 2001; Parrish et al., 2007; Koleske, 2013). However, as development proceeds 86 

increased neuronal activity stabilizes individual branches, and less active branches retract (Van 87 

Aelst and Cline, 2004; Cline and Haas, 2008). The majority of excitatory inputs are received at 88 

glutamatergic synapses, which are formed between presynaptic axonal terminals and 89 

specialized postsynaptic structures called dendritic spines (Nimchinsky et al., 2002; Bourne and 90 

Harris, 2008; Rochefort and Konnerth, 2012). Spines are small membranous protrusions that 91 

form on dendrites and function as the sites of signal integration and transduction downstream 92 

of glutamate receptor activity (Chen and Sabatini, 2012). Dendritic spines are highly plastic, and 93 

changes in their morphology underlie synapse formation and modification during learning and 94 

memory (Segal, 2005; Bosch and Hayashi, 2012; Lai and Ip, 2013). The growth of the dendritic 95 

arbor and dendritic spines are therefore closely linked, and both are essential for the 96 

development and function of neuronal circuits (Koleske, 2013). However, as neurons mature, 97 

the dendritic arbor typically stabilizes while spines retain a reduced level of plasticity.  98 

Changes in spine morphology are largely driven by remodeling of the actin cytoskeleton 99 

(Hotulainen and Hoogenraad, 2010; Lei et al., 2016). Actin filaments are remodeled by 100 

regulatory proteins that arrange actin into distinct networks with different functions. These 101 

regulatory proteins modify actin structures by crosslinking, severing, end capping, and bundling 102 
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actin filaments. The LIM and SH3 domain-containing proteins, LASP1 and LASP2, are small 103 

multi-domain actin-binding proteins that have been implicated in the stabilization of actin 104 

filaments (Grunewald and Butt, 2008; Pappas et al., 2011). Consequently, LASP1 and LASP2 105 

localize to numerous sites of dynamic actin assembly and disassembly including; focal 106 

adhesions, membrane ruffles, lamellipodia, and pseudopodia (Chew et al., 2002b). In non-107 

neuronal cells, both LASP proteins have been shown to regulate cell adhesion and cell migration 108 

(Lin et al., 2004; Bliss et al., 2013). LASP1 and LASP2 are highly homologous, and are 109 

differentiated from the other members of the Nebulin family of actin binding proteins by their 110 

small size and the presence of an N-terminal LIM domain (Pappas et al., 2011). LIM domains 111 

participate in a wide variety of cellular functions including the regulation of gene expression, 112 

signal transduction, cell adhesion, and cell motility (Kadrmas and Beckerle, 2004). In addition, 113 

LASP1 and LASP2 feature a C-terminal SRC homology region 3 (SH3) domain, a flexible non-114 

structured linker region, and either two or three 35-amino acid actin-binding nebulin-like 115 

repeats, respectively (Grunewald and Butt, 2008). This unique domain architecture enables the 116 

LASP proteins to serve as signaling hubs, linking numerous proteins to the actin cytoskeleton 117 

(Orth et al., 2015). Studies have shown that both proteins are highly expressed in the central 118 

nervous system, and that LASP1 is concentrated in the postsynaptic density (Phillips et al., 119 

2004; Terasaki et al., 2004). In addition, LASP1 has been identified as a risk factor for both 120 

autism and schizophrenia (Stone et al., 2007; Joo et al., 2013). However, little is currently 121 

known about the physiological role of either LASP1 or LASP2 in the nervous system. 122 

In this study, we present evidence that LASP1 and LASP2 play an important role in 123 

dendritic spine development and stabilization, respectively. Furthermore, we demonstrate that 124 
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LASP2, but not LASP1, promotes dendritic complexity by stabilizing dendritic branches. LASP2, 125 

but not LASP1 has been identified as an actin bundling protein (Chew et al., 2002a; Zieseniss et 126 

al., 2008), and here we identify a role for the actin-binding LIM domain and Nebulin repeats in 127 

LASP2-mediated dendritic stabilization. Our findings demonstrate an important new role for 128 

nebulin family members in the stabilization of dendritic spines and dendritic arbor, and in 129 

regulating synapse formation.  130 

  131 
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METHODS 132 

Antibodies 133 

The following commercial antibodies were used: rabbit anti-MAP2 (AB5622; EMD 134 

Millipore; 1:1000), rabbit anti-RFP (600-401-279; Rockland; 1:1000), rabbit anti-GFP (A-11122; 135 

Invitrogen; 1:1,000), mouse anti-PSD95 (MA1-045; ThermoFisher; 1:1,000), and mouse anti-SV2 136 

(DSHB; 1:1000). To examine LASP localization, we used total-LASP antibody (recognizes both 137 

LASP1 and LASP2) which was generated by immunizing rabbit with full-length GST-LASP1 (Butt 138 

et al., 2003). For western blotting of LASP1 specifically, we used mouse monoclonal anti-LASP1 139 

clone-B8 which was generated against the following sequence within the LASP1 linker domain 140 

(not present in LASP2): SYRRPLEQQQPH (aa 151-162) (Butt and Raman, 2018). 141 

DNA constructs 142 

GFP-LASP1 constructs (wild-type, ΔLIM, ΔLinker, and ΔSH3) were described previously 143 

(Stolting et al., 2012). GFP-LASP1- ΔNebulin was prepared by removing amino acids (aa) 62-128 144 

from wild-type GFP-LASP1. GFP-LASP2 constructs were generated by subcloning de novo 145 

synthesized human LASP2 into the BglII/EcoRI sites of pEGFP-C1 as follows; ΔLIM lacks aa 4-56, 146 

ΔNebulin lacks aa 62-128, ΔLinker lacks aa 168-209, and ΔSH3 lacks aa 213-270. mCherry-147 

pSuper was created by removing eGFP from pSuper.neo+GFP using the NheI/BspTI sites, and 148 

subcloning mCherry from pmCherry-C1. To create two shRNAs each against LASP1 (shLASP1a 149 

and shLASP1b) and LASP2 (shLASP2a and shLASP2b), the following oligos were synthesized, 150 

ligated, and then inserted into pSuper.neo+mCherry using the BglII/XhoI sites: shLASP1a, 151 

5’GATCCCCCCATTAAGGAGATCGGTTATTCAAGAGATAACCGATCTCCTTAATGGTTTTTC (Forward)/ 152 
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5’TCGAGAAAAACCATTAAGGAGATCGGTTATCTCTTGAATAACCGATCTCCTTAATGGGGG (Reverse); 153 

shLASP1b, 5’GATCCCCGACCAATCCTGTAGCGCAATTCAAGAGATTGCGCTACAGGATTGGTCTTTTTC 154 

(Forward)/ 155 

5’TCGAGAAAAAGACCAATCCTGTAGCGCAATCTCTTGAATTGCGCTACAGGATTGGTCGGG (Reverse); 156 

shLASP2a,  5’GATCCCCCAGCGATGCTGCCTATAAATTCAAGAGATTTATAGGCAGCATCGCTGTTTTTC 157 

(Forward)/ 5’TCGAGAAAAACAGCGATGCTGCCTATAAATCTCTTGAATTTATAGGCAGCATCGCTGGGG 158 

(Reverse); and shLASP2b, 159 

5’GATCCCCCAATGCAGCATTCACCAAATTCAAGAGATTTGGTGAATGCTGCATTGTTTTTC 160 

(Forward)/5’TCGAGAAAAACAATGCAGCATTCACCAAATCTCTTGAATTTGGTGAATGCTGCATTGGGG 161 

(Reverse). mOrange-Actin was created by subcloning mOrange into pEGFP-actin (Clontech), and 162 

the PSD95-GFP and PSD95-dsRed constructs were generously provided by Dr. Bonnie Firestein 163 

(Rutgers University).  164 

Neuronal culture and transfection 165 

Timed-pregnant Sprague Dawley rats were obtained from Charles River Laboratories. 166 

Dissociated primary hippocampal neuron cultures were prepared from embryonic day 18.5 167 

(E18.5) rat embryos of both sexes. Brains were removed and hippocampi were dissected in cold 168 

Hank’s Balanced Salt Solution (HBSS). Hippocampi were trypsinized, triturated, and then plated 169 

on 25 mm coverslips coated with 100 μg/ml poly-L-lysine (Sigma) at a density of approximately 170 

325,000 cells per 35 mm dish. Neurons were maintained in Neurobasal medium supplemented 171 

with B-27 (ThermoFisher), penicillin/streptomycin, and GlutaMax (Invitrogen). Neurons were 172 

transfected using Calphos calcium phosphate transfection reagent (Takara) on the specified 173 

days. Animal care and use was carried out in accordance with the guidelines of the National 174 
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Institutes of Health, and was approved by the Institutional Animal Care and Use Committee at 175 

