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Abstract 37 

Neurons of the central nervous system (CNS) elaborate highly branched dendritic arbors that 38 

host numerous dendritic spines, which serve as the postsynaptic platform for most excitatory 39 

synapses.  The actin cytoskeleton plays an important role in dendrite development and spine 40 

formation, but the underlying mechanisms remain incompletely understood. Tropomodulins 41 

(Tmods) are a family of actin-binding proteins that cap the slow growing (pointed) end of actin 42 

filaments, thereby regulating the stability, length, and architecture of complex actin networks in 43 

diverse cell types. Three members of the Tmod family, Tmod1, Tmod2, and Tmod3 are expressed in 44 

the vertebrate CNS, but their function in neuronal development is largely unknown.  In this study, 45 

we present evidence that Tmod1 and Tmod2 exhibit distinct roles in regulating spine development 46 

and dendritic arborization, respectively.  Using rat hippocampal tissues from both sexes, we find that 47 

Tmod1 and Tmod2 are expressed with distinct developmental profiles: Tmod2 is expressed early 48 

during hippocampal development, whereas Tmod1 expression coincides with synaptogenesis. We 49 

then show that knockdown of Tmod2, but not Tmod1, severely impairs dendritic branching. Both 50 

Tmod1 and Tmod2 are localized to a distinct sub-spine region where they regulate local F-actin 51 

stability. However, knockdown of Tmod1, but not Tmod2, disrupts spine morphogenesis and impairs 52 

synapse formation. Collectively, these findings demonstrate that regulation of the actin cytoskeleton 53 

by different members of the Tmod family plays an important role in distinct aspects of dendrite and 54 

spine development.  55 
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Significance 56 

The Tropomodulin family of molecules is best known for controlling the length and stability 57 

of actin myofilaments in skeletal muscles.  While several Tropomodulin members are expressed in 58 

the brain, fundamental knowledge about their role in neuronal function is limited.  In this study, we 59 

show the unique expression profile and subcellular distribution of Tmod1 and Tmod2 in 60 

hippocampal neurons.  While both Tmod1 and Tmod2 regulate F-actin stability, we find that they 61 

exhibit isoform-specific roles in dendrite development and synapse formation: Tmod2 regulates 62 

dendritic arborization whereas Tmod1 is required for spine development and synapse formation.  63 

These findings provide novel insight into the actin regulatory mechanisms underlying neuronal 64 

development, thereby shedding light on potential pathways disrupted in a number of neurological 65 

disorders.      66 
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Introduction 67 

Actin is the major cytoskeletal component in dendritic spines (Fifkova and Delay 1982), 68 

where it provides structural support and spatially organizes postsynaptic components (Hotulainen 69 

and Hoogenraad 2010). During synapse development, highly motile actin-based filopodia are 70 

replaced by relatively stable, mushroom-shaped spines that contain the synaptic components 71 

required for receiving presynaptic input (Yuste and Bonhoeffer 2004). This morphological transition 72 

is characterized by the conversion of longitudinally arranged F-actin filaments to a highly branched 73 

F-actin network that predominates in the spine head (Hotulainen and Hoogenraad 2010, Korobova 74 

and Svitkina 2010). The actin cytoskeleton also plays a crucial role in dendrite development. For 75 

example, the formation of elaborate dendritic arbors is achieved, in part, through the dendritic 76 

growth cone, a motile, actin-based structure present at the tips of developing dendrites. Dendritic 77 

growth cones are crucial for dendrite extension as well as the formation of collateral dendritic 78 

branches. Despite intense studies, the molecules and mechanisms that regulate actin organization and 79 

remodeling during dendrite development and spine morphogenesis are not fully understood.  80 

Actin filaments are polarized with a fast growing (barbed) end and a slow growing (pointed) 81 

end – the former favors assembly, whereas the latter favors disassembly. Tropomodulins (Tmod) 82 

belong to a conserved family of actin binding proteins that are best known for capping the pointed 83 

end of actin filaments (Yamashiro, Gokhin et al. 2012, Fowler and Dominguez 2017). By blocking 84 

monomer exchange at filament ends and inhibiting filament elongation or depolymerization, Tmod 85 

regulates the stability, length, and architecture of complex actin networks in diverse cell types 86 

(Yamashiro, Gokhin et al. 2012). Of the four Tmod isoforms, Tmod1, Tmod2 and Tmod3 are 87 

expressed in the central nervous system (CNS) (Sussman, Sakhi et al. 1994, Watakabe, Kobayashi et 88 

al. 1996, Conley, Fritz-Six et al. 2001, Cox, Fowler et al. 2003). Tmod1 is expressed in many types 89 
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of terminally differentiated cells (including neurons), Tmod2 is expressed solely in neurons, and 90 

Tmod3 is ubiquitously expressed (Yamashiro, Gokhin et al. 2012). 91 

 Altered expression of Tmod1 and Tmod2 is observed in several neurological diseases, 92 

suggesting that regulation of actin dynamics by Tmod is critical for brain function (Sussman, Sakhi 93 

et al. 1994, Iwazaki, McGregor et al. 2006, Yang, Czech et al. 2006, Chen, Liao et al. 2007, Sun, 94 

Dierssen et al. 2011). In support of this, Tmod2 knockout mice exhibit synaptic and behavioral 95 

deficits, including altered learning and memory (Cox, Fowler et al. 2003). However, genetic 96 

knockdown of Tmod2 causes protein levels of Tmod1 to be upregulated eight-fold (Cox, Fowler et 97 

al. 2003), making isoform-specific interpretation of Tmod function challenging.  In addition, the 98 

cellular mechanisms that account for these phenotypes are unclear.  Tmod1 and Tmod2 are present 99 

in growth cones of elongating neurites in cultured rat hippocampal neurons, and are suggested to 100 

play roles in neurite formation in N2a cells (Fath, Fischer et al. 2011) and PC12 cells (Moroz, 101 

Guillaud et al. 2013, Guillaud, Gray et al. 2014). A recent study (Gray, Suchowerska et al. 2016) 102 

using GFP-Tmod1 and GFP-Tmod2 overexpression indicates that Tmod1 and Tmod2 regulate 103 

dendritic branching and spine morphology in cultured rat hippocampal neurons, but the underlying 104 

actin mechanisms remain to be elucidated.  At present, Tmod remains poorly characterized in 105 

neurons, with fundamental information such as the subcellular distribution and isoform-specific 106 

pattern of protein expression lacking. Therefore, if and how Tmod regulates F-actin during 107 

postsynaptic development and/or synapse formation remain unknown.  108 

In this study, we investigated the expression profile, subcellular distribution and function of 109 

Tmod1 and Tmod2 in hippocampal neurons. We find that both Tmod1 and Tmod2 are expressed in 110 

developing rat hippocampal neurons, but with distinct temporal profiles. Using a combination of 111 

high resolution imaging and loss-of-function analyses, we find that Tmod1 and Tmod2 regulate 112 
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spine formation and dendritic development, respectively.  Our study provides evidence that Tmod 113 

plays an important and isoform-specific role in postsynaptic development underlying the formation 114 

of neuronal circuitry.  115 
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Materials and Methods 116 

 117 

DNA constructs 118 

DNA constructs of EGFP-Tmod1 and EGFP-Tmod2 were made by subcloning the full-119 

length rat sequences (Tmod1: NP_037176.2, Tmod2: NP_113801.1) in frame downstream of the 120 

full-length EGFP sequence in an EGFP-C1 vector (Clonetech). For knockdown experiments, 121 

hairpins against rat Tmod1 (shTmod1: 5’CACAGAAGTTCAGTCTGATAA 3’, directed against 3’ 122 

