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Abstract

Tropomodulins (Tmods) cap F-actin pointed ends and have altered expression in the brain in 

neurological diseases. The function of Tmods in neurons has been poorly studied and their role in 

neurological diseases is entirely unknown. In this paper we show that Tmod1 and Tmod2, but not 

Tmod3, are positive regulators of dendritic complexity and dendritic spine morphology. Tmod1 

increases dendritic branching distal from the cell body and the number of filopodia/thin spines. 

Tmod2 increases dendritic branching proximal to the cell body and the number of mature dendritic 

spines. Tmods utilize two actin-binding sites and two tropomyosin (Tpm)-binding sites to cap F-

actin. Overexpression of Tmods with disrupted Tpm-binding sites indicates that Tmod1 and 

Tmod2 differentially utilize their Tpm- and actin-binding sites to affect morphology. Disruption of 

Tmod1’s Tpm-binding sites abolished the overexpression phenotype. In contrast, overexpression 

of the mutated Tmod2 caused the same phenotype as wild type overexpression. Proximity ligation 

assays indicate that the mutated Tmods are shuttled similarly to wild type Tmods. Our data begins 

to uncover the roles of Tmods in neural development and the mechanism by which Tmods alter 

neural morphology. These observations in combination with altered Tmod expression found in 

several neurological diseases also suggest that dysregulation of Tmod expression may be involved 

in the pathology of these diseases.

 Introduction

Actin regulation is an integral part of neuronal development (da Silva and Dotti, 2002; 

Gomez and Letourneau, 2014; Hur et al., 2012; Vitriol and Zheng, 2012). Monomeric actin 

(G-actin) can polymerize into long filaments (F-actin). Assembly and disassembly of F-actin 

is the mechanical step that translates many signaling pathways into directional growth in 

dendrites and axons. Actin polymerization is also the driving force in dendritic spine 

formation (Bellot et al., 2014). F-actin has two characteristic ends, a slow growing (pointed) 

and a fast growing (barbed) end. Actin filaments push on the membrane when monomers are 
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added to the barbed ends near the membrane (Doherty and McMahon, 2008). Actin 

monomers dissociate from filaments at the pointed end, which is often rate-limiting in actin 

dynamics (Carlier et al., 1997). There are numerous proteins and signaling pathways that 

converge to alter actin dynamics. Actin dynamics is modulated by diverse processes, such as 

monomer sequestration, ADP-ATP exchange, and filament stabilization, destabilization, 

severing or capping (for reviews see (Bernstein and Bamburg, 2010; Birbach, 2008; Colpan 

et al., 2013; dos Remedios et al., 2003; Gunning et al., 2008; Silacci et al., 2004; Xue and 

Robinson, 2013).

Tropomodulins (Tmods) are a family of actin pointed end-capping proteins (Weber et al., 

1994). Tmods are known to influence many processes, including muscle contraction, cellular 

motility and shape, and vesicle-membrane fusion (Fischer et al., 2003; Lim et al., 2015; 

Weber et al., 2007). Tmod isoforms are widely expressed throughout the body; three of the 

four mammalian Tmod isoforms, Tmod1, Tmod2, and Tmod3, are expressed in the brain 

(Almenar-Queralt et al., 1999; Cox and Zoghbi, 2000; Watakabe et al., 1996). Knockout of 

Tmod2 in mice results in reduced sensorimotor gating, hyperactivity, and impaired learning 

and memory (Cox et al., 2003). Knockout of Tmod2 also results in a 2-fold increase of 

Tmod1 expression in mice. This indicates a compensatory expression mechanism for Tmods 

in neurons and confounds the apparent consequences of Tmod2 knockout with Tmod1 

overexpression. A similar effect was observed in N2a neuroblastoma cells after siRNA 

knockdown of Tmod2 (Fath et al., 2011).

Tmods form a pointed end cap by concerted action of two actin-binding sites (ABS1 and 

ABS2) and two tropomyosin (Tpm)-binding sites (Fowler et al., 2003; Greenfield et al., 

2005; Kostyukova et al., 2006; Kostyukova et al., 2005). Tpms are a family of coiled-coil 

proteins that associate in a head-to-tail fashion along actin filaments (for reviews see 

(Gunning et al., 2015a; Gunning et al., 2015b)). Tmods have isoform specific affinities to 

different Tpms (Colpan et al., 2016; Kostyukova, 2007; Uversky et al., 2011). ABS1 and 

both Tpm-binding sites are all within the N-terminal half of Tmod and enable the majority 

of its capping ability of Tpm decorated filaments; this half of Tmods is unstructured and 

flexible until it binds onto Tpm and the pointed end of an actin filament (Greenfield et al., 

2005; Kostyukova et al., 2000; Kostyukova et al., 2006; Kostyukova et al., 2005). ABS2 is 

made up by the entire C-terminal half which forms a highly structured leucine rich repeat 

(LRR) domain (Krieger et al., 2002; Rao et al., 2014). Tmods have a greater affinity for 

actin filaments decorated with Tpm than for bare filaments (Gregorio et al., 1995; Weber et 

al., 1994).

