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Neurons of the CNS elaborate highly branched dendritic arbors that host numerous dendritic spines, which serve as the postsynaptic
platform for most excitatory synapses. The actin cytoskeleton plays an important role in dendrite development and spine formation, but
the underlying mechanisms remain incompletely understood. Tropomodulins (Tmods) are a family of actin-binding proteins that cap
the slow-growing (pointed) end of actin filaments, thereby regulating the stability, length, and architecture of complex actin networks in
diverse cell types. Three members of the Tmod family, Tmod1, Tmod2, and Tmod3 are expressed in the vertebrate CNS, but their function
in neuronal development is largely unknown. In this study, we present evidence that Tmod1 and Tmod2 exhibit distinct roles in regulat-
ing spine development and dendritic arborization, respectively. Using rat hippocampal tissues from both sexes, we find that Tmod1 and
Tmod2 are expressed with distinct developmental profiles: Tmod2 is expressed early during hippocampal development, whereas Tmod1
expression coincides with synaptogenesis. We then show that knockdown of Tmod2, but not Tmod1, severely impairs dendritic branch-
ing. Both Tmod1 and Tmod2 are localized to a distinct subspine region where they regulate local F-actin stability. However, the knock-
down of Tmod1, but not Tmod2, disrupts spine morphogenesis and impairs synapse formation. Collectively, these findings demonstrate
that regulation of the actin cytoskeleton by different members of the Tmod family plays an important role in distinct aspects of dendrite
and spine development.
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Introduction
Actin is the major cytoskeletal component in dendritic spines
(Fifková and Delay, 1982), where it provides structural support

and spatially organizes postsynaptic components (Hotulainen
and Hoogenraad, 2010). During synapse development, highly
motile actin-based filopodia are replaced by relatively stable,
mushroom-shaped spines that contain the synaptic components
required for receiving presynaptic input (Yuste and Bonhoeffer,
2004). This morphological transition is characterized by the con-
version of longitudinally arranged F-actin filaments to a highly
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Significance Statement

The Tropomodulin family of molecules is best known for controlling the length and stability of actin myofilaments in skeletal
muscles. While several Tropomodulin members are expressed in the brain, fundamental knowledge about their role in neuronal
function is limited. In this study, we show the unique expression profile and subcellular distribution of Tmod1 and Tmod2 in
hippocampal neurons. While both Tmod1 and Tmod2 regulate F-actin stability, we find that they exhibit isoform-specific roles in
dendrite development and synapse formation: Tmod2 regulates dendritic arborization, whereas Tmod1 is required for spine
development and synapse formation. These findings provide novel insight into the actin regulatory mechanisms underlying
neuronal development, thereby shedding light on potential pathways disrupted in a number of neurological disorders.
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branched F-actin network that predominates in the spine head
(Hotulainen and Hoogenraad, 2010; Korobova and Svitkina,
2010). The actin cytoskeleton also plays a crucial role in dendrite
development. For example, the formation of elaborate dendritic
arbors is achieved, in part, through the dendritic growth cone, a
motile, actin-based structure present at the tips of developing
dendrites. Dendritic growth cones are crucial for dendrite exten-
sion as well as the formation of collateral dendritic branches.
Despite intense studies, the molecules and mechanisms that reg-
ulate actin organization and remodeling during dendrite devel-
opment and spine morphogenesis are not fully understood.

Actin filaments are polarized with a fast-growing (barbed)
end and a slow-growing (pointed) end—the former favors as-
sembly, whereas the latter favors disassembly. Tropomodulins
(Tmod) belong to a conserved family of actin-binding proteins
that are best known for capping the pointed end of actin filaments
(Yamashiro et al., 2012; Fowler and Dominguez, 2017). By block-
ing monomer exchange at filament ends and inhibiting filament
elongation or depolymerization, Tmod regulates the stability,
length, and architecture of complex actin networks in diverse cell
types (Yamashiro et al., 2012). Of the four Tmod isoforms,
Tmod1, Tmod2, and Tmod3 are expressed in the CNS (Sussman
et al., 1994; Watakabe et al., 1996; Conley et al., 2001; Cox et al.,
2003). Tmod1 is expressed in many types of terminally differen-
tiated cells (including neurons), Tmod2 is expressed solely in
neurons, and Tmod3 is ubiquitously expressed (Yamashiro et al.,
2012).