UTR. shTmod1-B: CCAGAACTTGAAGAGGTTAAT, directed against coding sequence) and 123 

Tmod2 (shTmod2: 5’ CCAGTTGTTCTGGAACTTT 3’, directed against coding sequence. 124 

shTmod2-B: 5’ GTCAACCTCAACAACATTAAG 3’, directed against coding sequence) were 125 

subcloned, using Bg1II and XhoI sites, into a pSUPER backbone also encoding EGFP to allow 126 

visualization of transfected cells. The hairpin sequence directed against shLuciferase is 127 

5’CGTACGCGGAATACTTCGA 3’.  For FRAP experiments, EGFP-actin (pCS2+ EGFP-γ-actin) 128 

was used.     129 

Immunostaining 130 

For immunostaining of primary hippocampal cultures, neurons were fixed with 4% (w/v) 131 

paraformaldehyde in PBS for 15 minutes at room temperature. Fixed neurons were washed and 132 

permeabilized with 0.2% Triton X-100 (w/v) in PBS for 15 minutes. Neurons were blocked with 133 

PBS containing 4% BSA, 1% goat serum and 0.1% TX-100 for 1 hour and incubated with the 134 

following primary antibodies overnight at 4°C. Antibodies used are: anti-Tmod1 (affinity-purified 135 

custom rabbit polyclonal R1749bl3c, Fowler et al. 1993. JCB 120:411-420), anti-Tmod2 136 

(Commercial: Abcam, ab67407; Custom-made Tmod2 antiserum, (Fath, Fischer et al. 2011): anti-137 

PSD-95 (Thermo, MA1-046), anti-SV2 (Developmental Studies Hybridoma Bank:DSHB ). Cells 138 
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were then washed and labeled with anti-rabbit or anti-mouse Alexa 488/546 antibody (Thermo 139 

Fisher A-11030/A-11035) for 45 minutes at room temperature. Actin filaments were stained with 140 

phalloidin conjugated to Alexa Fluor 488(A12379) or 568 (A12380), purchased from Thermo 141 

Fisher.  142 

Neuronal culture, transfection, and imaging 143 

Sprague Dawley timed-pregnant adult rats (8-10 weeks) were purchased from Charles River 144 

Laboratories. Primary hippocampal neurons were prepared from embryonic day 18 rat embryos of 145 

both sexes and plated on 25-mm coverslips pretreated with 0.1 mg/ml poly-d-lysine (EMD 146 

Millipore) at a density of approximately 400,000 cells per dish. Neurons were plated and maintained 147 

in Neurobasal medium supplemented with B-27 and GlutaMAX (Invitrogen) and maintained at 37°C 148 

and 5% CO2. Cells were transfected using the calcium phosphate transfection kit (Clontech) at 10 or 149 

13 days in vitro (DIV10 or DIV13) and imaged between DIV21-23. Each experiment was replicated 150 

at least three times from independent batches of cultures.  151 

Animal Care:  All animals were housed and treated in accordance with the Emory University 152 

Institutional Animal Care and Use Committee (IACUC) guidelines. 153 

Microscopy and imaging 154 

Laser-scanning confocal imaging was performed using a Nikon C1 confocal system based on 155 

a Nikon Eclipse TE300 inverted microscope (Nikon Instruments, Melville, NY). A 60X/1.4 156 

numerical aperture (NA) Plan Apo oil immersion objective was used to acquire the 3-D stack of 157 

images of a dendritic region, which was then projected into a 2D image (maximum intensity) for 158 

visualization and analysis.  159 

STED Super-resolution Microscopy  160 
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The majority of images were acquired using a commercially available multicolour STED 161 

microscope (Leica TCS SP8 STED 3X, Leica Microsystems GmbH, Wetzlar, Germany) equipped 162 

with a white light laser source operated in pulsed mode (78 MHz repetition rate) for fluorophore 163 

excitation and two STED lasers for fluorescence inhibition: one STED laser with a wavelength of 164 

775 nm operated in pulsed mode with pulse trains synchronized to the white light laser pulses, and 165 

two continuous-wave STED laser with a wavelengths of 592 nm and 660 nm. Excitation 166 

wavelengths between 470 and 670 nm were selected from the white light laser emission spectrum 167 

via an acousto-optical beam splitter (AOBS). All laser beams were focused in the cell sample with a 168 

wavelength corrected, 1.40 numerical aperture oil objective (HC PL APO 100×/1.40 OIL STED 169 

WHITE). The samples were scanned using the field-of-view beam scanner at uniform scanning rates 170 

and within specific scanning areas further specified below. The fluorescence from a given sample 171 

were detected by GaAsP hybrid detectors. The recorded fluorescence signal in the STED imaging 172 

mode was time-gated using the white light laser pulses as internal trigger signals.  A small number of 173 

images were obtained using a Leica SP8 STED 3X system (Leica Microsystems), equipped with a 174 

white light laser and a 592 nm and 775 nm STED depletion lasers. A 100×1.4 NA oil immersion 175 

objective lens (HCX PL APO STED white, Science Leica Microsystems, Mannheim, Germany) was 176 

used for imaging (Yu, Agbaegbu et al. 2015). Deconvolution on these images was done using 177 

Huygens Professional software. 178 

All acquired or reconstructed images were processed and visualized  using  ImageJ  179 

(imagej.nih.gov/ij/).  Brightness and contrast were linearly adjusted for the entire images.  180 

Structured Illumination Microscopy  181 
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Three-dimensional structured illumination microscopy (3D-SIM) was performed on an 182 

inverted Nikon N-SIM Eclipse Ti-E microscope system equipped with Perfect Focus, 100x/1.49  183 

NA oil immersion objective, and an EMCCD camera (DU-897, Andor Technology,  184 

Belfast, UK). Images were reconstructed in Nikon Elements Software. Images were analyzed using 185 

ImageJ software and NIS-Elements AR Analysis software.  186 

Data analysis 187 

SIM analysis: To quantify subspine localization, dendritic spines were separated into three 188 

compartments: the spine neck, the distal most part of the spine head (area 1) and proximal-most part 189 

of the spine head (area 2: closest to spine neck). To equally divide the spine head into two equal 190 

compartments (area 1 and area 2), the height of the spine head was measured in Image J and a 191 

horizontal line corresponding to half the value of the measured height was placed through the spine 192 

head. Using the ‘freehand selection’ function in ImageJ, an ROI was drawn around circumference of 193 

the given region of the spine head, as demarcated by phalloidin staining. For each region (area 1, 194 

area 2, or spine neck) the raw integrated density value was measured for both the phalloidin channel 195 

and the Tmod channel. A ratio derived from the raw integrated density value of Tmod/phalloidin 196 

was generated for each area and the mean ratio values were used to generate graphs.  197 

Spine analysis: The 3-D images of spines were rendered from confocal Z-stacks using 198 

ImageJ.  For spine analysis, filopodia were defined as thin protrusions without a distinguishable 199 

head, and spines were defined as protrusions with a length < 4 μm and an expanded, distinguishable 200 

head. Spine and filopodia numbers were counted manually to calculate the density (number per 100 201 

μm length of the parent dendrite). Spine head width was measured as spine diameter (the longest 202 

possible axis), and neck length was from the proximal edge of the spine head to the edge of the 203 
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dendrite. For spines with no discernible necks, a minimum value of 0.2μm was used. To quantify 204 

synaptic density, the cluster number of SV2 and PSD-95 per unit neurite length were counted using 205 

ImageJ.  206 

Western blotting 207 

For developmental immunoblots, hippocampal cultures at DIV4, DIV7, DIV14, and DIV21 208 

were homogenized in lysis buffer containing (20 mM Tris HCl, pH8, 137 mM NaCl, 10% glycerol, 209 