There are no known neurological disorders caused by mutations in Tmod; however, Tmod2 

has altered expression in fetal Down syndrome, (Sun et al., 2011) mesial temporal lobe 

epilepsy (Yang et al., 2006), post-seizure (Sussman et al., 1994), post-stroke (Chen et al., 

2007) and post-methamphetamine exposure (Iwazaki et al., 2006). The purpose and 

consequence of the altered expression is entirely unknown. In this report, we demonstrate 

changes caused by overexpression of Tmod1 and Tmod2 in both dendritic branching and 

spine morphology. Interestingly, no morphological changes are observed when Tmod3 is 

overexpressed. Furthermore, we report that, unlike Tmod2, Tmod1 requires its Tpm-binding 

ability to cause these changes. From these experiments we can begin to infer the relevant 
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roles of Tmods in neuronal morphology as well as the reason for their altered expression in 

disease states.

 Results

 Tmod1 and Tmod2, but not Tmod3, increase complexity of dendritic arbor at different 
radial distances from the cell body and require different binding sites to alter the dendritic 
arbor

 Tmod1 and Tmod2 overexpression increases the complexity of the dendritic 
arbor—Tmod1 and Tmod2 alter length and number of neurite-like processes in PC12 and 

N2a cell lines in an isoform-specific manner (Fath et al., 2011; Guillaud et al., 2014; Moroz 

et al., 2013) but no data has been published to demonstrate effects of Tmods on neurite 

formation in neurons. We tested our hypothesis that Tmods have isoform-specific roles in 

dendritic morphology by overexpressing Clover Fluorescent Protein (ClFP) -tagged Tmod1, 

Tmod2 and Tmod3 in primary hippocampal neurons in a dose-response experiment. 

Dendrites were visualized using an mRFP-MAP2B which is restricted to dendrites and 

soma. Neurons were analyzed for number of primary dendrites, dendritic termini, total 

dendritic length and dendritic complexity. Primary dendrites are the number of dendritic 

processes from the cell body and dendritic termini are ends of branches from dendrites. The 

control groups for this experiment were neurons transfected with an empty vector. 

Overexpression of either Tmod1 or Tmod2 both caused an increase in the number of 

primary dendrites, dendritic termini and total dendritic length in a dose-dependent manner 

(Figure 1). The highest level of Tmod1 overexpression increased the average number of 

primary dendrites, dendritic termini and total dendritic length by 51 %, 55 % and 63 %, 

respectively (P < 0.05). Tmod2 overexpression increased the same measures by 44 %, 82 %, 

and 57 %, respectively (P < 0.05). Tmod3 overexpression had marginal impacts on the 

number of dendritic termini at the higher transfection amounts; there was no statistically 

significant change in the number of primary dendrites or total dendritic length. Interestingly, 

neither Tmod1 nor Tmod2 overexpression resulted in changes to the average length of 

dendritic branches (data not shown). We suspected that Tmod1 and Tmod2 may alter 

dendritic branching at different positions from the cell body. Sholl Analysis (Sholl, 1953) 

was conducted to test if Tmod1 and Tmod2 overexpression impacted the complexity of 

dendritic arbor at different distances from the soma. Tmod1 overexpression caused an 

increase in complexity after 150 µm distal from soma (Figure 2, P < 0.1); however, Tmod2 

and Tmod3 overexpression had no observed effect. This suggests that Tmod1 positively 

impacts dendritic branching distal to the cell body.

 L29E and L134D mutations in Tmod2 disrupt Tpm binding but not actin 
nucleation—Tmod’s capping ability significantly increases in the presence of Tpm 

(Gregorio et al., 1995; Weber et al., 1994). The N-terminal domain contains the majority of 

the capping ability when Tpm is present (Greenfield et al., 2005; Kostyukova et al., 2006; 

Kostyukova et al., 2005). Overexpression of the N-terminal domains of either Tmod1 or 

Tmod2 in PC12 cells, which are used as a model for early neurite formation and extension 

(Das et al., 2004; Ohuchi et al., 2002; Schimmelpfeng et al., 2004), reduces the number and 

length of neurite-like processes (Guillaud et al., 2014). From these data, we expected that the 
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Tpm-binding abilities of Tmod1 and Tmod2 may be necessary for the observed increase in 

branching caused by overexpression. The mutations L27E and I131D were shown to disrupt 

Tpm-binding ability of Tmod1 (Kong and Kedes, 2006; Kostyukova et al., 2006; 

Kostyukova et al., 2005). Alignment of Tmod1 and Tmod2 sequences indicated that L29 and 

L134 in Tmod2 correspond to L27 and I131 of Tmod1 (Figure 3A, B).