Emory University. 176 

Immunocytochemistry 177 

For immunostaining, hippocampal neurons were fixed on the specified date with freshly 178 

prepared 4% paraformaldehyde (PFA) plus 4% sucrose in phosphate-buffered saline (PBS) for 15 179 

minutes at room temperature. Neurons were washed in PBS and then blocked and 180 

permeabilized in PBS containing 1% BSA, 5% normal goat serum, and 0.1% Triton X-100 for 1 181 

hour at room temperature. Then neurons were incubated with primary antibodies for 1 hour, 182 

washed, incubated with fluorescent Alexa Fluor (Alexa-488, -546, or -647; 1:750; ThermoFisher 183 

Scientific) secondary antibodies for 1 hour, washed, and mounted on slides with Fluoromount-184 

G (Southern Biotech). All antibodies were diluted into blocking/permeablization buffer. Imaging 185 

was carried out using either a Nikon C1 laser-scanning confocal system with an inverted Nikon 186 

TE300 (60x Apo TIRF objective, 1.49 NA), a Nikon C2 laser-scanning confocal system with an 187 

inverted Nikon Ti2 microscope (60x Plan Apo objective, 1.4 NA), or an epifluorescent Nikon 188 

Eclipse Ti inverted (20x Plan Fluor objective, 0.5 NA).  189 

Live-cell imaging  190 

For live cell imaging, neurons were cultured in 4-well glass-bottomed dishes coated 100 191 

μg/ml poly-L-lysine at a density of approximately 50,000 cells per well. Cells were cultured in 192 

phenol-red free Neurobasal medium supplemented as described above. For imaging, dishes 193 

were placed on the microscope stage and housed at 37°C in 5% CO2 in a humidified 194 

temperature- and CO2-controlled chamber (Tokai Hit). Cells were imaged using a Nikon Eclipse 195 
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Ti inverted microscope with a Perfect Focus System and a 20x objective (Plan Fluor, 0.5 NA) for 196 

imaging dendritic branches, and a 60x objective (Apo TIRF, 1.49 NA) with 1.5x zoom for imaging 197 

spines.  198 

Image Analysis 199 

All samples were blinded prior to image acquisition, and revealed after image analysis 200 

was completed. Imaging of spines was conducted using a Nikon laser-scanning confocal 201 

microscope with a 60x objective and 3x digital zoom. Z-stacks comprised of 14-24 optical 202 

sections (0.2 μm steps) were acquired, and maximum intensity projections of Z-stacks were 203 

used to generate 2D images. ImageJ and Imaris software was used for visualizing and 204 

quantifying spine density and morphology measurements. Dendritic spine number, length, and 205 

width for each neuron were averaged from two segments at least 30 μm in length from 206 

different secondary or tertiary branches. Filopodial-like spines were defined as having a length 207 

greater than or equal to 2 μm, with no discernable spine head. Nikon Elements software was 208 

used to perform semi-automated analysis of spine head/shaft ratio after manually identifying 209 

dendritic spines. Synapse density was calculated manually by counting all PSD95 puncta that 210 

directly coclustered with SV2 puncta, and that had an average fluorescence intensity at least 211 

twice as high as the neighboring dendritic shaft. Imaging dendritic arbors was typically 212 

conducted using an epifluorescent Nikon Eclipse Ti inverted microscope with a 20x objective 213 

(Plan Fluor, 0.5 NA), and all tracing and Sholl analysis was carried out using the Simple Neurite 214 

Tracer ImageJ plugin (Longair et al., 2011). Analysis of dendrite branches from live cells was 215 

carried out using the Manual Tracking ImageJ plugin. All data represent at least three replicates 216 

from independently prepared samples. The number of cells, dendritic spines, or dendritic 217 
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branches analyzed are reported in the corresponding figure legend. GraphPad Prism v.7. was 218 

used for statistical analysis. Data are presented as the mean ± SEM (standard error of the 219 

mean), or as mean ± 95% CI (confidence intervals).  220 

Electrophysiology 221 

Whole-cell patch-clamp recordings were performed using EPC7 amplifier (HEKA). Patch pipettes 222 

were pulled from borosilicate glass and fire polished (4–6 MΩ). The recording chamber was 223 

continuously perfused with HEPES buffered recording solution (128 mM NaCl, 5 mM KCl, 2 mM 224 

CaCl2, 1 mM MgCl2, 25 mM HEPES, 30 mM glucose, pH 7.3 adjusted with NaOH, and osmolarity 225 

at 310–320 mOsmol). The pipette solution contained 147 mM KCl, 2 mM KH2PO4, 5 mM Tris-226 

HCl, 2 mM EGTA, 10 mM HEPES, 4 mM Mg-ATP, 0.5 mM Na2GTP, pH 7.3 adjusted with KOH, 227 

and osmolarity at 310–320 mOsm. The membrane potential was clamped at –70 mV. Data were 228 

acquired using pClamp 9 software, sampled at 5 kHz and filtered at 1 kHz. For mEPSC 229 

recordings, 0.5 μM TTX and 100 μM picrotoxin were added to block action potentials and 230 

GABAA receptors.  Off-line data analysis was performed using Clampfit 9.0 software (Molecular 231 

Devices), and events were detected automatically using 5 pA baseline.  232 

Experimental Design and Statistical Analysis 233 

All data represents at least three replicates from independently prepared samples, and the 234 

total number of spines and/or cells used per condition is provided in the figure legends. Most 235 

data were analyzed using a Kruskal–Wallis one-way ANOVA with a Dunn's multiple-comparison 236 

test for nonparametric data, or two-way ANOVA with Tukey’s posthoc test. GraphPad Prism 237 

(version 7, GraphPad Software) was used for statistical analysis, and results are provided in the 238 
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figure legends. Unless otherwise specified, data are presented as the mean ± SEM, with in-text 239 

values stated. P values are presented as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.  240 

 241 

 242 

 243 

 244 

 245 
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RESULTS  258 

LASP1 and LASP2 are enriched in dendritic spines 259 

In order to understand the function of LASP1 and LASP2 in the nervous system, we first 260 

examined their subcellular localization in dissociated rat hippocampal neurons in culture. We 261 

expressed EGFP-tagged LASP1 and LASP2 in neurons at low levels and found that both proteins 262 

are generally present in the somatodendritic compartment, as marked by microtubule-263 

associated protein 2 (MAP2) (Figure 1a). Strikingly, both LASP1 and LASP2 are enriched in 264 

dendritic spines, colocalizing with either fluorescently-tagged actin or PSD95, a key component 265 

of the postsynaptic density structure (Figure 1b). This finding substantiates a previous 266 

proteomics study identifying LASP1 as a component of the postsynaptic density (Phillips et al., 267 

2004) and suggests that both LASP1 and LASP2 are present in the postsynaptic compartment. It 268 

should be noted that we have observed a small percentage of cells where the levels of cytosolic 269 

GFP-LASP2 within the soma and dendritic shaft are extremely low compared to the levels in 270 

spines. To quantify the enrichment of each protein in spines, we measured the ratio of GFP 271 

fluorescence in individual spine heads compared to the neighboring dendritic shaft (H/S ratio) 272 

using confocal imaging. GFP-LASP1 and GFP-LASP2 have H/S ratios of 2.5 and 2.6, respectively, 273 

while soluble GFP has a H/S ratio of less than 1 (Figure 1c). This indicates that both GFP-LASP1 274 

and GFP-LASP2 are preferentially enriched in dendritic spines. The enrichment of GFP-LASP1 275 

and GFP-LASP2 is not likely an artifact of exogenous overexpression, as we found that 276 

endogenous LASP proteins exhibit a similar spine enrichment when examined by 277 

immunocytochemistry (Figure 1d). Using a total-LASP antibody that recognizes both LASP1 and 278 

LASP2, we found that endogenous LASP is enriched in spine heads and colocalizes with 279 
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endogenous PSD-95 and F-actin. The lack of a LASP1- or LASP2-specific antibody suitable for 280 

immunocytochemistry prevented us from examining their endogenous distribution in neurons, 281 

individually. However, the total-LASP staining supports the use of low levels of exogenously-282 

expressed GFP-tagged LASP proteins to accurately represent the subcellular localization of 283 

LASPs.    284 

Knockdown of LASP1 and LASP2 diminishes spine development and synapse formation 285 

The enrichment of both LASP proteins in spines, together with their known functions in 286 

actin remodeling, suggested a role in dendritic spine development (Grunewald and Butt, 2008). 287 