1% TX-100, 2 mM EDTA), supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 210 

protein inhibitor cocktail (Sigma P2850). Hippocampi were collected from the brains of three 211 

independent littermates at E18, P8, P14, P21 and adult Sprague-Dawley rats of both sexes. 212 

Hippocampi were snap-frozen in liquid nitrogen prior to homogenization in lysis buffer. Lysates 213 

were denatured in 1x Laemmli sample buffer and boiled for 3 minutes. 15 μg of protein, as 214 

determined by Bradford assay, was loaded and fractioned by SDS-PAGE in a 12% Tris-glycine 215 

acrylamide gels (Invitrogen) and subsequently transferred to nitrocellulose membrane. Membranes 216 

were treated with 5% milk in PBS containing 0.05% Triton X-100 and then incubated with primary 217 

antibody overnight at 4°C: anti-Tmod1 (affinity-purified custom rabbit polyclonal) (Fowler, 218 

Sussmann et al. 1993), anti-Tmod2 (Commercial: Abcam, ab67407; Custom-made Tmod2 219 

antiserum, (Fath, Fischer et al. 2011). Bound antibodies were detected by HRP conjugated secondary 220 

antibody (Jackson ImmunoResearch) and visualized by chemiluminescence using ECL (Pierce). 221 

Gels were quantified using the gel analysis function of ImageJ software (NIH).   222 

Live cell extraction 223 

Hippocampal neurons were extracted for 1 minute at room temperature in cytoskeleton buffer 224 

(10 mM MES, pH 6.1, 90 mM KCl, 2 mM EGTA, 3 mM MgCl2, 0.16M sucrose containing 0.025% 225 
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saponin, 0.1 mM ATP and 1 μM of unlabeled phalloidin). Neurons were immediately fixed in 4% 226 

PFA in PBS and stained with phalloidin and Tmod1 or Tmod2 according to the protocol detailed 227 

above. Identical fluorescent labeling conditions and acquisition parameters were used in extracted 228 

and non-extracted neurons. In order to quantify the relative level of Tmod in dendrites and spines of 229 

extracted and non-extracted neurons, images of Tmod were merged with phalloidin-labelled F-actin 230 

in order to identify dendritic spines and corresponding dendrites. The fluorescence intensity of Tmod 231 

in spines within a dendritic region of approximately 100 μm was averaged and compared with the 232 

mean fluorescence intensity of the Tmod along the entire length of the corresponding dendritic 233 

region. 30 cells were examined from at least three independent batches of culture. 234 

Fluorescence Recovery after Photobleaching (FRAP)  235 

The FRAP assay was performed on a Nikon A1R laser scanning confocal microscope 236 

platform. The platform was equipped with the Perfect Focus System (PFS), multiple laser sources 237 

with AOTF control, motorized x-y stage, a modular incubation chamber with temperature and CO2 238 

control, and a full line of photomultiplier tube detectors. Neurons grown on coverslips were mounted 239 

in a custom live-cell chamber. A 60X PlanApo N TIRF oil immersion objective (1.49 NA) was used 240 

for all image acquisitions. Time-lapse images were acquired through 4 stages. For stage one, 6 241 

consecutive control images were acquired with 2 s interval between frames. For stage two, a single 242 

spine head within a preselected region of interest (ROI) was photobleached with 100% power of the 243 

488 nm laser line from a 40 mW argon laser for 500 ms with the pixel dwell set at 3.9 μs. For stage 244 

three, immediately after photobleaching, a 5 s imaging sequence was acquired with no delay 245 

between frames, yielding 19 frames in total. For stage four, a 5 min imaging sequence was taken 246 

with 2 s interval between frames, generating 151 frames in total. The following imaging settings 247 
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were used for stage one, three, and four: 2% 488 nm laser power, 1.2 μs pixel dwell, 0.07 μm/pixel 248 

resolution.  249 

Experimental Design and Statistical Analysis 250 

All data from this study were collected from at least three replicates of independently 251 

prepared samples. Parametric data was statistically analyzed using a one- or two-tailed, unpaired 252 

Student’s t-test or a two-way repeated-measures ANOVA with a Sidak’s multiple comparison 253 

posthoc test. A Kruskal-Wallis one-way ANOVA test, with a Dunn’s multiple comparison was used 254 

to analyze non-parametric data. GraphPad Prism (v.7) and Microsoft Excel were used for statistical 255 

analysis. Detailed statistical results, including p values, are provided in the corresponding figure 256 

legends. Unless otherwise specified, data are presented as the mean ± S.E.M., with in-text values 257 

stated. Asterisks indicate a P value ≤ 0.05 and non-significant is denoted by “ns”.  258 

259 
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Results 260 

Expression of Tmod1 and Tmod2 in hippocampal neurons 261 

Previous studies suggest that the expression of Tmod1 (Sussman, Sakhi et al. 1994) and 262 

Tmod2 in rat brains (Watakabe, Kobayashi et al. 1996) increases during development.  To better 263 

assess the expression profile of Tmods in the hippocampus, we performed immunoblotting of rat 264 

hippocampal lysates from E18 (E: embryonic), P8 (P: postnatal), P12, P23 and adult, which 265 

approximately correspond to the stages before, during and after synapse formation (Markus and Petit 266 

1987, Harris, Jensen et al. 1992, Fiala, Feinberg et al. 1998). We found that both Tmod1 and Tmod2 267 

are expressed in rat hippocampus, but with different profiles (Figure 1A). Tmod1 is undetectable at 268 

E18, but its expression starts to become apparent around P8. Substantial Tmod1 expression is 269 

detected around P12 and continues to increase steadily until adulthood. By contrast, Tmod2 is highly 270 

expressed at E18 and its level further increases at P8 and then remains relatively steady until 271 

adulthood. Since the formation of spine synapses commences near the end of the second postnatal 272 

week (P14) (Markus and Petit 1987, Harris, Jensen et al. 1992, Fiala, Feinberg et al. 1998), the 273 

expression profile of Tmod1 suggests that it may play a role in spine development and synapse 274 

formation. The early onset of Tmod2 expression, on the other hand, suggests that it may be involved 275 

in the early stages of neuronal development, such as dendritic development.   276 

We next examined the expression of both Tmod isoforms in primary rat hippocampal 277 

neurons at specific days in vitro (DIV) (Figure 1B). Primary hippocampal neurons exhibit defined 278 

stages of postsynaptic development, thereby allowing us to align Tmod protein expression with 279 

dendrite development and synapse formation. Hippocampal neurons in culture develop axon-280 

dendrite polarity around DIV5, with substantial growth and arborization of dendrites occurring until 281 

DIV14 (Dotti, Sullivan et al. 1988). From DIV14 to DIV18, relatively stable dendritic arbors 282 



 

16 
 

undergo small but continuous growth until maturation. In parallel with dendrite development, 283 

synapse formation in cultured hippocampal neurons initiates on dendritic arbors around DIV7-9 and 284 

peaks around DIV11-14. The formation of mature dendritic spines and synapses are observed mostly 285 

around DIV18 onward (Ziv and Smith 1996, Friedman, Bresler et al. 2000, Grabrucker, Vaida et al. 286 

2009). Consistent with immunoblots from hippocampal tissue, Tmod2 is expressed very early in 287 

cultured hippocampal neurons (DIV4) and its protein level remains relatively steady before, during 288 

and after the processes of synapse formation and dendrite development (Figure 1B). In contrast, 289 

Tmod1 expression remains low before DIV14, but is substantially elevated at DIV21. Together, 290 

these immunoblot data demonstrate that Tmod1 and Tmod2 exhibit different temporal profiles 291 

during hippocampal development, suggesting that Tmod1 and Tmod2 may regulate distinct 292 

processes of postsynaptic development.   293 

We next performed immunofluorescence staining to examine the expression and subcellular 294 

distribution of Tmod proteins in cultured primary hippocampal neurons.  Since we detected little 295 