We introduced the mutations L29E and L134D in Tmod2 (that will be referred to as 

Tmod2ED for simplicity) and tested Tpm- and actin-binding abilities of the mutated protein 

using the native gel electrophoresis and the actin nucleation assay. We confirmed that these 

mutations disrupted binding of Tmod2 with γTM1bzip, a chimeric peptide which contains 

the Tmod-binding site of TM5NM1 and TM5NM2 (Tpm3.1 and Tpm3.2, respectively 

(Geeves et al., 2015)) encoded by exon 1b of the Tpm3 gene (Kostyukova et al., 2007; 

Moroz et al., 2013). While there was a shift of the wild type Tmod2 band when the 

γTM1bzip was added, no shift was observed for the mutated Tmod2 (Fig. 3C). This 

indicated that the mutations disrupted Tmod2’s ability to bind Tpm3.1. The mutations did 

not affect actin-binding ability of Tmod2 because the mutated Tmod2 was able to nucleate 

actin polymerization similar to the wild type Tmod2 (Figure 3D).

 Tmod1 requires its Tpm-binding sites to influence the dendritic arbor—For 

expression in neurons we introduced L27E/I131D and L29E/L134D mutations in ClFP-

Tmod1 and ClFP-Tmod2, respectively, which will be referred to as Tmod1ED and 

Tmod2ED. In our experiments with wild type Tmods, the 100 ng/ well transfection 

condition gave a good phenotypic response, so it was used in the following experiments. We 

overexpressed Tmod1ED and Tmod2ED in primary hippocampal neurons. We found that 

disruption of Tpm binding of Tmod1 abolished the overexpression phenotype observed with 

Tmod1 (Figure 4). Tmod1ED overexpressing neurons had a reduced number of primary 

dendrites, dendritic termini and significantly less total dendritic length, 27 %, 25 %, 40 % 

respectively (P < 0.05), compared to wild type overexpressing neurons. Tmod1ED 

overexpression resulted in morphology similar to the control (Figure 4). In contrast, 

overexpression of Tmod2ED caused no statistically significant differences compared to 

Tmod2 overexpression for primary dendrites, dendritic termini or total dendritic length. We 

compared the impact of the Tmods with disrupted Tpm binding by Sholl analysis and found 

that Tmod1ED had a profile similar to the control (Figure 2). Tmod2ED caused no 

statistically significant changes compared to both the control and Tmod2 overexpression.

 Tmod1ED and Tmod2ED are found in sub-cellular compartments that are 
enriched with Tpm3.1 and Tpm3.2 (Tpm3.1/2), similar to wild type proteins—
Tpm-binding is necessary for Tmod1’s ability to bind onto pointed ends in sarcomeres 

(Tsukada et al., 2011). We hypothesized that Tpm binding would be similarly necessary for 

Tmod co-localizing with actin filament pointed ends in neurons. We tested if mutations in 

Tmod1 and Tmod2 have an impact on the subcellular localization of Tmods by proximity 

ligation assays (PLA) (Figure 5) with endogenous Tpm3.1/2, which are highly expressed in 

cultured neurons (Fath et al., 2010; Schevzov et al., 2005). For this, ClFP-tagged Tmod1 or 

Tmod2, mutated or wild type, were overexpressed in hippocampal neurons. ClFP-Tmod1 

(Figures 5 and S1) and ClFP-Tmod2 (not shown) were found in areas enriched with 

Gray et al. Page 4

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2017 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tpm3.1/2. Interestingly, even though our mutations in Tmod1 impair direct binding with the 

Tpm (Kong and Kedes, 2006; Kostyukova et al., 2006; Kostyukova et al., 2005), the mutated 

Tmod1 is still found enriched in the growth cone compartment (Figure S1). Both mutated 

Tmods are found in close proximity to Tpm3.1/2 in the soma and neurites of the transfected 

neurons with a high PLA signal intensity at the tips of the neurites (Figure 5). No PLA 

signal was detected in non-transfected neurons (arrows, Figure 5).

 Tmod1 and Tmod2, but not Tmod3, increase different dendritic spine populations and 
require different binding sites to modulate dendritic spine morphology

 Tmod1 and Tmod2 overexpression increase the number of different 
populations of dendritic spines—Dendritic spines are dynamic, actin-rich dendritic 

protrusions which are the postsynaptic side of the synapse. Our data confirmed isoform 

specific roles of Tmods in dendrite formation, which led us hypothesize that they also have 

specific roles in formation of dendritic spines. To visualize filopodia and spines, we co-

expressed ClFP-Tmods and mRFP-actin in neurons. mRFP-actin is enriched in dendritic 

spines which enables easier visualization (Impey et al., 2010). Representative images of 

dendritic segments of neurons are shown on the left of Figure 6. Neurons overexpressing 

Tmod1 and Tmod2 were found to have increased number of dendritic spines and filopodia. 