Altered expression of Tmod1 and Tmod2 is observed in sev-
eral neurological diseases, suggesting that the regulation of actin
dynamics by Tmod is critical for brain function (Sussman et al.,
1994; Iwazaki et al., 2006; Yang et al., 2006; Chen et al., 2007; Sun
et al., 2011). In support of this, Tmod2 knock-out mice exhibit
synaptic and behavioral deficits, including altered learning and
memory (Cox et al., 2003). However, genetic knockdown of
Tmod2 causes protein levels of Tmod1 to be upregulated eight-
fold (Cox et al., 2003), making isoform-specific interpretation of
Tmod function challenging. In addition, the cellular mechanisms
that account for these phenotypes are unclear. Tmod1 and
Tmod2 are present in growth cones of elongating neurites in
cultured rat hippocampal neurons, and are suggested to play
roles in neurite formation in N2a cells (Fath et al., 2011) and
PC12 cells (Moroz et al., 2013; Guillaud et al., 2014). A recent
study (Gray et al., 2016) using GFP-Tmod1 and GFP-Tmod2
overexpression indicates that Tmod1 and Tmod2 regulate den-
dritic branching and spine morphology in cultured rat hip-
pocampal neurons, but the underlying actin mechanisms remain
to be elucidated. At present, Tmod remains poorly characterized
in neurons, with fundamental information such as the subcellu-
lar distribution and isoform-specific pattern of protein expres-
sion lacking. Therefore, if and how Tmod regulates F-actin
during postsynaptic development and/or synapse formation re-
main unknown.

In this study, we investigated the expression profile, subcellu-
lar distribution, and function of Tmod1 and Tmod2 in hip-
pocampal neurons. We find that both Tmod1 and Tmod2 are
expressed in developing rat hippocampal neurons, but with dis-
tinct temporal profiles. Using a combination of high-resolution
imaging and loss-of-function analyses, we find that Tmod1 and
Tmod2 regulate spine formation and dendritic development, re-
spectively. Our study provides evidence that Tmod plays an im-
portant and isoform-specific role in postsynaptic development
underlying the formation of neuronal circuitry.

Materials and Methods
DNA constructs
DNA constructs of EGFP-Tmod1 and EGFP-Tmod2 were made by sub-
cloning the full-length rat sequences (Tmod1, NCBI reference sequence
NP_037176.2; Tmod2, NCBI reference sequence NP_113801.1) in frame
downstream of the full-length EGFP sequence in an EGFP-C1 vector
(Clontech). For knock-down experiments, short hairpins against rat
Tmod1 (shTmod1, 5�-CACAGAAGTTCAGTCTGATAA-3�, directed
against-3� UTR; shTmod1-B, CCAGAACTTGAAGAGGTTAAT, di-
rected against coding sequence) and Tmod2 (shTmod2, 5�-CCAGTTG
TTCTGGAACTTT-3�, directed against the coding sequence; shTmod2-B,
5�-GTCAACCTCAACAACATTAAG-3�, directed against the coding se-
quence) were subcloned, using Bg1II and XhoI sites, into a pSUPER
backbone also encoding EGFP to allow visualization of transfected cells.
The hairpin sequence directed against shLuciferase (shLucif) is 5�-
CGTACGCGGAATACTTCGA-3�. For fluorescence recovery after pho-
tobleaching (FRAP) experiments, EGFP-actin ( pCS2 � EGFP–�-actin)
was used.