Tmod3 signal in hippocampal neurons using a previously verified Tmod3-specific antibody (Fischer, 296 

Fritz-Six et al. 2003), we focused on Tmod1 and Tmod2.  We found that both Tmod1 and Tmod2 297 

are abundantly expressed in the somatodendritic compartment of DIV21 neurons, as evidenced by 298 

their co-localization with dendrite-enriched microtubule-associated protein 2 (MAP2) (Figure 1C). 299 

Tmod signals are also detected in neuronal processes lacking MAP2, suggesting that Tmod is also 300 

present in in axons (arrows; Figure 1C). Tmod1 signals were also observed in the nucleus, as 301 

reported previously (Kong and Kedes 2004). Together with the developmental expression profile, 302 

these immunofluorescence data support the notion that Tmod1 and Tmod2 are present in the 303 

dendritic compartment and may function in postsynaptic development.  304 
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It is important to note that the specificity of the custom Tmod1 antibody used in this study 305 

(Fowler et al. 1993) has been extensively verified using immunofluorescence staining and 306 

immunoblotting of tissues from a Tmod1 knockout mouse (Fischer, Fritz-Six et al. 2003, Nowak, 307 

Fischer et al. 2009, Gokhin, Lewis et al. 2010, Moyer, Nowak et al. 2010). For Tmod2, we mostly 308 

used a commercial antibody (‘Commercial AB’/αTmod2 – COM.), which generates a near-identical 309 

immunoblot expression profile as a custom-made Tmod2 antibody from Dr. Velia Fowler’s lab 310 

(‘Custom AB’/αTmod2 – C.M.,) (Figure 2A).  This custom Tmod2-specific antibody was previously 311 

verified using immunoblot of tissues from a Tmod2 knockout mouse (Cox, Fowler et al. 2003), as 312 

well as purified Tmod1-4 proteins (Fath, Fischer et al. 2011). Furthermore, we show that knocking 313 

down endogenous Tmod1 or Tmod2 did not affect the endogenous level of Tmod2 or Tmod1, 314 

respectively, in Cath-A differentiated (CAD) neuroblastoma cells by immunoblotting (Figure 2 B & 315 

C) or in hippocampal neurons by immunofluorescence (Figure 2 D&E). The knockdown efficiency 316 

of these short hairpin RNAs (shRNAs) on endogenous Tmod1 and Tmod2 is ~50%, as assessed by 317 

immunoblotting or immunofluorescence (Figure 2 B-E). It is interesting to note that the nuclear 318 

Tmod1 signal was not changed after knockdown (Figure 2D), suggesting that nuclear Tmod1 may be 319 

much more stable than the cytosolic fraction or may represent additional components in the nucleus 320 

(Nowak, Fischer et al. 2009).  Unlike previous studies (Cox, Fowler et al. 2003, Fath, Fischer et al. 321 

2011), we did not observe compensatory changes in the endogenous level of Tmod1 or Tmod2 when 322 

either Tmod isoform was targeted by shRNA in culture (Figure 2 B-E). Therefore, the shTmod1 and 323 

shTmod2 hairpins we developed are specific and robust in knocking down endogenous Tmod1 or 324 

Tmod2 in primary hippocampal neurons. These results also demonstrate that the Tmod1 and Tmod2 325 

antibodies used in this study are specific for the intended isoforms. We therefore believe that the 326 
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expression profiles detected by immunoblotting and immunofluorescence represent the true, 327 

endogenous expression patterns of Tmod1 and Tmod2 in neuronal tissues. 328 

Tmod1 and Tmod2 in Dendrite Development  329 

Both Tmod1 and Tmod2 are present in the dendritic shaft of DIV21 hippocampal neurons in 330 

culture, but Tmod2 appears to be more concentrated along the plasma membrane of some dendritic 331 

segments (Figure 3A), suggesting that it may be associated with the cortical actin cytoskeleton. 332 

When examined by super resolution STED microscopy, the localization of Tmod2 to the subcortical 333 

region is apparent (Figure 3B). To investigate the roles of Tmod1 and Tmod2 in dendrite 334 

development, we performed loss-of-function analysis in hippocampal cultures during dendrite 335 

development using the specific shRNAs described above.  In culture, hippocampal neurons establish 336 

axon-dendrite polarity around DIV5, with substantial growth and arborization of dendrites until 337 

~DIV14 (Dotti, Sullivan et al. 1988).  We therefore transfected hippocampal neurons with shRNA 338 

constructs against Tmod1 (shTmod1) or Tmod2 (shTmod2) on DIV10 and examined them on 339 

DIV21. Control neurons expressing the shRNA against luciferase (shLucif) displayed complex 340 

dendritic arbors that possessed many secondary and tertiary branches (Figure 3C). By contrast, 341 

neurons expressing shTmod2 exhibited a large reduction in both the length (54% ± 23.7%) and 342 

branch number (55 ± 24.9%) of the dendritic arbor (Figure 3C & D). Sholl analysis (Sholl 1953) 343 

further depicts the marked reduction in dendritic arborization in neurons expressing shTmod2 344 

(Figure 3E). Intriguingly, hippocampal neurons expressing shTmod1 appeared to be normal, 345 

exhibiting no significant change in their dendritic branches, in comparison to the control cells.  346 

These results indicate that Tmod2, but not Tmod1, plays an important role in dendrite growth and 347 

arborization during development.  348 

Tmod1 and Tmod2 in dendritic spines 349 
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Both Tmod1 and Tmod2 are present in the dendritic compartments of DIV21 hippocampal 350 

neurons, including postsynaptic dendritic spines (Figure 4A).  Here, dendritic spines are highlighted 351 

with a low concentration of fluorescent phalloidin (Gu, Firestein et al. 2008), a phallotoxin that binds 352 

F-actin with high affinity, as well as post-synaptic density protein 95 (PSD-95), a key postsynaptic 353 

component of excitatory synapses. When comparing the fluorescence intensity of Tmod1 and 354 

Tmod2 in dendritic spines and the corresponding shaft region (spine/shaft ratio), we find that Tmods 355 

are slightly enriched in dendritic spines, with a spine/shaft ratio of 132.24 ± 16.68% (mean ± 356 

standard deviation) and 119.59 ± 5.96% (mean ± standard deviation) for Tmod1 and Tmod2, 357 

respectively. These results suggest that Tmod1 and Tmod2 are slightly enriched in postsynaptic 358 

spines.   359 

To test if Tmod1 and Tmod2 in spines are diffusible and/or associated with F-actin, we 360 

performed live-cell extraction using the mild detergent saponin (Lee, Vitriol et al. 2013, Lei, Myers 361 

et al. 2017). Brief exposure of live neurons to saponin is known to remove freely diffusible cytosolic 362 

molecules without affecting relatively stable structures such as the cytoskeleton and cytoskeleton-363 

associated proteins (Lee, Vitriol et al. 2013, Lei, Myers et al. 2017). To estimate the cytoskeleton-364 

associated fraction of Tmod in distinct postsynaptic regions, we used identical fluorescent labeling 365 

conditions and acquisition parameters for extracted vs. non-extracted neurons and compared the 366 

fluorescence intensities of Tmod in specific regions. Live cell extraction largely reduced the signal 367 

of Tmod1 and Tmod2 in the dendritic shaft, but not in dendritic spines (Figure 4B). Quantification of 368 

Tmod immunoreactivity in the dendritic shaft demonstrates that the mean fluorescence intensity of 369 

Tmod in extracted cells is 64.40 ± 26.12% (mean ± standard deviation, n = 180) and 67.20 ± 6.00% 370 