Filopodia are rapidly forming and retracting dendritic protrusions that are precursors for 

dendritic spines (for review see (Cohen-Cory, 2002)). Glutamate is released from the axon 

terminal which signals to the postsynaptic compartment via N-methyl-D-aspartate receptors 

(NMDAR) which in turn promotes the development of a local filopodia into a dendritic 

spine (Kwon and Sabatini, 2011; Matus, 2000). It was difficult to distinguish between 

filopodia and thin spines in images, so they were counted as a single group. Tmod1 

overexpression resulted in the increase of less mature protrusions (filopodia and thin spines), 

while Tmod2 overexpressing neurons had a greater number of more mature mushroom and 

stubby spines (Figure 6B). Tmod1 overexpression increased the number of filopodia/thin 

spines by 55 % and the total number of spines by 24 %. Tmod2 overexpressing neurons had 

31 % more mushroom, 55 % more stubby and 22 % more total spines than the controls. 

Besides changing numbers of spines, we also observed changes in spine lengths. Tmod1 

overexpressing neurons had spines that were 20 % longer than the controls. Tmod2 

overexpressing neurons had spines that were 36 % shorter than the controls (Figure 6B). 

Previously, Tmod1 and Tmod2 were found to have distinct localization in neurons; Tmod1 

localized to bundled actin while Tmod2 localized to more cytoplasmic domains (Fath et al., 

2011). Tmods may have similar areas of influence in dendritic spines where Tmod1 

influences spine necks and Tmod2 influences spine heads. Neither Tmod1 nor Tmod2 

overexpression were found to alter the average head width of dendritic spines. Different 

from Tmod1 and Tmod2, overexpressed Tmod3 had no effect on the number, shape or 

average dimensions of dendritic spines (Figure 6).

 Tmod1 requires its Tpm-binding ability to alter number of dendritic spines—
We tested if Tpm binding is the differentiating factor in Tmods’ modulation of dendritic 

spines by overexpressing Tmod1ED and Tmod2ED and analyzing for changes in dendritic 

spines (Figure 7). Similar to our dendrite experiments, disruption of Tpm-binding ability 

abolished the impact of Tmod1 overexpression on number and shape of dendritic spines. In 
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contrast, Tmod2ED overexpression caused the same phenotype as Tmod2 overexpression. 

Tmod1ED overexpression did not cause filopodia/thin spines phenotype and also had 31 % 

fewer stubby spines than the controls (Figure 7). There were no statistically significant 

differences between Tmod2 and Tmod2ED overexpressing neurons with regards to the 

number and shape of dendritic spines.

 Discussion

The goal of this study was to explore the morphology-modulating effects of Tmods in the 

nervous system. Little is known about roles of different Tmod isoforms in neurons. There 

have been only a few publications studying Tmods in neurons. Knockout of Tmod2 in mice 

was found to cause reduced sensorimotor gating, hyperactivity and deficits in learning and 

memory (Cox et al., 2003). Brain slices of Tmod2 knockout mice also had increased long 

term potentiation indicating that Tmod2 has a role in synaptic plasticity. Tmod1 and Tmod2 

were found to have distinct localization in neurons (Fath et al., 2011). Tmod1 localized to 

leading edges of extensions and Tmod2 had a more cytoplasmic localization. Tmod2 and an 

miRNA, which targets Tmod2 mRNA, were found to be required for induction of long term 

depression caused by NMDA treatment (Hu et al., 2014), this supports Cox and co-authors’ 

conclusion that Tmod2 is involved in spine plasticity (Cox et al., 2003).

Our data demonstrate that Tmod1 and Tmod2 are positive regulators of dendritic arbor 

complexity. Sholl Analysis shows that Tmod1 overexpression increases dendritic branching 

distal from the cell body but does not indicate any changes caused by Tmod2 

overexpression. As Tmod2 does increase the number of dendrites, we expected to see an 

increase in complexity by Sholl Analysis. The program used to conduct Sholl Analysis had 

difficulty resolving dendrites that were very close or overlapping which more frequently 

occurs proximal to the cell body. We assume that the increase in branching caused by 

Tmod2 overexpression is proximal to the cell body, where detection is more difficult for 

analysis using this software. Interestingly, Tpm binding was found to be necessary for the 

dendritic phenotype caused by Tmod1 overexpression but not by Tmod2 overexpression. 

Immunostaining for endogenous Tpm3.1/2 and exogenous ClFP-Tmods showed that Tmods’ 

localization in primary neurons partially overlaps with localization of Tpm3.1/2. We did not 

expect precise co-localization because Tmods only bind at the pointed ends of actin 

filaments while Tpms bind along filaments. Our PLA experiments show that in primary 

neurons, mutations in Tmods that disrupt Tpm binding do not disrupt Tmods localization to 

areas with Tpm3.1/2. This unexpected result could be explained if Tmods do not require 

their Tpm-binding ability to be shuttled. If Tmods are still properly shuttled then they may 

still bind at the pointed ends of the same actin filaments as Tpm3.1/2 through direct 

interactions with actin filaments.