Immunostaining
For immunostaining of primary hippocampal cultures, neurons were
fixed with 4% (w/v) paraformaldehyde (PFA) in PBS for 15 min at room
temperature. Fixed neurons were washed and permeabilized with 0.2%
Triton X-100 (w/v) in PBS for 15 min. Neurons were blocked with PBS
containing 4% BSA, 1% goat serum and 0.1% Triton X-100 for 1 h and
incubated with the following primary antibodies overnight at 4°C. The
antibodies used are as follows: anti-Tmod1 (affinity-purified custom
rabbit polyclonal R1749bl3c (Fowler et al., 1993); anti-Tmod2 (catalog
#ab67407, Abcam; custom-made Tmod2 antiserum (Fath et al., 2011);
anti-postsynaptic density-95 (PSD-95; catalog #MA1-046, Thermo
Fisher Scientific); and anti-SV2 (Developmental Studies Hybridoma
Bank). Cells were then washed and labeled with anti-rabbit or anti-
mouse Alexa Fluor 488/546 antibody (A-11030/A-11035, Thermo Fisher
Scientific) for 45 min at room temperature. Actin filaments were stained
with phalloidin conjugated to Alexa Fluor 488 (A12379) or 568 (A12380),
purchased from Thermo Fisher Scientific.

Neuronal culture, transfection, and imaging
Sprague Dawley timed-pregnant adult rats (8 –10 weeks of age) were
purchased from Charles River Laboratories. Primary hippocampal neu-
rons were prepared from embryonic day 18 (E18) rat embryos of both
sexes and plated on 25 mm coverslips pretreated with 0.1 mg/ml poly-D-
lysine (EMD Millipore) at a density of �400,000 cells/dish. Neurons
were plated and maintained in Neurobasal medium supplemented with
B-27 and GlutaMAX (Invitrogen) and maintained at 37°C and 5% CO2.
Cells were transfected using the calcium phosphate transfection kit
(Clontech) at 10 d in vitro (DIV10) or DIV13 and imaged between
DIV21 and DIV23. Each experiment was replicated at least three times
from independent batches of cultures.

All animals were housed and treated in accordance with the Emory
University Institutional Animal Care and Use Committee guidelines.

Microscopy and imaging
Laser-scanning confocal imaging was performed using a Nikon C1 Con-
focal System based on a Nikon Eclipse TE300 inverted microscope
(Nikon Instruments). A 60�/1.4 numerical aperture (NA) Plan Apo
oil-immersion objective was used to acquire the three-dimensional
(3-D) stack of images of a dendritic region, which was then projected into
a 2-D image (maximum intensity) for visualization and analysis.

Stimulated emission depletion super-resolution microscopy
The majority of images were acquired using a commercially available
multicolor stimulated emission depletion (STED) microscope (model
TCS SP8 STED 3�, Leica Microsystems) equipped with a white light
laser source operated in pulsed mode (repetition rate, 78 MHz) for fluo-
rophore excitation and two STED lasers for fluorescence inhibition, as
follows: one STED laser with a wavelength of 775 nm operated in pulsed
mode with pulse trains synchronized to the white light laser pulses; and
two continuous-wave STED laser with wavelengths of 592 and 660 nm.
Excitation wavelengths between 470 and 670 nm were selected from the
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white light laser emission spectrum via an acousto-optical beam splitter.
All laser beams were focused in the cell sample with a wavelength-
corrected, 1.40 NA oil objective (HC PL APO 100�/1.40 OIL STED
WHITE). The samples were scanned using the field-of-view beam scan-
ner at uniform scanning rates and within specific scanning areas, which
are further specified below. The fluorescence from a given sample were
detected by GaAsP (gallium arsenide phosphide) hybrid detectors. The
recorded fluorescence signal in the STED imaging mode was time gated
using the white light laser pulses as internal trigger signals. A small num-
ber of images were obtained using a Leica SP8 STED 3� system (Leica
Microsystems), equipped with a white light laser and a 592 and 775 nm
STED depletion lasers. A 100� 1.4 NA oil-immersion objective lens (HC
PL APO STED WHITE, Leica Microsystems) was used for imaging (Yu et
al., 2015). Deconvolution on these images was performed using Huygens
Professional software (Scientific Volume Imaging).