Therefore, we examined the effects of LASP1 and LASP2 loss-of-function on spine development 288 

and morphology using shRNA-mediated knockdowns. To control for off-target effects, we 289 

engineered two separate shRNAs each against LASP1 (plasmids - shLASP1a and shLASP1b) and 290 

LASP2 (plasmids - shLASP2a and shLASP2b).  shLASP1a and shLASP1b target distinct non-291 

overlapping sequences within the 3’UTR of LASP1, while shLASP2a and shLASP2b target non-292 

overlapping sequences within the coding region of LASP2. shRNAs were expressed from a H1 293 

promoter, and mCherry was expressed from a PGK promoter using the pSuper.neo+mCherry 294 

(pSuper) vector. We evaluated knockdown efficiency in dissociated rat cortical neurons 72 295 

hours post-transfection by immunoblotting. Using a monoclonal antibody specific for LASP1, we 296 

found that both shLASP1a and shLASP1b markedly reduced endogenous LASP1 levels to 51.8 ± 297 

26.9% and 44.2 ± 12.6% (mean ± SEM) of pSuper control cells, respectively (Figure 2a). Due to 298 

the lack of a LASP2-specific antibody, we were forced to evaluate LASP2 knockdown efficiency 299 

by examining the levels of co-transfected GFP-LASP2. We found that both shLASP2a and 300 

shLASP2b can efficiently knockdown GFP-LASP2 to 13.1 ± 5.6% and 14.6 ± 4.2% of control 301 
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levels, respectively (Figure 2b). In addition, because shLASP2a and shLASP2b were designed 302 

based upon previously validated siRNAs against LASP2 (Bliss et al., 2013), we are confident that 303 

they knockdown endogenous LASP2.   304 

Next, to determine the role of LASP1 in spine development, we transfected DIV10 305 

neurons with shRNAs and imaged them at DIV21 (Figure 2c). This time period is critical for the 306 

formation of dendritic spines as well as their transition from a thin filopodial-like morphology to 307 

a mature mushroom-like shape (Yoshihara et al., 2009). We detected a significant reduction in 308 

the overall density of dendritic protrusions as well as a slight reduction in spine width, in LASP1-309 

deficient neurons as compared to controls (Figure 2c). In addition, we observed a significant 310 

increase in the proportion of spines exhibiting a filopodial-like morphology (Figure 2c). This 311 

suggests that LASP1 may be required for spine development. Next, we examined the effects of 312 

GFP-LASP1 overexpression on spine development. We found that exogenous LASP1 expression 313 

did not detectably affect either spine density or morphology (Figure 2d). Together, this suggests 314 

that there may be a minimum level of LASP1 expression required for normal spine 315 

development. 316 

The effects of LASP2 knockdown on spine development appear to be much more 317 

substantial than LASP1 knockdown. Both the overall density and width of dendritic spines are 318 

markedly reduced, resulting in an approximately three-fold increase in the proportion of 319 

filopodia-like protrusions (Figure 2e). Conversely, the overexpression of GFP-LASP2 induced a 320 

~20% increase in dendritic spine density and a ~33% increase in spine width (Figure 2f). We 321 

detected no significant change in the percentage of filopodial-like spines (Figure 2f), likely due 322 

to the already low percentage of filopodial-like spines at DIV21.  Taken together, these results 323 
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indicate an important role for LASP proteins (both LASP1 and LASP2) in spine development.  The 324 

loss/gain-of-function results of LASP2 further suggest that LASP2 may regulate spine 325 

development bidirectionally.    326 

Because both spine density and spine width are reduced in LASP-depleted neurons, this 327 

suggested that synapse formation could also be affected. To investigate this, we examined the 328 

number of postsynaptic PSD95-GFP puncta that co-cluster with presynaptic SV2 puncta. The 329 

vast majority of dendritic spines from control pSuper neurons contain PSD95-GFP signals that 330 

overlap with SV2 (Figure 3a). We found that LASP1 knockdown neurons exhibited no significant 331 

change in synaptic density, as compared to control neurons (Figure 3a). On the other hand, 332 

LASP2-depleted neurons displayed a striking reduction in synaptic density (Figure 3a). These 333 

findings suggest that LASP2, but not LASP1, plays a prominent role in synapse formation. To 334 

investigate this more directly, we performed whole cell voltage-clamp recordings of 335 

hippocampal neurons at DIV 19-21. To account for differences in neuronal density and circuit 336 

formation, we used non-transfected neurons as a control. pSuper neurons exhibited miniature 337 

excitatory postsynaptic currents (mEPSCs) with similar amplitude and frequency as non-338 

transfected controls (Figure 3b). Likewise, we found that knockdown of LASP1 did not 339 

significantly affect either the amplitude or frequency of mEPSCs, as compared to control 340 

neurons (Figure 3b). In contrast, LASP2 knockdown caused a large significant reduction in the 341 

frequency of mEPSCs, but only a slight decrease in mEPSC amplitude (Figure 3b). This further 342 

suggests that the knockdown of LASP2 decreases the overall number of excitatory synapses per 343 

neuron. 344 

Regulation of dendritic arborization by LASPs  345 
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Changes in synaptic activity in vitro and in vivo have previously been shown to affect the 346 

length and complexity of dendritic arbors (Sin et al., 2002; Peng et al., 2009; Cheadle and 347 

Biederer, 2014). To test if LASP1 and LASP2 play a role in dendritic development, we first 348 

analyzed the dendritic arbors of neurons overexpressing GFP, GFP-LASP1 or GFP-LASP2 (Figure 349 

4a). We did not observe any differences in the number, total length, and complexity of 350 

dendritic branches in neurons overexpressing GFP-LASP1, as compared to GFP controls (Figure 351 

4a). In contrast, we found that GFP-LASP2 expression increased the number of dendritic branch 352 

tips by ~52% and decreased the mean branch length by ~25%, relative to control neurons 353 

(Figure 4a). Furthermore, Sholl analysis revealed that GFP-LASP2 expression sharply increased 354 

the complexity of the dendritic arbor (number of intersections per 10 μm concentric ring) 355 

between 20-100 μm radii from the soma, as compared to both control and GFP-LASP1 cells 356 

(Figure 4a). This suggests that LASP2, but not LASP1, promotes dendritic arbor complexity.  357 

To confirm this hypothesis, we knocked down endogenous LASP1 and LASP2, and 358 

examined their effects on arbor development. We found that the loss of LASP1 had no 359 

detectable effect on dendritic arbor formation (Figure 4b). The knockdown of LASP2 on the 360 

other hand, resulted in large reductions in dendritic arbor complexity (Figure 4c). Sholl analysis 361 

revealed decreases in the number of dendritic intersections observed between 20-220 μm radii 362 

(Figure 4c). In addition, we found significant reductions in both the number of dendritic tips and 363 

total dendritic length in LASP2 knockdown neurons relative to pSuper control neurons (Figure 364 

4c). This corresponds with the LASP2 overexpression phenotype, and indicates that LASP2 365 

promotes dendritic arbor complexity and growth.  366 
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Next, we wanted to determine whether LASP1 and LASP2 have overlapping or distinct 367 

functions during neuronal development. We first examined their subcellular localization in live 368 

hippocampal neurons at DIV21 using GFP-tagged LASP1 and mCherry-tagged-LASP2 (Figure 5a). 369 

Both proteins are highly colocalized, particularly in spines (Figure 5b). Next, we knocked-down 370 

LASP1 and LASP2 singly and simultaneously (shLASP1/2) at DIV11 and analyzed dendritic spines 371 

at DIV21 (Figure 5c). We found that the density and morphology of spines from shLASP1/2 372 

neurons were essentially indistinguishable from LASP1 and LASP2 individual knockdown 373 

neurons (Figure 5d-f). However, we detected significant decreases in overall dendritic 374 

complexity, branch number, and total dendritic length in double knockdown neurons as 375 

compared to pSuper control neurons and LASP1 single knockdown neurons (Figure 5g-k). 376 

Interestingly, we detected an additional small but significant reduction in the number of 377 

dendritic tips and an increase in mean branch length in shLASP1/2 cells, as compared to LASP2 378 

single knockdown neurons (Figure 5i-k). This suggests that LASP1 may play some small 379 

overlapping role in dendritic arbor development, but that this minor function can be 380 

compensated for by LASP2.  381 

One concern regarding the effects of LASP2 knockdown on dendritic spines is that these 382 

effects may be secondary to the defects in dendritic arbor formation. To address this, we 383 

performed shRNA knockdown of LASP1 and LASP2 starting at DIV 15 and imaging on DIV21.  By 384 