It is unclear how Tmods are shuttled in cells; removal of Tmod1’s LRR domain or mutations 

that disrupt conserved exposed hydrophobic clusters prevent localization of Tmod1 to 

filament ends in sarcomeres (Tsukada et al., 2011). Our studies in PC12 cells found that 

overexpression of Tmod2 reduced the extension of neurite-like processes but Tmod1 

overexpression did not cause any observable changes (Guillaud et al., 2014). Overexpression 

of a chimeric Tmod with the N-terminal domain of Tmod1 and LRR domain of Tmod2 
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caused normal extension of neurite-like processes, which led us to conclude that the LRR 

domains contain the distinguishing feature between Tmod1 and Tmod2 for determining their 

role in morphology. We assume that the LRR domains of Tmods are influential in the 

differences in localization of Tmod1 and Tmod2 observed in neurons (Fath et al., 2011). The 

LRR domain, but not Tpm-binding ability, could be directing Tmods to their specific actin 

sub-populations before they can exert their influence on morphology.

While there is little data about Tmods’ effect on neural plasticity, there is no previous data 

about Tmod’s effect on dendritic spines. There is evidence that Tmod2 and miRNA-191, 

which targets Tmod2 mRNA, are necessary for dendritic spine remodeling in long term 

depression (Hu et al., 2014). Glutamate released from an axon terminal activates NMDA 

receptor (NMDAR) on a local filopodia which in turn begins specification as a dendritic 

spine (Kwon and Sabatini, 2011; Matus, 2000). NMDA treatment causes downregulation of 

miRNA-191 which in turn upregulates Tmod2 expression. In our study, Tmod2 

overexpression increases the number of mature dendritic spines. This suggest that 

upregulation of Tmod2 may be a means by which neurons increase the number and strength 

of dendritic spines. This is an apparent contradiction with Cox et al’s observation that 

Tmod2 knockout increases potentiation (Cox et al., 2003); however, they note an increase in 

Tmod1 expression after knockout. It may be the case that other proteins, including Tmod3, 

could have altered expression and localization thereby obfuscating the exact role of Tmod2 

in neural connectivity. For example, Tmod3 is known to have increased expression in red 

blood cells (Moyer et al., 2010) and aberrant localization in muscle cells after Tmod1 

knockout (Gokhin and Fowler, 2011).

Our experiments show that overexpression of Tmod1 and Tmod2 but not Tmod3 increase 

the number of specific dendritic spine populations. Tmod1 overexpression increased 

filopodia and thin spines, while Tmod2 overexpression increased mushroom and stubby 

spines. This leads us to conclude that Tmod1 is a positive regulator of early stages of 

spinogenesis while Tmod2 is a positive regulator of spine maturation. The expression 

profiles of Tmods are not known in neurons; however, in N2a cells, Tmod1 protein levels 

increase with differentiation while Tmod2 expression levels are nearly constant (Fath et al., 

2011). Disruption of Tpm binding of Tmod1 abolished the observed phenotype from 

overexpression. These data indicate that Tmod1 requires its Tpm-binding ability to modulate 

dendritic spine morphology but it is not required in Tmod2. Tmods could alter spine 

morphology through two different mechanisms: (1) by directly altering actin dynamics 

through their actin-binding sites or (2) by altering recruitment of actin-associated proteins 

through stabilizing specific Tpm-decorated filaments.

Decoration of actin filaments can alter recruitment of actin-associated proteins such as 

myosin motors. Tpm4.2 can recruit myosin II onto F-actin (Tojkander et al., 2011). Neurons 

overexpressing Tpm3.1 had greater number and length of neurites while neurons 

overexpressing Tpm1.7 had fewer neurites (Schevzov et al., 2005). In B35 neuroblastoma 

cells, overexpression of Tpm1.10, Tpm1.11, Tpm1.12 and Tpm4.2 alters branching and 

length of neurite-like processes (Curthoys et al., 2014) and elasticity of the cellular 

membrane (Jalilian et al., 2015). Tmods are known to have different affinities for Tpm 

isoforms (Kostyukova, 2007; Uversky et al., 2011). As Tmods preferentially bind to specific 
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Tpm-decorated actin filaments, those filaments are stabilized and have slow turnover rates 

compared to other filaments. These preferentially stabilized filaments could accumulate 

thereby altering their relative distribution. Tpms have isoform-specific expression and 

localization in neurons (Guven et al., 2011; Had et al., 1994; Schevzov et al., 1997). TPM1 
gene products (Tpm1.10, Tpm1.11 and Tpm1.12, previously TMBr1, TMBr2 and TMBr3 

respectively) were found to localize to presynaptic compartments while TPM3 (Tpm3.1–9, 

previously TM5NM1–9) and TPM4 (Tpm4.2, previously TM4) gene products localize to 

dendritic spines. Decoration of F-actin with different Tpms changes recruitment of other 

actin-associated proteins onto the filament. Overexpression of Tmods could indirectly alter 

spine morphology through Tpms’ ability to recruit various actin-associated proteins.