(mean ± standard deviation, n = 173) of that of non-extracted cells, for Tmod1 and Tmod2, 371 

respectively (Figure 4C). On the other hand, the levels of endogenous Tmod1 and Tmod2 detected in 372 
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dendritic spines of extracted neurons are 98.24 ± 24.27% (mean ± standard deviation, n = 196), and 373 

96.97 ± 29.86% (mean ± standard deviation, n = 233) of that of non-extracted cells, respectively 374 

(Figure 4D). These data indicate that the majority of Tmod molecules in spines are associated with 375 

stable structures such as F-actin and/or the PSD.   376 

It is of great interest to note that the Tmod signals in dendritic spines do not appear to 377 

completely overlap with phalloidin-labeled F-actin (Figure 4A). Rather, Tmod1 and Tmod2 appear 378 

to be restricted to the spine neck and center of the spine head. To obtain a more detailed analysis of 379 

the spatial organization of Tmod in dendritic spines, we turned to structured illumination microscopy 380 

(SIM), which utilizes overlapping moiré patters to give a resolution of ~115 nm (Gustafsson 2000). 381 

SIM images revealed that Tmod1 and Tmod2 are largely absent from the distal-most and lateral 382 

sides of the spine, instead localizing to the center most region of the spine head and the spine neck 383 

(Figure 5A). To quantify the apparent sub-spine localization of Tmod1 and Tmod2, dendritic spines 384 

were separated into three compartments: the spine neck, the distal-most part of the spine head (area 385 

1) and proximal-most part of the spine head (area 2: closest to spine neck). For each region (area 1, 386 

area 2, or spine neck) the raw integrated density value was measured for both the F-actin channel 387 

and the Tmod channel and a subsequent Tmod/F-actin ratio was generated (Figure 5B). Quantitative 388 

analysis using SIM images reveals that Tmod1 and Tmod2 are indeed enriched in the spine neck and 389 

lower part of the spine head (area 2). Stimulated Emission Depletion (STED) microscopy, which 390 

provides an optimal lateral resolution of ~30-50 nm (Meyer, Wildanger et al. 2008), was used to 391 

further confirm the subspine localization of Tmod1 and Tmod2 (Figure 5C). Interestingly, while 392 

both Tmod1 and Tmod2 are present in the same spine, they do not significantly overlap, as revealed 393 

by STED super-resolution microscopy (Figure 5D), suggesting that these two Tmod isoforms may 394 

have distinct functions in dendritic spines.  395 
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Previous studies have shown that dendritic spines contain different pools of F-actin, namely a 396 

dynamic and stable pool (Star, Kwiatkowski et al. 2002, Honkura, Matsuzaki et al. 2008, Frost, 397 

Shroff et al. 2010). Importantly, the dynamic pool of F-actin appears to be at the distal tip and lateral 398 

edges of the dendritic spine head and the stable pool of F-actin is located at the base of the spine 399 

head (Honkura, Matsuzaki et al. 2008). We therefore hypothesized that the localization of Tmod in 400 

the neck and base of the spine head, a region enriched in stable F-actin, may be a mechanism used to 401 

regulate the stability of F-actin in dendritic spines. To test this hypothesis, we used fluorescence 402 

recovery after photobleaching (FRAP) to study the turnover of the actin cytoskeleton in dendritic 403 

spines from neurons depleted of Tmod1 and Tmod2 (Figure 6).  In control cells expressing shLucif, 404 

EGFP-actin fluorescence after photobleaching reached 50% of pre-bleaching levels in ~ 9 sec, 405 

consistent with our previous findings (Lei, Myers et al. 2017).  In contrast, EGFP-actin signals in 406 

spines of shTmod1 and shTmod2-expressing neurons recovered significantly quicker, achieving 407 

50% recovery in ~7 seconds and ~ 6 seconds, for Tmod1 and Tmod2 respectively (Figure 6B-C).  408 

Furthermore, the plateau of EGFP-actin recovery at 300 sec was ~87% in control cells, indicating 409 

that the proportion of the stable F-actin that had not yet recovered was ~13%.  By contrast, the 410 

plateau values for shTmod1- and shTmod2-expressing cells are about ~92% and ~97% by 300 sec, 411 

respectively, suggesting that the proportion of the stable F-actin pool was significantly decreased 412 

after knockdown of either Tmod isoform. These results thus support the notion that Tmod molecules 413 

play a role in stabilizing the F-actin structures in dendritic spines. 414 

Tmod1 is required for spine development and synapse formation 415 

In culture, hippocampal neurons undergo extensive dendritic growth and branching from 416 

approximately DIV8-DIV14 (Dotti, Sullivan et al. 1988). From DIV14 to DIV18, relatively stable 417 

dendritic arbors undergo small but continuous growth until maturation. Robust formation of spine 418 
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synapses initiates on dendritic arbors around DIV7-9, peaks around DIV11-14, and is largely 419 

completely by the end of three weeks (Ziv and Smith 1996, Friedman, Bresler et al. 2000, 420 

Grabrucker, Vaida et al. 2009). To examine the role of Tmod in spine development and synapse 421 

formation without secondary effects due to dendritic retraction, we introduced shTmod1 and 422 

shTmod2 into hippocampal neurons at DIV13 and examined the spines and synapses on DIV21. 423 

Since ~48hr is needed for the expression of short hairpins and effective knockdown of endogenous 424 

Tmod proteins, the experimental setup allows us focus on the effects of Tmod loss on spine and 425 

synapse development with minimal effects on dendritic development.  In control DIV21 neurons 426 

expressing shLucif, most dendritic protrusions are characterized as mushroom-shaped spines with a 427 

distinct head and neck (Figure 7A).  By contrast, knockdown of Tmod1 caused a substantial 428 

reduction in the density of mushroom-shaped spines and a large increase in filopodia-like 429 

protrusions, while Tmod2 knockdown slightly increased the spine density (Figure 7 A & B).  430 

Furthermore, we find that the average width of the spine head in shTmod1-expressing neurons was 431 

significantly reduced when compared to the shLucif- and shTmod2-expressing neurons (Figure 7C).  432 

No change in spine neck length was observed in shTmod1- or shTmod2-expressing neurons (Figure 433 

7D).  434 

The observed reduction in the spine density by Tmod1 knockdown suggests that synapse 435 

formation might be likewise impaired.  We tested this by examining the density of the presynaptic 436 

marker SV2 and postsynaptic marker PSD-95.  We found that a majority of dendritic spines in 437 

control neurons were apposed by SV2 puncta and contained PSD-95 signal. In contrast, neurons 438 

expressing shTmod1 showed a significant reduction in the number of SV2-paired or PSD95-439 

containing spines (Figure 8A & B). We found that knockdown of Tmod2 slightly increased the SV2 440 

puncta density, which is consistent with the spine density data (see Figure 7).  We next examined the 441 
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miniature excitatory postsynaptic currents (mEPSCs) by whole-cell patch-clamp recordings.  Tmod1 442 

knockdown consistently resulted in a reduction in the frequency and amplitude of mEPSCs (Figure 443 

8C), supporting the conclusion that synapse formation is impaired by Tmod1 knockdown.  444 

Interestingly, Tmod2 knockdown did not affect the amplitude, but increased the frequency of 445 

mEPSCs (Figure 8C), which is consistent with the observed increase in spine/synapse number.  446 

Together, these results indicate that Tmod1, not Tmod2, is required for spine development and 447 

synapse formation. 448 
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Discussion  449 

Tropomodulin molecules are best known for controlling the length and stability of actin 450 

filaments in the sarcomere of striated muscle and the membrane skeleton of diverse cell types 451 