DIV 15, hippocampal neurons in culture have mostly completed dendritic growth and 385 

arborization, synapse formation has peaked, and the majority of spines have formed but not 386 

matured (Ziv and Smith, 1996; Grabrucker et al., 2009). Therefore, transfection of DIV15 387 

hippocampal neurons should minimize the effects on early dendrite development and 388 
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synaptogenesis.  We found that LASP1 knockdown by DIV15 transfection did not affect spine 389 

density relative to control neurons, but did reduce spine width and increased the proportion 390 

filopodial-like spines (Figure 6a-d). This suggests that LASP1 is in fact involved in spine 391 

development, and more specifically, it may play a role in the conversion of filopodia into spines. 392 

We also examined the dendritic arbors of these DIV 15 transfected neurons, and could not 393 

detect any effects on dendritic arbor complexity or size (Figure 6e-g).  394 

In contrast, we observed significant reductions in both spine density and spine width in 395 

LASP2 knockdown neurons, as well as a corresponding increase in the proportion of filopodia-396 

like spines relative to control neurons (Figure 6h-k). The reduction in spine density is 397 

particularly interesting, as it suggests that LASP2 may be required for the stabilization or 398 

maintenance of spines, rather than the conversion of filopodia to spines. Strikingly, LASP2 399 

knockdown also caused reductions in dendritic arbor complexity as assessed by Sholl analysis 400 

(Figure 6l-n). The number of dendritic branch tips and the total dendritic length was also 401 

significantly reduced in these older LASP2 knockdown neurons (Figure 6l-n). Dendritic arbors 402 

are largely stabilized by DIV15, and do not normally undergo retractions after this point 403 

(Grabrucker et al., 2009; Koleske, 2013). Therefore, these data suggest that LASP2 may regulate 404 

the stability of dendritic branches.  405 

LASP2 regulates the stability of dendritic protrusions  406 

Spine stabilization is marked by a morphological transition from filopodial-like to 407 

mushroom-shaped spines (Lin and Koleske, 2010; Berry and Nedivi, 2017). The process of spine 408 

stabilization is particularly important because it corresponds to the consolidation of newly 409 

acquired information into long-term memory (Berry and Nedivi, 2017). In order to directly 410 
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determine whether LASP2 plays a role in spine stabilization, we knocked down LASP2 and 411 

performed live-imaging of dendritic spines every 30 seconds for 30 minutes (Figure 7a). We 412 

then tracked the movement of spine tips, and analyzed the distance each spine tip moved 413 

(displacement) per frame. Knocking down LASP2 leads to significantly more dynamic dendritic 414 

spines, as compared to either pSuper-control or LASP1 depleted neurons (Figure 7b, c). In 415 

addition, while spines from control and LASP1 knockdown neurons were 90% and 94% stable 416 

during the imaging time frame, respectively, only 75% of LASP2 knockdown spines were stable 417 

(Figure 7d). These data indicate that LASP2 is in fact required for the stabilization of dendritic 418 

spines. It also provides further evidence that LASP1 is involved in spine development, rather 419 

than spine stabilization.  420 

We wondered whether the knockdown of LASP2 affects the growth or the stability of 421 

dendritic arbors, similar to its role in spines. To test this, we employed live imaging of individual 422 

LASP1 and LASP2 knockdown neurons every 15 minutes over 18 hours (Figure 8a). By tracking 423 

the movement of individual dendritic branch tips, we were able to detect major changes in the 424 

motility of dendritic branches after LASP2 knockdown (Figure 8b). For example, compared to 425 

pSuper controls, LASP2 knockdown dendrites displayed significant increases in both mean tip 426 

displacement and tip persistence, which we define as the ratio of net displacement to the total 427 

distance traveled (Figure 8c-e). The percentage of dendritic branches that were stable during 428 

the observation period was also decreased by half in LASP2 knockdown neurons relative to 429 

controls. (Figure 8f). This increase in less stable, more motile branches in LASP2 knockdown 430 

neurons is similar to the spine phenotype we observed. Altogether, it suggests that LASP2 is a 431 

major regulator of dendrite stability. In contrast, LASP1 knockdown branches were slightly 432 
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more stable and slightly less motile as assessed by small but significant reductions in mean 433 

displacement and velocity as well as an increase in the percentage of stable branches (Figure 434 

8c-f). These data suggest that the reduction in dendritic complexity observed in LASP2 435 

knockdown neurons is in fact, caused by a decrease in branch stability rather than an effect on 436 

branch growth. 437 

The actin-binding domains of LASP2 are required for its ability to stabilize dendritic spines 438 

and dendritic arbors 439 

LASP2 has previously been shown to bind and directly bundle F-actin (Zieseniss et al., 440 

2008), similar to other Nebulin family members. The N-terminal LIM domain and Nebulin 441 

repeats of LASP2 cooperatively facilitate a direct interaction with F-actin, and are likely 442 

essential for its actin bundling activity (Li et al., 2004; Lin et al., 2004; Nakagawa et al., 2009). 443 

We hypothesize that LASP2-mediated actin bundling stabilizes dendritic spines and dendritic 444 

arbors. To test this, we wanted to determine the roles of these domains on spine and branch 445 

stability. Therefore, we engineered a series of LASP1 and LASP2 deletion mutants lacking the; 446 

LIM domain (ΔLIM), nebulin repeats (ΔNebulin), linker region (ΔLinker), or C-terminal SH3 447 

domain (ΔSH3) (Figure 9a). These GFP-tagged mutants were co-expressed with mCherry as a 448 

volume marker, and visualized as a ratio of GFP to mCherry (Figure 9b). To quantify the 449 

enrichment of each deletion mutant in spine heads, we examined the head to shaft (H/S) ratio 450 

(Figure 9c). The LASP2-ΔLinker mutant was highly enriched in spines, similar to wild-type GFP-451 

LASP2. On the other hand, the LASP2-ΔLIM and -ΔNebulin mutants were not enriched in spines, 452 

and are essentially indistinguishable from soluble GFP (Figure 9c). Interestingly, the LASP2-ΔSH3 453 

mutant displayed an intermediate level of enrichment in spines (Figure 9c). This suggests that 454 
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LASP2 enrichment in spines is largely mediated by binding to F-actin via the LIM domain and 455 

Nebulin repeats, although the SH3 domain does appear to play some role as well. We observed 456 

similar localization patterns when we expressed the corresponding LASP1 truncation mutants 457 

(Figure 9b). 458 

Next, we examined the effects of the LASP1 deletion mutants on dendritic spines and did not 459 

detect any changes in spine density or morphology, similar to WT-LASP1 expression (Figure 9d-460 

g). Similarly, spines from neurons overexpressing the GFP-LASP2-ΔSH3 and -ΔLinker mutants 461 

appeared indistinguishable from GFP-LASP2-WT expressing cells (Figure 9h-k), suggesting that 462 

neither domain is essential for regulating dendritic spine morphology. Conversely, we found 463 

that neurons expressing the GFP-LASP2-ΔLIM and -ΔNebulin mutants had significantly lower 464 

spine density as compared to GFP-LASP2-WT expressing neurons (Figure 9h-k). This suggests 465 

that the LASP2 LIM domain and nebulin repeats, which jointly mediate actin-binding, are 466 

required for its function in spines. Next, we investigated the role for these domains in dendritic 467 

arbor stabilization (Figure 10a). Neurons expressing GFP-LASP2-ΔSH3 and –ΔLinker had 468 

dendritic arbors that were essentially indistinguishable from GFP-LASP2-WT neurons, with no 469 

detectable differences in dendritic complexity, branch number, or total dendritic length (Figure 470 

10b-e). This suggests that neither of these domains are required to promote dendrite 471 

complexity. Conversely, neurons expressing the LASP2-ΔLIM and –ΔNebulin deletion mutants 472 

displayed a significant decrease in branch tip number, and an increase in mean branch length as 473 

compared to LASP2-WT neurons (Figure 10b-e). This indicates that the LIM domain and nebulin 474 

repeats are required to promote dendritic complexity. As expected, we observed no differences 475 

in the dendritic arbors of neurons expressing any of the LASP1 deletion mutants (Figure 10f-j). 476 
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DISCUSSION 477 

Previous studies have indicated that both LASP1 and LASP2 are highly expressed in the 478 

fetal and adult central nervous system (Phillips et al., 2004; Terasaki et al., 2004; Zieseniss et al., 479 