Tmod3 was not found to impact the complexity of the dendritic arbor or the number and 

maturity of dendritic spines, which suggests that Tmod3 may be predominantly involved in 

other processes in neurons. Recently, Tmod3 was found to be a target for the kinase Akt2 in 

adipocytes which has implications for fusion of Glut4 carrying vesicles with the cellular 

membrane (Lim et al., 2015). A later study indicated that in adipocytes Tmod3 preferentially 

stabilizes actin subpopulations that are decorated with Tpm3.1 and thereby altering 

recruitment of different myosin isoforms, providing a mechanism for altered vesicle fusion 

(Kee et al., 2015). Future studies are needed to investigate if Tmod3 predominantly plays a 

role in vesicle-membrane fusion in the pre-synapse.

There is still considerable work to be done to characterize the role of Tmods in neural 

development. Tmods have other functions that are not explored in this paper but will be 

investigated in further studies. Beyond capping, Tmod1, Tmod2 and Tmod3 can also 

directly bind G-actin and either sequester or nucleate actin (Yamashiro et al., 2010). Tmod2 

has the strongest nucleation ability of the three Tmods in this paper (Yamashiro et al., 2010). 

The cellular roles of these functions are largely unexplored since Tmods are generally 

thought of as capping proteins, not nucleating or sequestering proteins. Our data begin to 

clarify the roles of Tmod isoforms in neural development and Tmods’ functions that give 

rise to those roles. It also suggests the consequences of altered Tmod expression in various 

disease states. We demonstrated that increasing Tmod expression increases the complexity 

of the dendritic arbor and number of dendritic spines. Increased expression of Tmods in 

disease states may be an attempt by the brain to strengthen neural connections or increase 

their number. It is unclear if this increase in connections is a beneficial response or 

exacerbates the condition; further studies are needed to address these questions.

 Methods

 Plasmid construction

Wild type Tmod1 and wild type Tmod2 were previously developed in pEGFP-C1 and 

pReciever-M55, respectively (Guillaud et al., 2014). The Tmod sequences were sub-cloned 

into a Gateway pCAGGs destination vector containing an N-terminal clover fluorescent 

protein (ClFP) tag. ClFP is a derivative of green fluorescent protein (Shaner et al., 2013). 

Plasmids were sequenced to confirm Tmod sequences had been properly inserted 

(GENEWIZ, Inc). Plasmids for transfection experiments were purified using HiPure 

MidiPrep Plasmid purification Kits (Invitrogen) according to the manufacturer’s protocol.
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The L27E/I131D and L29E/L134D mutations were introduced in Tmod1 and Tmod2 

respectively, using the constructs containing wild type Tmods as templates. For this, the 

plasmids encoding Tmods were amplified by PCR using a set of two complementary 

oligonucleotides with codons changed for the desired mutations by Pfu Turbo DNA 

polymerase (Agilent Technologies, USA). The original template plasmids were digested 

using DpnI (New England Biolabs), and the mutated plasmids were transformed into 

Escherichia coli (max efficiency DH5α). All designed oligonucleotides were synthesized by 

Integrated DNA Technologies, Inc. (Coralville, IA). Introduced mutations were confirmed 

by DNA sequencing at GENEWIZ, Inc. (South Plainfield, NJ). Tmod1[L27E/I131D] and 

Tmod2[L29E/L134D] were sub-cloned into the pCAGGs vector as described for wild type 

Tmods.

PC12 cells were used as a vehicle to test that constructs expressed properly. PC12 cells were 

cultured as described previously (Guillaud et al., 2014). They were transfected using 

Lipofectamine 2000 according to the manufacturer’s protocol (Invitrogen). After 

transfection, PC12 cells were lysed in RIPA buffer (Santa Cruz Biotechnology). Tmod1, 

Tmod2, Tmod3, wild type and mutated, were then probed for by western blotting. The 

primary antibodies included polyclonal rabbit antibodies against Tmod1 (custom made by 

Thermo Fisher Scientific, Waltham, MA), Tmod2 and Tmod3 (custom made by Pacific 

Immunology, Ramona, CA). Optimal dilutions for each antibody were determined prior to 

experiments. The secondary antibodies used in the experiments were Peroxidase-conjugated 

AffiniPure goat anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Laboratories, Inc., West 

Grove, PA). For each construct we saw only single bands corresponding to ClFP-Tmod 

fusion expression.

For expression in E.coli pReciever-B01 with a His-tagged Tmod2 was used as a template to 

introduce L29E/L134D mutations using the same primers (Guillaud et al., 2014).

 Protein preparation and in vitro assays

Wild type Tmod2 and Tmod2ED were purified using the protocol for His-tagged Tmod2 

purification described previously (Moroz et al., 2013). Tmod concentrations were measured 

using the difference method as described in (Guillaud et al., 2014; Kostyukova et al., 2007). 