(Yamashiro et al., 2012). To date, fundamental knowledge about the endogenous distribution and 452 

role of Tmods during dendrite development and synapse formation remains largely unknown. In this 453 

study, we performed a series of experiments to examine the expression profile, subcellular 454 

distribution, and function of endogenous Tmod1 and Tmod2 in hippocampal neurons. Our results 455 

show that Tmod1 and Tmod2 have isoform specific roles in postsynaptic development. Tmod1 is 456 

critical for dendritic spine development and synapse formation, whereas Tmod2 regulates dendrite 457 

growth and arborization. The distinct roles for Tmod1 and Tmod2 in spine and dendrite development 458 

are consistent with their distinct expression profiles.  Collectively, our data propose a model 459 

whereby isoform-specific regulation of F-actin stability by Tropomodulin molecules regulates 460 

dendritic arbor development, spine head expansion, and synapse formation and transmission.     461 

Our results show that Tmod2, but not Tmod1, plays a role in dendrite branching during 462 

development, which is consistent with its early onset of expression.  Mechanistically, Tmod2 may 463 

regulate F-actin in motile actin-based dendritic growth cones, which enables dendrite extension as 464 

well as the formation of collateral dendritic branches (Ulfhake and Cullheim 1988, Fiala, Feinberg et 465 

al. 1998, Niell, Meyer et al. 2004).  Tmod1 and Tmod2 are expressed in axonal growth cones of 466 

young primary hippocampal neurons (Fath, Fischer et al. 2011) and they regulate neurite formation 467 

in PC12 and N2A cells (Gray, Kostyukova et al. 2017). Alternatively, Tmod2 may function to 468 

support and/or maintain the cytoskeletal structures underlying dendritic arbors. The cortical 469 

distribution of Tmod2 suggests that Tmod2 may be associated with the membrane-associated 470 

periodic skeleton (MPS) in dendrites (Zhong, He et al. 2014, D'Este, Kamin et al. 2015, D'Este, 471 
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Kamin et al. 2016, Han, Zhou et al. 2017). The dendritic MPS bears striking molecular similarity to 472 

the spectrin-actin ‘membrane skeleton’ found in diverse metazoan cells, of which Tmod plays a 473 

crucial role. It is therefore plausible that Tmod2 may function in capping the pointed ends of short 474 

actin filaments in periodic F-actin rings that wrap around the circumference of the dendrite (Figure 475 

9).  Clearly, future studies are needed to test this hypothesis.  In addition to the MPS, Tmod2 may 476 

associate with the longitudinal F-actin cytoskeleton underneath the dendritic shaft membrane (lateral 477 

cytoskeleton). Though the contribution of the MPS and the lateral cytoskeleton to dendrite 478 

development is not known, Tmod2 may regulate dendrite development by stabilizing F-actin 479 

filaments in cortical F-actin structures during neuronal development.  Although a fraction of Tmod1 480 

is detected in the dendritic shaft, its late onset of expression may preclude its involvement in 481 

dendritic arborization.  Further experiments are required to better elucidate the functions of Tmod2, 482 

and potentially Tmod1, in dendrite development and maintenance.  483 

A significant observation of this study is the sub-spine localization of Tmod1 and Tmod2 484 

(Figure 5).  Tropomodulin molecules are best known for capping filament pointed ends and 485 

inhibiting depolymerization, thereby stabilizing actin filaments. Previous studies have shown that the 486 

peripheral region of spine heads contain branched F-actin structures that undergo dynamic turnover 487 

(Fifkova and Delay 1982, Landis and Reese 1983, Korobova and Svitkina 2010). By contrast, the 488 

core of the spine head and spine neck contain relatively stable F-actin.  The existence of two distinct, 489 

kinetic pools of F-actin may allow the spine to maintain a stable core for structural integrity, while 490 

simultaneously undergoing polymerization-driven structural rearrangements that underlie synapse 491 

development and plasticity. The localization of Tmod1 and Tmod2 to a subspine region 492 

characterized by stable filaments, as well as our FRAP data indicating that Tmod depletion increases 493 

F-actin dynamics, suggests that Tmod regulate the stable pool of the spine F-actin, likely by pointed 494 
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end capping (Figure 9). In addition, Tmod may promote F-actin stability in spines by capping 495 

pointed ends in the actin-βII/III spectrin membrane lattice, which is present in the base and neck 496 

dendritic spines (Sidenstein, D'Este et al. 2016). Intriguingly, this detergent resistant (Efimova, 497 

Korobova et al. 2017) membrane lattice is discontinued at synaptic sites, entering the spine head but 498 

not reaching the PSD (Sidenstein, D'Este et al. 2016). Consistently, we find that Tmod distribution in 499 

spines is (1) enriched in the neck and base of the spine head (2) exhibits a non-overlapping 500 

distribution with the PSD and (3) is overwhelmingly resistant to detergent extraction. Therefore, it is 501 

plausible that Tmod proteins could be a component of the subcortical lattice in dendritic spines that 502 

is required for maintaining dendritic spine shape as well as the formation of a constricted spine neck 503 

(Efimova, Korobova et al. 2017). 504 

The formation of dendritic spines and mature excitatory synapses are accompanied by a 505 

significant increase in the size of the stable pool of F-actin in dendritic spines (Koskinen, Bertling et 506 

al. 2014), consistent with the conversion of highly motile filopodia into stable, mushroom-shaped 507 

structures (Dailey and Smith 1996, Ziv and Smith 1996). Dynamic rearrangements of the underlying 508 

F-actin cytoskeleton from linear bundles into a highly branched network accounts for the structural 509 

changes underlying spine morphogenesis (Marrs, Green et al. 2001, Hotulainen, Llano et al. 2009, 510 

Korobova and Svitkina 2010). We find that depletion of Tmod1 during synaptogenesis reduces spine 511 

density in mature neurons, consistent with previous studies showing that overexpression of GFP-512 

Tmod1 promotes dendritic protrusions (Gray, Suchowerska et al. 2016). Our expression profile and 513 

loss-of-function analyses suggest that Tmod1 is required for the morphological remodeling 514 

underlying the filopodia-to-spine transition (FST). We propose that the capping of filament pointed 515 

ends by Tmod1, together with the concerted efforts of other actin regulatory proteins, leads to 516 

filament stabilization and/or net polymerization, creating a stable F-actin core in the spine neck and 517 
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core. It is likely that this stable cytoskeletal structure serves as a platform for Arp2/3- mediated 518 

expansion (Hotulainen, Llano et al. 2009), consistent with the observed reduction in spine head 519 

diameter in shTmod1-expressing neurons.   520 

 It is puzzling to see that Tmod2, which is present in spines and expressed during 521 

synaptogenesis, does not appear to be required for spine development and synapse formation.  522 

Instead, Tmod2 knockdown slightly increased spine/synapse number and mEPSCs.  These results 523 

are consistent with previous studies showing that (1) Tmod2 knockout resulted in enhanced LTP 524 

(Cox, Fowler et al. 2003) and (2) Tmod2 expression is upregulated in LTD to allow spine shrinkage 525 