2008). LASP1 was shown to localize to the leading edge of growth cones during early 480 

development, and then transition into dendritic spines where it associates with postsynaptic 481 

membranes during later development (Phillips et al., 2004). Single nucleotide polymorphisms 482 

and altered expression levels of LASP1 have also been associated with a number of neurological 483 

disorders such schizophrenia, autism, and bipolar disorder (Stone et al., 2007; Joo et al., 2013; 484 

Giusti et al., 2014). Finally, the upregulation of LASP1, but not LASP2, has previously been 485 

detected in response to nerve growth factor stimulation in rat PC-12 cells, a commonly used 486 

model for neurite outgrowth (Chen et al., 2008). However, to date, no studies have directly 487 

demonstrated a functional role for either gene in neurons.  In this study, we present evidence 488 

that LASP1 and LASP2 differentially regulate postsynaptic dendrite and spine development. 489 

Knocking down LASP1 leads to defects in dendritic spine development, but does not affect 490 

dendritic arbor formation. LASP2 on the other hand, promotes dendritic spine stability, as well 491 

as the growth and complexity of dendritic arbors. Knockdown of LASP2 causes dramatic 492 

reductions in synaptic number, and decreases the stability of both dendritic spines and 493 

dendritic branches. Using LASP2 truncation mutants, we found that the actin-binding LIM and 494 

Nebulin repeats are essential for LASP2 function in neurons. Our findings provide the first 495 

evidence of a function for either LASP1 or LASP2 in neuronal and synaptic development.  496 

LASP1 and LASP2 are members of the nebulin family of actin-binding proteins, which 497 

includes Nebulin, N-RAP, and Nebulette (Pappas et al., 2011). The Nebulin family members are 498 
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characterized by the presence of varying numbers of actin-binding nebulin repeats, from as few 499 

as 2 repeats in LASP1, up to 185 repeats for Nebulin (Chu et al., 2016). Family members are 500 

capable of binding to a wide variety of F-actin structures including, lamellipodial actin bundles, 501 

stress fibers, sarcomeric thin filaments, z-discs, and intercalated discs.  LASP1 and LASP2 differ 502 

from other Nebulin family members due to the presence of both a LIM domain and SH3 503 

domain. SH3 domains are shared by a diverse array of structural and signaling proteins, and 504 

typically mediate interactions with the proline-rich motifs of target proteins (Kurochkina and 505 

Guha, 2013). In non-neuronal cells, the SH3 domain and linker region of LASP1 and LASP2 are 506 

required for their recruitment to focal adhesions (Li et al., 2004; Panaviene and Moncman, 507 

2007). The association of LASP1 to actin stress fibers was also shown to be indirect, via an SH3-508 

dependent interaction with paladin (Rachlin and Otey, 2006). Here, we show that deletion of 509 

the SH3 domain causes a small but incomplete loss of LASP localization to spines, suggesting 510 

that it mediates some interaction/s with other proteins in spines. However, we found that both 511 

the LIM domain and the nebulin repeats are essential for LASP localization to spines, and are 512 

required for LASP2’s role in dendritic spine and arbor development. Because it was previously 513 

shown that the LASP2 nebulin repeats alone are insufficient to bind F-actin without the LIM 514 

domain, it is not surprising that both domains are therefore required (Nakagawa et al., 2009).  515 

The expression of the non LASP Nebulin family members is largely restricted to striated 516 

muscle, where they function as stabilizers of F-actin structures as well as scaffolds for various 517 

cytoskeletal assemblies (Pappas et al., 2011). The ability to stabilize F-actin structures has been 518 

demonstrated in several settings, including a study from the Gregorio lab that used an 519 

artificially truncated “mini-nebulin” to demonstrate that Nebulin protects actin thin filaments 520 
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from depolymerization by latrunculin A (Pappas et al., 2010). They also showed that the 521 

knockdown of Nebulin increased the dynamics of actin thin filaments in cardiomyocytes 522 

(Pappas et al., 2010). A similar increase in actin dynamics could explain how the knockdown of 523 

LASP2 leads to increased spine and dendritic branch instability. LASP2 has previously been 524 

shown to bundle F-actin (Zieseniss et al., 2008), and this function provides a potential 525 

mechanism whereby LASP2 may be directly stabilizing F-actin in spines and dendrites. However, 526 

this does not explain why there are such dramatic differences between LASP1 and LASP2 527 

function in neurons. Human LASP1 and LASP2 share 78.3% sequence similarity overall, and are 528 

especially conserved within the LIM domain (100% similar) and the first two nebulin repeats 529 

(98.5% similar). However, LASP2 contains a third nebulin repeat that is not found in LASP1. We 530 

hypothesize that the presence of the third nebulin repeat is what confers this LASP2-specific 531 

bundling activity. This is supported by earlier studies demonstrating the ability of 6-repeat 532 

recombinant human nebulin fragments to bundle actin, and the inability of 2-repeats to bundle 533 

actin. Furthermore, previous studies have directly demonstrated that LASP2 bundles F-actin, 534 

while LASP1 cannot (Chew et al., 2002a; Zieseniss et al., 2008).  535 

Alternatively, it is possible that LASP1 and LASP2 interact with F-actin in different ways, 536 

despite their high sequence similarity. For example, Nebulin is capable of interacting with the 537 

pointed end capping protein Tropomodulin1 via its first three N-terminal nebulin repeats 538 

(McElhinny et al., 2001). In addition, the SH3 domain of Nebulin has been shown to interact 539 

with the barbed end capping protein, CapZ (Pappas et al., 2008). In this way, Nebulin is able to 540 

cap actin filaments at both the pointed and barbed ends. This raises the possibility that either 541 

LASP1 or LASP2 may interact with an unique actin-capping or actin-binding protein that 542 
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specifically orients it in a certain place or structure in spines. For example, LASP1 or LASP2 (but 543 

not the other) could be directed to the plus or minus end of actin filaments in spines, thereby 544 

conferring unique functions for each protein. It should be noted that within individual spines, 545 

there are multiple sub-spine actin domains with different properties and ultrastructure (Bosch 546 

et al., 2014; Chazeau et al., 2014).   547 

In summary, LASP2 appears to function in the stabilization of protrusive structures such 548 

as dendritic spines and dendritic branches, likely via stabilization of the underlying actin 549 

cytoskeleton. LASP1 on the other hand appears to have a much smaller role in dendritic 550 

development under basal conditions. Considering LASP1 (but not LASP2) was originally 551 

identified as a phosphoprotein, it is possible that LASP1 instead plays a role in synaptic 552 

plasticity/activity-dependent signaling. LASP1 is phosphorylated by cAMP- and cGMP-553 

dependent protein kinases (PKA and PKG) as well as Abelson tyrosine kinase (Abl), and 554 

dephosphorylated by protein phosphatase 2B (PP2B) (Butt et al., 2003; Lin et al., 2004; Mihlan 555 

et al., 2013). PKA and PP2B in particular are both known as critical regulators of synaptic 556 

plasticity, and they may form a common signaling pathway with LASP1 at the synapse (Mansuy, 557 

2003; Kandel, 2012). Furthermore, it has previously been shown that phosphorylation of LASP1 558 

affects its own subcellular localization to focal adhesions and affects the rate of cell migration in 559 

non-neuronal cells (Butt et al., 2003; Lin et al., 2004). This would raise the possibility that LASP2 560 

plays a structural role in actin filament stabilization, whereas LASP1 could facilitate synaptic 561 

signaling and actin remodeling during synaptic plasticity.  562 

  563 
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FIGURE LEGENDS 564 

Figure 1. LASP proteins are specifically enriched in dendritic spines. (a) Representative images 565 

of rat hippocampal neurons at DIV21 showing localization of GFP-tagged LASP1 and LASP2 566 

(green) in dendrites highlighted by MAP2 (magenta). Scale bars = 50 μm (left) and 5 μm (inset, 567 

right). (b) Representative images showing enrichment of GFP-LASP1 or GFP-LASP2 (green) in 568 

dendritic spines and the postsynaptic density, highlighted by mOrange-actin or the excitatory 569 

synaptic marker PSD95-dsRed, respectively (magenta). Scale bars = 5 μm. (c) Enrichment of 570 

LASPs in spines as measured by the ratio of fluorescent intensity detected in the spine head 571 

versus the intensity in the neighboring dendritic shaft. Error bars represent SEM (n = 156 spines 572 

from 13 cells for mOrange-actin, 156 spines from 13 cells for GFP, 120 spines from 10 cells for 573 

GFP-LASP1, and 156 spines from 13 cells for GFP-LASP2. Data was collected from three 574 

independent experiments). (d) Endogenous total-LASP distribution (green) in spines co-stained 575 

for endogenous F-actin (568-phalloidin, magenta) or endogenous PSD-95 (magenta). Scale bars 576 