G-actin and pyrene-iodoacetamide labeled G-actin were prepared as in (Kostyukova and 

Hitchcock-DeGregori, 2004). γTM1bzip was designed and synthesized as described in 

(Kostyukova et al., 2007). Binding assays were conducted using native gel electrophoresis as 

described previously (Moroz et al., 2013). Actin polymerization was measured by the 

change in pyrene-actin fluorescence using a PTI fluorometer (Lawrenceville, NJ) 

(excitation, 366 nm, and emission, 387 nm, with 2 nm slit). 1 µM G-actin (10% pyrenyl-

actin) was mixed with 0.2 µM Tmod2 or Tmod2ED in G-buffer (2 mM Tris-HCl pH 8.0, 0.2 

mM CaCl2, 0.01% (v/v) NaN3, 0.5 mM DTT, 0.2 mM ATP) and incubated for 1 minute. 

Polymerization reactions were started by adding 20X polymerization buffer to a final 

concentration 25 mM Imidazole, pH 7.0, 100 mM KCl, 2 mM MgCl2, 1 mM EGTA at room 

temperature. Spontaneous actin nucleation in the absence of Tmod was measured as a 

control.
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 Cell culture and transfection for morphological studies

Hippocampi of Sprague-Dawley rats (Charles River Laboratories) of both sexes were 

harvested and dissociated on postnatal day 0–1 (P1-P2). The dissociated cells were then 

plated at a density of 3.4×104 cells per cm2 on glass coverslips precoated with poly-L-lysine 

(Sigma; molecular weight 30,000) in 24-well plates with 1.9 cm2 bottom surface area per 

well. Cells were kept in Neurobasal A medium (Invitrogen) supplemented with B27 

(Invitrogen) as described previously [Brewer, 1997]. Cultures were fixed with 4% 

paraformaldehyde in 60mM PIPES, 25mM HEPES, 5mM EGTA, 1mM MgCl2, and 87.6 

mM sucrose at room temperature for 20 minutes. Fixed neurons were washed with PBS. 

Transfected and fixed neurons were permeablized using 0.1% Triton X-100 detergent (Bio-

Rad Laboratories) in PBS for 20 minutes before washing with PBS. Cover slips were then 

mounted onto microscope slides using Elvanol. Cells used for morphological experiments 

were transfected with Lipofectamine 2000 (Invitrogen) using manufacturer’s protocol. 

Dissociated hippocampal neurons were transfected on the 6th day in vitro (DIV6) for all 

dendrite and dendritic spine experiments. Neurons were fixed on DIV9 for dendrite 

experiments and DIV12 for dendritic spine experiments. For co-localisation experiments of 

Tmod1 or Tmod1ED with Tpm3.1 and Tpm3.2, hippocampal neurons were transfected by 

Lipofectamine 3000 (Thermofisher scientific) on DIV1. The cells were fixed at DIV2 and 

immunostained using an antibody directed against Tpm3.1/2 [clone 2G10.2] (1:100; a kind 

gift from Prof P. Gunning, University of New South Wales, Sydney, Australia) (Schevzov et 

al., 2011).

 Fluorescent microscopy and image quantification

Fluorescent images for dendrite and dendritic spine experiments were taken using an 

Olympus IX81 inverted confocal microscope (Olympus Optical) with a 60× oil-immersion 

lens, numerical aperture 1.4 and resolution 0.280 µm using Slidebook 5.5 Digital 

Microscopy Software. Dendritic spine z-stack images were processed using MetaMorph 

software from Molecular Devices (Sunnyvale, CA). A minimum of 15 neurons were traced 

for each experiment. A minimum of 20 dendritic fragments were counted for dendritic spine 

experiments. Neurons within each experimental condition were selected with similar levels 

of fluorescence corresponding to Tmod overexpression. Dendrites and dendritic spines were 

traced using the NeuronJ plugin (Meijering, 2010; Meijering et al., 2004; Schneider et al., 

2012) for ImageJ (Schneider et al., 2012). Spines were counted and sorted manually using 

previously described criteria (Harris et al., 1992; Lesiak et al., 2014). Sholl Analyses were 

conducted using the Sholl Analysis (Ferreira et al., 2014) plugin for ImageJ. A series of 

concentric circles were drawn around representative neurons and the number of dendrites 

that intersected with each circle was counted.

 Proximity ligation assay

Primary mouse hippocampal neurons were plated at a density of 70 × 103 cells on 12 mm 

glass coverslips (Menzel) as previously described (Fath et al., 2009). Cells were transfected 

48 hours after plating with ClFP-Tmod1, ClFP-Tmod1ED, ClFP-Tmod2 or ClFP-Tmod2ED 

using Lipofectamine 3000. Cells were fixed 24 hours post transfection with 4% PFA in PBS 

for 15 min and then permeabilized with 0.1% Triton X-100 in PBS for 5 mins. The assay 
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was carried out using the Duolink kit (Sigma Aldrich) in accordance to the manufacturer’s 

protocol. The primary antibodies used were anti Tpm3.1/2 [clone 2G10.2] and rabbit 

polyclonal anti-GFP (1:750) (Abcam). No PLA signal was detected in controls in which 

only 2G10.2 or only anti-GFP antibodies were used. For better visualization of the 

localization of ClFP-tagged Tmods, signal intensity of the green channel was adjusted 

(Figure 5). The localization of the PLA signal was examined in a total of 30 cells per 

experimental group from four independent experiments.