(Hu, Yu et al. 2014).  While overexpression of Tmod2 was found to increase spine density (Hu, Yu 526 

et al. 2014), it remains to be seen whether the effect reflects a physiological role of Tmod2. It should 527 

be noted that unlike the Tmod2 knockout study (Cox, Fowler et al. 2003), Tmod2 knockdown in this 528 

study did not cause noticeable changes in Tmod1 expression (Figures 2 B & D). This is likely due to 529 

the short knockdown period (8-11 days) in cultured hippocampal neurons, relative to in vivo. Other 530 

factors, including nucleotide composition of the shTmod sequence, level of knockdown, and the 531 

specific cell type used, could also contribute to the lack of compensatory upregulation of Tmod1 532 

observed in previous studies (Fath, Fischer et al. 2011).  Nevertheless, future experiments are needed 533 

to understand the precise functions of Tmod1 and Tmod2 in spine and synapse formation, spine 534 

maintenance, and synaptic plasticity.      535 

 The observed isoform-specific role of Tmod1 and Tmod2 in dendrite development and 536 

synapse function is likely tightly regulated by tropomyosin (TM), α-helical coiled-coil proteins that 537 

binds along the sides of F-actin filaments. Tight binding of Tmod to F-actin pointed ends requires 538 

tropomyosin (Weber, Pennise et al. 1999), and divergence in Tmod1 and Tmod2 function is likely 539 

mediated through differential binding to TPM3 and TPM4, two TM isoforms expressed in the 540 
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postsynaptic compartment (Had, Faivre-Sarrailh et al. 1994, Guven, Gunning et al. 2011). Tmod1 541 

and Tmod2 have differential affinities for TM isoforms (Kostyukova 2008, Uversky, Shah et al. 542 

2011, Colpan, Moroz et al. 2016), which are known to alter the spectrum of actin-regulatory proteins 543 

that can bind to F-actin (Gunning, O'Neill et al. 2008, Gunning, Hardeman et al. 2015). The 544 

spatiotemporal association of Tmod1 or Tmod2 with distinct TM-coated filaments may enable 545 

Tmod1 and Tmod2 to adopt distinct roles during various stages of dendrite development and synapse 546 

development. In support of this, we show that Tmod1 and Tmod2 have largely non-overlapping 547 

distributions in spines and differentially regulate F-actin dynamics. The inherent biochemical and 548 

structural differences between Tmod isoforms (Yamashiro, Gokhin et al. 2012), coupled with 549 

differential affinity for TM-coated actin filaments, are likely mechanisms used to fine-tune the 550 

isoform-specific regulation of F-actin by Tmod1 and Tmod2. 551 

Our finding that Tmod1 and Tmod2 are essential for dendrite development and synapse 552 

formation adds to our limited body of knowledge about Tmod function in neurons. These studies 553 

shed light on the mechanisms by which F-actin is regulated in neurons and provide a platform for 554 

future studies to uncover the precise mechanisms by which Tmod modifies the cytoskeleton in 555 

neurons and contributes to neuronal function.   556 
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Figure Legends 557 

Figure 1: Expression of Tmod1 and Tmod2  558 

Representative western blots of Tmod1 and Tmod2 in rat hippocampal tissue (A) and primary 559 

hippocampal neurons (B) depict the changes in Tmod expression over time. All bands in gel are 560 

cropped for clarity. Quantification from three separate replicates is shown in the corresponding line 561 

graphs (N=3 for each timepoint). The mean value for each timepoint was normalized to the 562 

corresponding tubulin loading control, and then to the ‘Adult’ (A) or ‘DIV21’(B) value. C: 563 

Immunostaining of endogenous Tmod1 and Tmod2 (green), together MAP2 (magenta) in DIV21 564 

cultured hippocampal neurons. Arrows indicate axons. Scalebar = 30 μm. 565 

Figure 2. Antibody specificity and shRNA knockdown of endogenous Tmods                       566 

A: Representative immunoblot depicting levels of endogenous Tmod2 expression in primary 567 

hippocampal neurons, as detected using a custom-made antibody (αTmod2-C.M.) that has been 568 

previously verified for specificity (Fowler et al. 1993) and a commercial Tmod2 antibody (αTmod2- 569 

COM.) that was used throughout this study. The corresponding line graph from the immunoblots is 570 

shown below. The value for each time point was normalized to the corresponding tubulin loading 571 

control, and then to the ‘DIV21’ value. B-C: Representative immunoblot images reveal robust and 572 

specific reduction of Tmod1 and Tmod2 protein levels in Cath-A differentiated (CAD) 573 

neuroblastoma cells expressing knockdown constructs (48 hours). Black vertical bar in Tmod1 blot 574 

(left panel) delineates the boundary between two non-adjacent lanes from the same gel (processed 575 

identically). All bands in gel are cropped for clarity. Bar graphs depict mean Tmod1 (B) and Tmod2 576 

(C) knockdown levels in CAD cells from three independent replicates. Data are normalized to Tmod 577 

protein levels in shLucif-expressing cells. Statistical analysis was performed using an unpaired 578 

Student’s t-test.  Error bars represent standard error of the mean (S.E.M). * indicates statistical 579 
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difference from the control. For ‘IB: Tmod1’ t(df) = 2.44(6), df = degrees of freedom, pshTmod1= 580 

2.5E-3, pshTmod1-B= 1.6E-4. For ‘IB: Tmod2’ t(df) = 2.78(4), pshTmod2= 6.8E-3, pshTmod2-B= 0.023.  D-581 

E: Immunostaining of endogenous Tmod1 (D) and Tmod2 (E) by custom and commercial antibodies 582 

in DIV21 cultured hippocampal neurons expressing shLucif, shTmod1 or shTmod2.  Neurons were 583 

transfected at DIV13 and imaged at DIV21. Statistical analysis was performed using an unpaired 584 

Student’s t-test comparing the mean Tmod1 or Tmod2 fluorescence intensity to that of neighboring 585 

non-transfected cells (control) in the same field of view.  Error bars represent standard error of the 586 

mean (S.E.M). For ‘Tmod1 fluorescence’, t(df) = 2.00(59), pshTmod1= 3.36E-15. For ‘Tmod2 587 

fluorescence’, t(df) = 2.02(38), pshTmod2αC.M.= 2.03E-16, t(df) = 1.97(66), pshTmod2αCOM= 1.64E-24. 588 

Arrows depict transfected neurons. S&D = somatodendritic; αCOM=commercial antibody; 589 

αC.M.=custom antibody. Scale bar = 35 μm.  590 

Figure 3. Regulation of Dendrite Development by Tmod 591 

A: Representative confocal immunofluorescence images of dendritic regions in neurons stained for 592 

Tmod1 or Tmod2 and MAP2. Scalebar: 4.5 μm. Right: representative line profiles from regions in 593 

corresponding images (dashed line). B: Representative STED images of dendrites from DIV21 594 

hippocampal neurons co-stained with Tmod1 and Tmod2. Scalebar: top panel, 5 μm. Bottom panel: 595 

1 μm. C: Representative confocal images of DIV21 neurons expressing shLucif, shTmod1, or 596 

shTmod2. Images were inverted in grayscale for presentation D: Bar graph shows changes in total 597 

dendritic length and branch number, as labeled. For each condition, values are normalized to 598 

shLucif.  Error bars represent standard error of the mean (S.E.M).  * indicates a statistical 599 

significance using an unpaired, Student’s t-test. ShTmod2: t(df)=2.22(10), ptotal length. = 9.43E-4, t(df) 600 

= 2.26(9), pbranch number = 5.0E-4.  E: Line graph depicts the results of Sholl analysis from control, 601 

shTmod1-, and shTmod2-expressing neurons. Statistical analysis was performed using a two-way 602 
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ANOVA test, with a Dunn’s multiple comparison test to determine statistical differences. * indicates 603 

statistical significance compared to shLucif.  Tmod2: F (DFn, DFd) = F(2, 105) = 137.2, p20- 130μm = 604 

0.0002, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0026, 0.407. 605 

Error bars represent standard error of the mean (S.E.M). 606 

Figure 4. Tmods in dendritic spines of hippocampal neurons in culture.                      607 

 A: Immunostaining of endogenous Tmod1 and Tmod2 (green), together with phalloidin-labelled 608 

dendritic spines and PSD-95 (magenta). Scale bar = 5 μm B: Representative immunofluorescence 609 

images of Tmod1 and Tmod2 in select dendritic regions of extracted and non-extracted hippocampal 610 

neurons. Scalebar = 2.5 μm. C:  Bar graph depicts the mean fluorescence intensity of Tmod1 and 611 