= 5 μm. 577 

Figure 2. LASP1 and LASP2 regulate spine development and synapse formation. (a-b) Left, 578 

representative Western blots from cortical neurons expressing LASP1 and LASP2 shRNA 579 

constructs for 72 hours showing either endogenous LASP1 (a) or GFP-LASP2 (b) protein levels 580 

along with tubulin as a loading control. Right, bar graphs show mean LASP1 and LASP2 levels 581 

from three independent experiments. Data are normalized to pSuper control cells. (c) Top, 582 

representative images of dendritic spines from DIV21 hippocampal neurons transfected on 583 

DIV10 with pSuper, shLASP1a, and shLASP1b. Scale bar = 5 μm. Bottom, quantification of spine 584 

density (Kruskal Wallis, p<0.0001, H=34.42, df=2; Dunn’s: pSuper vs. shLASP1a, p<0.0001; 585 
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pSuper vs. shLASP1b, p<0.0001), spine width (Kruskal Wallis, p=0.0248, H=7.395, df=2; Dunn’s: 586 

pSuper vs. shLASP1a, p=0.0492; pSuper vs. shLASP1b, p=0.0286), and percentage of spines with 587 

filopodial-like morphology (Kruskal Wallis, p<0.0001, H=17.87, df=2; Dunn’s: pSuper vs. 588 

shLASP1a, p<0.0001; pSuper vs. shLASP1b, p=0.0209) (n = 519 spines from 23 cells for pSuper, 589 

342 spines from 23 cells for shLASP1a, and 478 spines from 17 cells for shLASP1b). (d) Top, 590 

representative images of dendritic spines from DIV21 hippocampal neurons transfected on 591 

DIV11 with GFP or GFP-LASP1. Scale bar = 5 μm. Bottom, quantification of spine density (Mann-592 

Whitney, p=0.4949, U=224), spine width (Mann-Whitney, p=0.55, U=168), and percentage of 593 

spines with filopodial-like morphology (Mann-Whitney, p=0.4813, U=223) (n = 621 spines from 594 

23 cells for GFP, and 606 spines from 25 cells for GFP-LASP1).  (e) Top, images from DIV21 595 

neurons transfected with pSuper, shLASP2a, and shLASP2b on DIV10. Scale bar = 5 μm. Bottom, 596 

quantification of spine density (Kruskal Wallis, p<0.0001, H=25.9, df=2; Dunn’s: pSuper vs. 597 

shLASP2a, p<0.0001; pSuper vs. shLASP2b, p<0.0001), spine width (Kruskal Wallis, p=0.0006, 598 

H=14.74, df=2; Dunn’s: pSuper vs. shLASP2a, p=0.0004; pSuper vs. shLASP2b, p=0.0171), and 599 

percentage of spines with filopodial-like morphology (Kruskal Wallis, p<0.0001, H=25.9, df=2; 600 

Dunn’s: pSuper vs. shLASP2a, p<0.0001; pSuper vs. shLASP2b, p<0.0001) (n = 519 spines from 601 

23 cells for pSuper, 258 spines from 22 cells for shLASP2a, and 325 spines from 18 cells for 602 

shLASP1b). (f) Top, representative images of dendritic spines from DIV21 hippocampal neurons 603 

transfected on DIV11 with GFP or GFP-LASP2. Scale bar = 5 μm. Bottom, quantification of spine 604 

density (Mann-Whitney, p=0.0016, U=125), spine width (Mann-Whitney, p<0.0001, U=53), and 605 

percentage of spines with filopodial-like morphology (Mann-Whitney, p=0.4348, U=234) (n = 606 

1,168 spines from 18 cells for GFP, and 1,179 spines from 17 cells for GFP-LASP2). All graphs 607 
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represent data collected from three independent experiments. All error bars represent SEM. *P 608 

≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by Kruskal-Wallis with Dunn’s posthoc test or Mann-Whitney 609 

test. 610 

Figure 3. Regulation of synapse development and function by LASP2. (a) Left, representative 611 

images of DIV 21 neurons cotransfected with the postsynaptic marker GFP-PSD95 (magenta), 612 

and either mCherry-pSuper, -shLASP1a, or -shLASP2a (yellow). Neurons were fixed and stained 613 

for endogenous SV2 (cyan), a presynaptic marker. Graph depicts the number of synapses (GFP-614 

PSD95/SV2 co-clusters) per 10 microns (Kruskal Wallis, p<0.0001, H=32.02, df=2; Dunn’s: 615 

pSuper vs. shLASP1a, p=0.5718; pSuper vs. shLASP2a, p<0.0001; n=17 cells pSuper, n=18 616 

shLASP1a, and n=15 shLASP2a, collected from three independent experiments.). Scale bar = 10 617 

μm. (b) Representative sample traces of mEPSCs from whole-cell patch-clamp recordings of 618 

DIV21 hippocampal neurons expressing pSuper, shLASP1a, shLASP2a, or neighboring non-619 

transfected control cells. Histograms show mean mEPSC frequency (Kruskal Wallis, p=0.0001, 620 

H=20.31, df=3; Dunn’s: control vs. pSuper, p>0.9999;  control vs. shLASP1a, p=0.3990; control 621 

vs. shLASP2a, p=0.0249) and amplitude (Kruskal Wallis, p=0.0078, H=11.89, df=3; Dunn’s: 622 

control vs. pSuper, p>0.9999;  control vs. shLASP1a, p>0.9999; control vs. shLASP2a, p=0.0274; 623 

n=8 cells Control, n=5 pSuper, n=7 shLASP1a, and n=13 shLASP2a). Error bars represent SEM. *P 624 

≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by Kruskal-Wallis with Dunn’s posthoc test. 625 

Figure 4. LASP2, but not LASP1, is required for normal dendritic arbor development. (a) Top 626 

left, representative images of DIV21 hippocampal neurons expressing GFP, GFP-LASP1, or GFP-627 

LASP2 for 9 days (n=35, 31, and 29, respectively). Top right, Sholl analysis shows the number of 628 

dendritic intersections for each condition plotted versus the distance from the center of the 629 
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soma. Bottom, graphs of mean number of dendritic tips (Kruskal Wallis, p<0.0001, H=24.46, 630 

df=2; Dunn’s: GFP vs. GFP-LASP1, p>0.9999; GFP vs. GFP-LASP2, p<0.0001), total dendritic 631 

length (Kruskal Wallis, p=0.3215, H=2.269, df=2; Dunn’s: GFP vs. GFP-LASP1, p>0.9999; GFP vs. 632 

GFP-LASP2, p=0.4459), and mean dendritic branch length (Kruskal Wallis, p<0.0001, H=24.54, 633 

df=2; Dunn’s: GFP vs. GFP-LASP1, p>0.9999; GFP vs. GFP-LASP2, p<0.0001). (b) Top left, images 634 

from DIV 21 hippocampal neurons expressing either pSuper-mCherry, shLASP1a, or shLASP1b 635 

(n=49, 41, and 40, respectively). Top right, Sholl analysis demonstrates no change in dendritic 636 

complexity. Bottom, quantification of number of dendritic tips (Kruskal Wallis, p=0.1683, 637 

H=3.563, df=2; Dunn’s: pSuper vs. shLASP1a, p=0.5813; pSuper vs. shLASP1b, p=0.6923), total 638 

dendritic length (Kruskal Wallis, p=0.2541, H=2.74, df=2; Dunn’s: pSuper vs. shLASP1a, 639 

p=0.2394; pSuper vs. shLASP1b, p>0.9999), and the mean dendritic branch length (Kruskal 640 

Wallis, p=0.7207, H=0.6551, df=2; Dunn’s: pSuper vs. shLASP1a, p=0.8992; pSuper vs. shLASP1b, 641 

p=0>0.9999). (c) Top left, images of pSuper, shLASP2a, or shLASP2b-expressing neurons (n=48, 642 

46, and 45, respectively). Top right, changes in dendritic complexity are illustrated by Sholl 643 

analysis. Bottom, graphs of dendritic tip numbers (Kruskal Wallis, p<0.0001, H=74.22, df=2; 644 

Dunn’s: pSuper vs. shLASP2a, p<0.0001; pSuper vs. shLASP2b, p<0.0001), total dendritic length 645 