 Statistical analysis

Data are presented as mean values ± standard error about the mean (SEM). One way 

ANOVA was used to test for statistical significance.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of Tmod1, Tmod2 and Tmod3 overexpression on number and length of 
dendrites
Primary hippocampal neurons were transfected with varying amounts of pCAGGs plasmid 

encoding a ClFP-tagged wild type Tmods. A. From left to right, representative images of 

transfected neurons. Shown images are RFP signals from mRFP-MAP2b used for 

morphology analysis (scale bars = 150 µm). B. Imaged neurons were analyzed for number of 

primary dendrites (left), dendritic termini (center) and total dendritic length (right). 25–30 

neurons were analyzed for each condition. Error bars indicate SEM. Asterisks indicated 

statistically significant difference from 0 ng condition (ANOVA, P < 0.05).
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Figure 2. Impact of Tmod overexpression on dendritic arbor
The impact of overexpression of Tmod1, Tmod1ED, Tmod2, Tmod2ED and Tmod3 (100 ng 

DNA condition) on the dendritic arbor was investigated by Sholl Analysis. 15 neurons were 

analyzed per condition. Tmod1 was found to be statistically different from the control after 

150 µm (ANOVA, P < 0.05).
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Figure 3. Tmod structure and effect of mutations in the Tpm-binding sites
A. A schematic of the structural and functional domains of Tmods. B. Sequence alignments 

of Tmod1 and Tmod2 in the regions of the mutations used in this paper. The mutated 

leucines are indicated by a larger font size. C. Mutations in Tmod2’s Tpm binding sites 

disrupt Tpm binding. 190 pmol of wild type Tmod2 or 190 pmol Tmod2ED were loaded on 

a native gel either with or without 380 pmol of γTM1bzip. γTM1bzip does not enter the gel 

because it is positively charged. D. Influence of Tmod2 on the rate of actin polymerization. 

0.2 µM of Tmod2 or Tmod2ED was added to 1 µM of G-actin (10% pyrene-labeled). Time-
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courses of actin polymerization was measured by the change in pyrene-actin fluorescence. 

Control: spontaneous actin polymerization.
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Figure 4. Tpm binding is necessary for Tmod1’s but not for Tmod2’s impact on dendritic 
morphology
Primary hippocampal neurons were transfected with pCAGGs plasmid encoding ClFP-

tagged Tmod, wild type or with disrupted Tpm-binding sites. A. Representative images of 

neurons analyzed in this experiment. Shown images are RFP signals from RFP-MAP2b used 

for morphology analysis (scale bars = 150 µm). B. Imaged neurons were analyzed for 

number of primary dendrites (left), dendritic termini (center) and total dendritic length 

(right). 15–22 neurons were analyzed for each condition. Error bars indicate SEM. Asterisks 
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and plus symbols indicate statistically significant difference from controls and wild type 

overexpression, respectively (ANOVA, P < 0.05).
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Figure 5. Proximity Ligation Assay testing for close proximity of exogenous ClFP-tagged Tmods 
and endogenous Tpm3.1/2
Hippocampal neurons, expressing wild type (wt) Tmod1 (A, B) or mutated Tmod1 (C, D) 

were fixed at DIV3 and examined by Proximity Ligation Assay (PLA). PLA has a 

theoretical maximum distance of 30–40 nm between epitopes for detection. Note the 

enrichment of the PLA reaction at the tips of the processes (arrowheads and boxed inserts in 

A–D). Arrows indicate non-transfected cells which are negative for PLA signals. Scale bar = 

20 µm.
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Figure 6. The impact of Tmod overexpression on dendritic spine number and shape
Primary hippocampal neurons were transfected with ClFP-tagged wild type Tmods. A. 

Representative images of dendritic fragments of analyzed neurons. Shown images are RFP 

signals from RFP-actin used for spine analysis (scale bar = 6 µm). B. Bar graphs show 

quantification of number of filopodia/thin spines, mushroom spines, stubby spines, total 

number of spines, and spine width and length. Error bars indicate SEM. Asterisks indicate 

statistically significant difference from controls (ANOVA, P < 0.05).
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Figure 7. The impact of overexpression of mutated Tmods on dendritic spine numbers and shape
Primary hippocampal neurons were transfected with ClFP-tagged Tmod, wild type or with 

disrupted Tpm-binding sites. A. Representative images of dendrite fragments analyzed in 

this experiment. Shown images are RFP signals from RFP-actin used for spine analysis 

(scale bar = 6 µm). B. Quantification of number of filopodia/thin spines, mushroom spines, 

stubby spines and total number of spines. 20–24 dendritic fragments were analyzed per 

condition. Error bars indicate S.E.M. Asterisks and plus symbols indicate statistically 
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significant difference from controls and wild type overexpression, respectively (ANOVA, P 

< 0.05).
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