All acquired or reconstructed images were processed and visualized
using ImageJ (imagej.nih.gov/ij/). Brightness and contrast were linearly
adjusted for the entire images.

Structured illumination microscopy
Three-dimensional structured illumination microscopy (SIM) was per-
formed on an inverted Nikon N-SIM Eclipse Ti-E Microscope System
equipped with the Perfect Focus System (PFS), 100�/1.49 NA oil-
immersion objective, and an electron multiplying charge-coupled device
camera (DU-897, Andor Technology). Images were reconstructed in
Nikon Elements Software. Images were analyzed using ImageJ software
and NIS-Elements AR Analysis software (Nikon).

Data analysis
SIM analysis. To quantify subspine localization, dendritic spines were
separated into the following three compartments: the spine neck, the
distal most part of the spine head (area 1), and the proximal-most part of
the spine head (area 2, closest to spine neck). To equally divide the spine
head into two equal compartments (area 1 and area 2), the height of the
spine head was measured in ImageJ and a horizontal line corresponding
to half the value of the measured height was placed through the spine
head. Using the “freehand selection” function in ImageJ, a region of
interest (ROI) was drawn around the circumference of the given region
of the spine head, as demarcated by phalloidin staining. For each region
(area 1, area 2, or spine neck) the raw integrated density value was mea-
sured for both the phalloidin channel and the Tmod channel. A ratio
derived from the raw integrated density value of Tmod/phalloidin was
generated for each area, and the mean ratio values were used to generate
graphs.

Spine analysis. The 3-D images of spines were rendered from confocal
z-stacks using ImageJ. For spine analysis, filopodia were defined as thin
protrusions without a distinguishable head, and spines were defined as
protrusions with a length of �4 �m and an expanded, distinguishable
head. Spine and filopodia numbers were counted manually to calculate
the density (number per 100 �m length of the parent dendrite). Spine head
width was measured as the spine diameter (the longest possible axis), and
neck length was measured from the proximal edge of the spine head to the
edge of the dendrite. For spines with no discernible necks, a minimum value
of 0.2 �m was used. To quantify synaptic density, the cluster number of SV2
and PSD-95 signals per unit neurite length were counted using ImageJ.

Western blotting
For developmental immunoblots, hippocampal cultures at DIV4, DIV7,
DIV14, and DIV21 were homogenized in lysis buffer containing 20 mM

Tris HCl, pH8, 137 mM NaCl, 10% glycerol, 1% TX-100, and 2 mM

EDTA, supplemented with 1 mM phenylmethylsulfonyl fluoride and a
protein inhibitor cocktail (catalog #P2850, Sigma-Aldrich). Hippocampi
were collected from the brains of three independent littermates at E18,
postnatal day 8 (P8), P14, and P21, and adult Sprague Dawley rats of both
sexes. Hippocampi were snap frozen in liquid nitrogen before homoge-
nization in lysis buffer. Lysates were denatured in 1� Laemmli sample
buffer and boiled for 3 min. Fifteen micrograms of protein, as deter-
mined by Bradford assay, was loaded and fractioned by SDS-PAGE in a
12% Tris-glycine acrylamide gels (Invitrogen), and subsequently was
transferred to nitrocellulose membrane. Membranes were treated with

5% milk in PBS containing 0.05% Triton X-100 and then incubated with
primary antibody overnight at 4°C, as follows: anti-Tmod1 (affinity-
purified custom rabbit polyclonal; Fowler et al., 1993); anti-Tmod2 (cat-
alog #ab67407, Abcam; and custom-made Tmod2 antiserum (Fath et al.,
2011). Bound antibodies were detected by HRP-conjugated secondary
antibody (Jackson ImmunoResearch) and visualized by chemilumines-
cence using Pierce ECL (Thermo Fisher Scientific). Gels were quantified
using the gel analysis function of ImageJ software (National Institutes of
Health).