(Kruskal Wallis, p<0.0001, H=59.86, df=2; Dunn’s: pSuper vs. shLASP2a, p<0.0001; pSuper vs. 646 

shLASP2b, p<0.0001), and the mean dendritic branch length (Kruskal Wallis, p=0.0022, H=12.2, 647 

df=2; Dunn’s: pSuper vs. shLASP2a, p=0.0021; pSuper vs. shLASP2b, p=0.0415). All graphs 648 

represent data collected from three independent experiments. All scale bars = 50 μm. Error 649 

bars for Sholl analysis represent 95% CI, otherwise error bars represent SEM. *P ≤ 0.05, **P ≤ 650 

0.01, ***P ≤ 0.001 by Kruskal-Wallis with Dunn’s posthoc test.   651 
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Figure 5. LASP proteins have redundant functions in spines, but not in dendritic arbors. (a) 652 

Images showing colocalization of GFP-LASP1 (green) and mCherry-LASP2 (magenta) in DIV21 653 

hippocampal neurons. Scale bar = 50 μm. (b) Left, inset of boxed region from neuron (panel a); 654 

right, inset of spine from left panel. Scale bar = 5 μm. (c) Representative images of dendritic 655 

spines from DIV21 neurons transfected with pSuper, or both shLASP1a and shLASP2a 656 

(shLASP1/2). Scale bar = 5 μm. (d) Quantification of spine density (Kruskal Wallis, p<0.0001, 657 

H=45.46, df=3; Dunn’s: pSuper vs. shLASP1/2, p<0.0001; pSuper vs. shLASP1, p=0.0024; pSuper 658 

vs. shLASP2, p<0.0001).  (e) Quantification of spine length (Kruskal Wallis, p=0.0528, H=7.694, 659 

df=3; Dunn’s: pSuper vs. shLASP1/2, p=2707; pSuper vs. shLASP1, p>0.9999; pSuper vs. 660 

shLASP2, p=0.1478). (f) Quantification of spine width (Kruskal Wallis, p<0.0001, H=36.05, df=3; 661 

Dunn’s: pSuper vs. shLASP1/2, p<0.0001; pSuper vs. shLASP1, p=0.0243; pSuper vs. shLASP2, 662 

p<0.0001; shLASP1/2 vs. shLASP1, p=0.0304; n = 519 spines from 18 cells for pSuper, 325 spines 663 

from 18 cells for shLASP1/2, 342 spines from 18 cells for shLASP1a, and 258 spines from 18 cells 664 

for shLASP2a). (g) Representative images of DIV 21 mCherry-expressing hippocampal neurons 665 

transfected at DIV 11 with pSuper or shLASP1/2. Scale bar = 50 μm. (h) Sholl analysis for 666 

neurons expressing pSuper, shLASP1/2, shLASP1, and shLASP2. Error bars represent 95% CI. (i) 667 

Quantification of number of dendritic tips (One-way ANOVA, p<0.0001, F=77.26 (3, 195); 668 

Tukey’s: pSuper vs. shLASP1/2, p<0.0001; pSuper vs. shLASP1, p=0.9959; pSuper vs. shLASP2, 669 

p<0.0001; shLASP1/2 vs. shLASP1, p<0.0001; shLASP1/2 vs. shLASP2, p=0.0124). (j) 670 

Quantification of total dendritic length (One-way ANOVA, p<0.0001, F=24.6 (3, 195); Tukey’s: 671 

pSuper vs. shLASP1/2, p<0.0001; pSuper vs. shLASP1, p=0.9999; pSuper vs. shLASP2, p<0.0001; 672 

shLASP1/2 vs. shLASP1, p<0.0001; shLASP1/2 vs. shLASP2, p=0.359). (k) Quantification of and 673 
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the mean dendritic branch length (One-way ANOVA, p<0.0001, F=31.74 (3, 195); Tukey’s: 674 

pSuper vs. shLASP1/2, p<0.0001; pSuper vs. shLASP1, p=0.9958; pSuper vs. shLASP2, p<0.0001; 675 

shLASP1/2 vs. shLASP1, p<0.0001; shLASP1/2 vs. shLASP2, p=0.0053; n = 48 cells per construct). 676 

All graphs represent data collected from three independent experiments. Error bars represent 677 

SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by Kruskal-Wallis with Dunn’s posthoc test, or by one-678 

way ANOVA with Tukey’s multiple comparisons test, and Shapiro-Wilk test for normality.  679 

Figure 6. LASP2 regulates dendritic spine and arbor stabilization in mature neurons. (a)  680 

Hippocampal neurons were transfected at DIV15 and spines were imaged at DIV21. Scale bar = 681 

5 μm. (b-d) Graphs of spine density (b) (Mann Whitney, p=0.801, U=79), spine width (c) (Mann 682 

Whitney, p<0.0001, U=10), and percent spines with filopodial-like morphology (d) (Mann 683 

Whitney, p=0.0015, U=25) (n = 489 spines from 13 cells for pSuper, and 609 spines from 13 cells 684 

for shLASP1a). (e) Images of DIV21 neurons expressing pSuper-mCherry or shLASP1a. (f,g) 685 

Quantification of number of dendritic tips (f) (Unpaired T-test, p=0.8422, t=0.1998, df=66) and 686 

total dendritic length (g) (Unpaired T-test, p=0.0897, t=1.722, df=66; n=34 cells per construct). 687 

(h) Images of spines from neurons transfected with pSuper or shLASP2a at DIV15 and imaged at 688 

DIV21. (i-k) Graphs of spine density (i) (Mann Whitney, p=0.0102, U=35), spine width (j) (Mann 689 

Whitney, p<0.0001, U=10), and percent spines with filopodial-like morphology (k) (Mann 690 

Whitney, p=0.0051, U=31) (n = 552 spines from 13 cells for pSuper, and 489 spines from 13 cells 691 

for shLASP2a). (l) Images of DIV21 neurons expressing pSuper-mCherry or shLASP2a. (m,n) 692 

Graphs of number of dendritic tips (m) (Unpaired T-test, p<0.0001, t=6.505, df=67) and total 693 

dendritic length (n) (Unpaired T-test, p<0.0001, t=4.396, df=67; n=34 and 35 cells, respectively). 694 

Scale bars (a, h) = 5 μm, and (e, l) = 50 μm. All graphs represent data collected from three 695 
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independent experiments. All error bars represent SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by 696 

Mann Whitney test and unpaired T-test. 697 

Figure 7. LASP2 knockdown destabilizes dendritic spines. (a) Representative time-lapse images 698 

show spines from neurons expressing pSuper-mCherry, shLASP1a, or shLASP2a, imaged every 699 

30 seconds for 30 minutes. Arrows indicate dynamic spines. (b) Sample traces show changes in 700 

spine length over the recording period, with each trace representing an individual spine. (c) 701 

Graph shows mean displacement of spines length (One-way ANOVA, p=0.0010, F=7.019 (2, 702 

370); Tukey’s: pSuper vs. shLASP1, p=0.6960; pSuper vs. shLASP2, p=0.0010). (d) Graph shows 703 

the relative stability of spines over the imaging period length (Two-way ANOVA, p<0.0001, 704 

F=9.844 (4, 72); Dunnett’s: stable - pSuper vs. shLASP1, p=0.5138; stable - pSuper vs. shLASP2, 705 

p=0.0006; appeared - pSuper vs. shLASP1, p=0.5323; appeared - pSuper vs. shLASP2, p=0.3989; 706 

disappeared - pSuper vs. shLASP1, p=0.9994; disappeared - pSuper vs. shLASP2, p=0.02; n=125 707 

spines from 9 cells for pSuper, 104 spines from 9 cells for shLASP1a, and 111 spines from 9 cells 708 

for shLASP2a). All graphs represent data collected from three independent experiments. Error 709 

bars represent SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by one-way ANOVA with Tukey’s 710 

posthoc test or by two-way ANOVA with Dunnett’s posthoc test.  711 

Figure 8. LASP2 knockdown destabilizes dendritic arbors. (a) Top, images show individual 712 

hippocampal neurons temporally color-coded to illustrate branch motility over time (scale 713 

shows correlation of image time to color). Neurons were transfected with pSuper, shLASP1a or 714 

shLASP2a constructs on DIV5, and imaged every 15 min for 18 hours starting on DIV11. Arrows 715 

indicate axons. Bottom, insets from boxes in corresponding images from top row. (b) Rose plots 716 

show representative traces of individual dendritic branch tip movements from the 717 
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corresponding neuron above. (c-h) Histograms show mean velocity of branch tips (c) (Kruskal 718 