Tmod2 in the dendritic shaft of non-extracted (control) and extracted neurons. The fluorescence 612 

intensity values of Tmod1 and Tmod2 in the shaft are normalized to the mean corresponding value 613 

in the spine. An unpaired Student’s t-test was used to compare the non-extracted vs. extracted mean 614 

intensity values for Tmod1 and Tmod2. * indicates statistical difference from the control.  For shaft 615 

fluorescence, t(df) = 2.44(6), PTmod1-ext. = 0.08, t(df) = 2.575(5), PTmod2-ext. = 0.06. Error bars represent 616 

standard error of the mean (S.E.M). D: Bar graphs depict the mean fluorescence intensity of Tmod1 617 

and Tmod2 in dendritic spines of non-extracted (control) and extracted neurons. ‘Extracted’ values 618 

are normalized to the ‘non-extracted’ values of Tmod1 and Tmod2, respectively. Nspines =196 and 619 

233, for Tmod1 and Tmod2 respectively. Nshaft =180 and 173, for Tmod1 and Tmod2 respectively.  620 

Figure 5. Subspine localization of Tmod1 and Tmod2. 621 

A: 3D-SIM images of Tmod1/Tmod2 and F-actin in dendritic spines demonstrate the subspine 622 

localization of Tmods to the neck and base of the spine head. B: Bar graphs represent mean raw 623 

integrated density Tmod/F-actin ratios in the proximal and distal region of the spine head, as well as 624 



 

32 
 

the spine neck C: STED image showing the distribution of Tmod1 or Tmod2 (green) and F-actin 625 

(magenta) in spines. D: STED image showing the distribution of Tmod1 (green) Tmod2 (magenta) 626 

in the same dendritic protrusion. Scalebar, top = 0.5 μm. Scalebar, bottom = 1 μm. 627 

Figure 6. FRAP analysis of spine actin turnover in Tmod1 or Tmod2 KD neurons.  628 

A: Representative image sequences showing the fluorescence recovery of EGFP-actin after single-629 

spine photobleaching in neurons expressing shLucif, shTmod1 or shTmod2. Scale bar = 1 m. B: 630 

FRAP curves for control or shTmod-expressing neurons. The fluorescent signals in spines are 631 

normalized to the prebleaching mean and corrected for acquisition-based bleaching using the signals 632 

from the adjacent shaft regions. N = 15, 24 and 20 for shLucif, shTmod1 or shTmod2 groups 633 

respectively. Error bars represent the Standard Deviation (S.D.).  * indicates a statistical difference 634 

from the control (shLucif).  Unpaired Student’s t-test was performed selectively and only the 635 

statistical results on data at 100s, 200s, and 300s are shown here.  For shTmod1, t(df) = 2.03(37), p = 636 

3.85E-09, 9.73E-11, and 6.79E-07.  For shTmod2, t(df) = 2.03(33), p = 5.34E-14, 1.66E-13, and 637 

3.90E-10.  C: Quantification table showing the EGFP-actin recovery time for 50% prebleaching 638 

levels, 50% plateau levels, 90% and 99% plateau levels, and the final recovery percentages in 639 

dendritic spines. Results are shown as mean ± SEM.   640 

Figure 7. Knockdown of Tmod1 and Tmod2 on spine formation. A: Representative images of 641 

selected dendritic regions from control (shLucif) and shTmod expressing cells showing reduced 642 

spine density in shTmod1-expressing neurons.  Left panels are 2-D images from confocal stacks 643 

using maximum intensity projection.  The regions enclosed by the red rectangles are 3-D rendered 644 

and shown on the right. Scale bars: 5 μm.   B: Quantification of the densities of total protrusions (T-645 

protrusion), spines, and filopodia. Error bars represent the standard deviation (S.D.).  Unpaired 646 
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Student’s t-test was used to compare different Tmod knockdown groups to the control group 647 

(shLucif).  * indicates statistical difference from the control.  For shTmod1, t(df) = 1.986(93, pSpine = 648 

1.72E-15, pFilopodia = 6.26E-22.  For shTmod2, t(df) = 1.984(98), pT-protrusion = 0.051, pSpine = 0.007.  649 

C-D: Box and whisker plots show changes in spine head width (C) and spine neck length (D) in 650 

Tmod knockdown and control neurons. The box represents the 25th and 75th percentiles with the 651 

median and mean shown as a line and a single x, respectively. The error bars represent the maximum 652 

and the minimum values in the distribution.  Statistical analysis was done using an unpaired 653 

Student’s t-test. Spine head width, t(df) = 2.07(24), pTmod1 = 3.09E-11. 654 

Figure 8. Tmod1 loss impairs synapse formation.  655 

A: shLucif and shTmod1 or shTmod2 neurons were stained for PSD-95 (left panel) and SV2 (right 656 

panel). Scale bar = 5μm.  B: Bar graphs depict changes in density of PSD-95 and SV2 in knockdown 657 

and control groups (shLucif). Statistical analysis was done using an unpaired Student’s t-test. * 658 

indicates a statistical difference from the control.  For PSD95, t(df) = 2.01(47), pshTmod1 = 4.31E-09. 659 

For SV2, t(df) = 2.01(45), pshTmod1 = 2.53E-08, 2.02 (44), pshTmod2 = 0.001.  C: Miniature EPSCs in 660 

DIV21 hippocampal neurons transfected with shLucif, shTmod1, and shTmod2.  Each group 661 

contains at least 5 cells from 2-3 batches of cell culture. Sample traces are shown in the top portion 662 

and the bar graphs depict the average mEPSC amplitude and frequency.  * indicates a statistical 663 

difference from the shLucif group using unpaired Student’s t-test. For mEPSC amplitude, 664 

t(df)=2.18(12), pshTmod1=0.04, pshTmod2=0.89. For mEPSC frequency, t(d)=2.18(12), pshTmod1=0.04, 665 

pshTmod2=0.02.        666 

Figure 9. Schematic representation of proposed Tmod1 and Tmod2 function in the 667 

postsynaptic compartment 668 
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Based on both our experimental data and ultrastructural and kinetic studies from other investigators, 669 

we propose that a fraction of actin filaments in the spine head are oriented with their barbed ends 670 

towards the membrane and their pointed ends towards the spine center, or core. Tmod molecules are 671 

enriched in the spine neck and ‘core’ of the spine head, where they cap the pointed ends of actin 672 

filaments. By contrast, Tmod molecules are rarely detected in the peripheral region of the spine 673 

head, which is characterized by newly nucleated filaments whose pointed ends are associated with 674 

the Arp2/3 complex, leading to a high number of branched filaments. βII/βIII spectrin tetramers, 675 

together with short actin filaments, form a membrane-associated periodic skeleton (MPS) in 676 

dendrites, the spine neck, and the base of the spine head. Like βII/βIII–spectrin, Tmod 677 

immunofluorescence is detected in the spine head, but does not overlap with the PSD. The presence 678 

of Tmod in this subspine region is highly indicative of Tropomyosin (TM) expression, though which 679 

TM isoform coats actin filaments in the stable core is unknown. In dendrites, short actin filaments 680 

capped by adducin at the barbed end and by Tmod2 at the pointed end, may be organized into 681 

evenly-spaced rings near the plasma membrane that are connected by longitudinally-oriented 682 

spectrin tetramers. Though our immunofluorescence data show that Tmod1 and Tmod2 have a 683 

largely non-overlapping distribution in dendritic spines and along dendritic shafts, both Tmod1 and 684 

Tmod2 are presented here as ‘Tmod’ for the sake of clarity and simplicity.   685 
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