Wallis, p<0.0001, H=85.51, df=2; Dunn’s: pSuper vs. shLASP1, p<0.0001; pSuper vs. shLASP2, 719 

p=0.3719), mean tip displacement (d) (Kruskal Wallis, p<0.0001, H=61.03, df=2; Dunn’s: pSuper 720 

vs. shLASP1, p<0.0001; pSuper vs. shLASP2, p=0.0014), tip persistence, which we defined as 721 

displacement over total distance traveled (e) (Kruskal Wallis, p<0.0001, H=23.68, df=2; Dunn’s: 722 

pSuper vs. shLASP1, p=0.8126; pSuper vs. shLASP2, p=0.003), and the relative stability of 723 

dendritic branches (f) (Two-way ANOVA, p<0.0001, F=28.12 (6, 68); Dunnett’s: stable - pSuper 724 

vs. shLASP1, p=0.0010; stable - pSuper vs. shLASP2, p=0.0001; appeared - pSuper vs. shLASP1, 725 

p=0.0012; appeared - pSuper vs. shLASP2, p=0.0412; disappeared - pSuper vs. shLASP1, 726 

p=0.9952; disappeared - pSuper vs. shLASP2, p=0.0210; appeared/disappeared - pSuper vs. 727 

shLASP1, p=0.9878; appeared/disappeared - pSuper vs. shLASP2, p=0.1509; n=7 cells per 728 

construct). All graphs represent data collected from three independent experiments. Error bars 729 

represent SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by Kruskal-Wallis with Dunn’s posthoc test 730 

or two-way ANOVA with Tukey’s posthoc test. 731 

Figure 9. The actin-binding LIM domain and nebulin repeats of LASP2 are required for 732 

dendritic spine stabilization. (a) Domain organizations of LASP1, LASP2, and LASP2 domain 733 

deletion mutants. (b) Representative images showing the enrichment of GFP-LASP2 and GFP-734 

LASP1 truncation mutants in dendritic spines. Neurons were cotransfected with soluble 735 

mCherry as a volume marker, and ratiometric images are shown to illustrate the relative 736 

enrichment of each mutant contruct in spines. Scale bars = 5 μm. (c) Graph of spine enrichment 737 

of GFP-LASP2 truncation mutants (n=144 spines from 18 cells per construct). Fluorescent 738 

intensity in spines were normalized to the intensity of the adjacent dendritic shaft (One-way 739 
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ANOVA, p<0.0001, F=118.2 (5, 766); Tukey’s: GFP vs. WT, p<0.0001; GFP vs. ΔLIM, p<0.5789; 740 

GFP vs. ΔNebulin, p<0.0001; GFP vs. ΔLinker, p<0.0001; GFP vs. ΔSH3, p<0.0001, WT vs. ΔLIM, 741 

p<0.0001; WT vs. ΔNebulin, p<0.0001; WT vs. ΔLinker, p=0.1971; WT vs. ΔSH3, p<0.0001). (d) 742 

Images of dendritic spines from neurons expressing GFP-tagged LASP1 truncation mutants. 743 

Scale bar = 5 μm. (e-g) Effects of GFP-LASP1 mutants expression on dendritic spine density (e) 744 

(Kruskal Wallis, p=0.8762, H=1.212, df=4; Dunn’s: WT vs. ΔLIM, p>0.9999; WT vs. ΔNebulin, 745 

p>0.9999; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p>0.9999), spine width (f) (Kruskal Wallis, 746 

p=0.2206, H=5.726, df=4; Dunn’s: WT vs. ΔLIM, p>0.9999; WT vs. ΔNebulin, p=0.6370; WT vs. 747 

ΔLinker, p=0.2595; WT vs. ΔSH3, p0.3339), and percent of spines with filopodial-like 748 

morphology (g) (Kruskal Wallis, p=0.6403, H=2.524 df=4; Dunn’s: WT vs. ΔLIM, p>0.9999; WT vs. 749 

ΔNebulin, p>0.9999; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p>0.9999; n = 606 spines from 25 750 

cells for WT, 520 spines from 21 cells for ΔLIM, 458 spines from 21 cells for ΔNebulin, 360 751 

spines from 19 cells for ΔLinker, and 499 spines from 23 cells for ΔSH3). (h) Representative 752 

images of dendritic spines from DIV21 hippocampal neurons expressing GFP-tagged LASP2 753 

truncation mutants (ΔLIM, ΔNebulin, ΔLinker, and ΔSH3) and mCherry. Scale bar = 5 μm. (i-k) 754 

Effects of GFP-LASP2 mutants expression on dendritic spine density and morphology. Graphs 755 

show spine density (i) (Kruskal Wallis, p=0.0089, H=13.55, df=4; Dunn’s: WT vs. ΔLIM, p=0.0227; 756 

WT vs. ΔNebulin, p=0.0338; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p=0.0880), spine width (j) 757 

(Kruskal Wallis, p=0.0118, H=12.89, df=4; Dunn’s: WT vs. ΔLIM, p=0.6478; WT vs. ΔNebulin, 758 

p>0.9999; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p=0.4376), and percent of spines with 759 

filopodial-like morphology (k) (Kruskal Wallis, p=0.2191, H=5.744, df=4; Dunn’s: WT vs. ΔLIM, 760 

p>0.9999; WT vs. ΔNebulin, p>0.9999; WT vs. ΔLinker, p=0.1266; WT vs. ΔSH3, p>0.9999; 761 
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n=1179 spines from 17 cells for WT, 1182 spines from 17 cells for ΔLIM, 1144 spines from 18 762 

cells for ΔNebulin, 1429 spines from 21 cells for ΔLinker, and 1394 spines from 21 cells for 763 

ΔSH3). All graphs represent data collected from three independent experiments. Error bars 764 

represent SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 by one-way ANOVA with Tukey’s multiple 765 

comparisons test or Kruskal-Wallis with Dunn’s posthoc test.  766 

Figure 10. The LIM domain and nebulin repeats of LASP2 are required for dendritic arbor 767 

stabilization. (a) Images of DIV21 hippocampal neurons expressing GFP-tagged LASP2 deletion 768 

mutants for 10 days. (b) Sholl analysis for GFP-LASP2 truncation mutants. (c-e) Quantification of 769 

dendritic tip number (c) (Kruskal Wallis, p<0.0001, H=33.95, df=4; Dunn’s: WT vs. ΔLIM, 770 

p<0.0001; WT vs. ΔNebulin, p=0.0015; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p=0.6302), total 771 

dendritic length (d) (Kruskal Wallis, p=0.0414, H=9.941, df=4; Dunn’s: WT vs. ΔLIM, p=0.0245; 772 

WT vs. ΔNebulin, p=0.0889; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p=0.2172), and mean 773 

dendritic branch length (e) (Kruskal Wallis, p<0.0001, H=24.55, df=4; Dunn’s: WT vs. ΔLIM, 774 

p=0.0017; WT vs. ΔNebulin, p=0.0478; WT vs. ΔLinker, p>0.9999; WT vs. ΔSH3, p>0.9999; n=44 775 

cells for WT, 44 for ΔLIM, 45 for ΔNebulin, 43 for ΔLinker, and 43 for ΔSH3). (f) Representative 776 

images of neurons expressing GFP-tagged LASP1 truncation mutants (ΔLIM, ΔNebulin, ΔLinker, 777 

and ΔSH3). (g) Sholl analysis showing no change in complexity for GFP-LASP1 truncation 778 

mutants. (h-j) Quantification of dendritic tip number (h) (Kruskal Wallis, p=0.5087, H=3.302, 779 

df=4; Dunn’s: WT vs. ΔLIM, p>0.9999; WT vs. ΔNebulin, p>0.9999; WT vs. ΔLinker, p>0.9999; 780 

WT vs. ΔSH3, p>0.9999), total dendritic length (i) (Kruskal Wallis, p=0.4249, H=3.863, df=4; 781 

Dunn’s: WT vs. ΔLIM, p>0.9999; WT vs. ΔNebulin, p=0.8399; WT vs. ΔLinker, p>0.9999; WT vs. 782 

ΔSH3, p>0.9999), and mean dendritic branch length (j) (Kruskal Wallis, p=0.4576, H=3.635, df=4; 783 
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Dunn’s: WT vs. ΔLIM, p>0.9999; WT vs. ΔNebulin, p>0.9999; WT vs. ΔLinker, p=4887; WT vs. 784 

ΔSH3, p>0.9999; n=41 cells for WT, 41 for ΔLIM, 40 for ΔNebulin, 41 for ΔLinker, and 41 for 785 

ΔSH3). All graphs represent data collected from three independent experiments. Scale bars = 50 786 

μm. Error bars for Sholl analysis (h) represent 95% CI, otherwise error bars represent SEM. *P ≤ 787 

0.05, **P ≤ 0.01, ***P ≤ 0.001 by Kruskal-Wallis with Dunn’s posthoc test.  788 
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