Live cell extraction
Hippocampal neurons were extracted for 1 min at room temperature in
cytoskeleton buffer (10 mM MES, pH 6.1, 90 mM KCl, 2 mM EGTA, 3 mM

MgCl2, 0.16 M sucrose containing 0.025% saponin, 0.1 mM ATP, and 1
�M unlabeled phalloidin). Neurons were immediately fixed in 4% PFA in
PBS and stained with phalloidin and Tmod1 or Tmod2 according to the
protocol detailed above. Identical fluorescent labeling conditions and
acquisition parameters were used in extracted and nonextracted neu-
rons. To quantify the relative level of Tmod in dendrites and spines of
extracted and nonextracted neurons, images of Tmod were merged with
phalloidin-labeled F-actin to identify dendritic spines and corresponding
dendrites. The fluorescence intensity of Tmod in spines within a den-
dritic region of �100 �m was averaged and compared with the mean
fluorescence intensity of the Tmod along the entire length of the corre-
sponding dendritic region. Thirty cells were examined from at least three
independent batches of culture.

Fluorescence recovery after photobleaching
The FRAP assay was performed on a Nikon A1R laser-scanning confocal
microscope platform. The platform was equipped with the PFS, multiple
laser sources with acousto-optical tunable filter control, motorized x–y
stage, a modular incubation chamber with temperature and CO2 control,
and a full line of photomultiplier tube detectors. Neurons grown on
coverslips were mounted in a custom live-cell chamber. A 60� PlanApo
N TIRF oil-immersion objective (1.49 NA) was used for all image acqui-
sitions. Time-lapse images were acquired through four stages. For stage
1, six consecutive control images were acquired with a 2 s interval be-
tween frames. For stage 2, a single spine head within a preselected ROI
was photobleached with 100% power of the 488 nm laser line from a 40
mW argon laser for 500 ms with the pixel dwell set at 3.9 �s. For stage 3,
immediately after photobleaching, a 5 s imaging sequence was acquired
with no delay between frames, yielding 19 frames in total. For stage 4, a 5
min imaging sequence was taken with a 2 s interval between frames,
generating 151 frames in total. The following imaging settings were used
for stages 1, 3, and 4: 2% 488 nm laser power, 1.2 �s pixel dwell, and 0.07
�m/pixel resolution.

Experimental design and statistical analysis
All data from this study were collected from at least three replicates of
independently prepared samples. Parametric data were statistically ana-
lyzed using a one- or two-tailed unpaired Student’s t test or a two-way
repeated-measures ANOVA with a Sidak’s multiple-comparison post hoc
test. A Kruskal–Wallis one-way ANOVA with a Dunn’s multiple-
comparison test was used to analyze nonparametric data. GraphPad
Prism (version 7, GraphPad Software) and Excel (Microsoft) were used
for statistical analysis. Detailed statistical results, including p values, are
provided in the corresponding figure legends. Unless otherwise specified,
data are presented as the mean � SEM, with in-text values stated. Aster-
isks indicate a p value �0.05, and nonsignificant is denoted by “n.s.”

Results
Expression of Tmod1 and Tmod2 in hippocampal neurons
Previous studies suggest that the expression of Tmod1 (Sussman
et al., 1994) and Tmod2 (Watakabe et al., 1996) in rat brains
increases during development. To better assess the expression
profile of Tmods in the hippocampus, we performed immuno-
blotting of rat hippocampal lysates from E18, P8, P12, P23, and
adult rat brains, which approximately correspond to the stages
before, during, and after synapse formation (Markus and Petit,
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1987; Harris et al., 1992; Fiala et al., 1998). We found that both
Tmod1 and Tmod2 are expressed in rat hippocampus, but with
different profiles (Fig. 1A). Tmod1 is undetectable at E18, but its
expression starts to become apparent at approximately P8. Sub-
stantial Tmod1 expression is detected at approximately P12 and
continues to increase steadily until adulthood. By contrast,
Tmod2 is highly expressed at E18 and its level further increases at
P8 and then remains relatively steady until adulthood. Since the
formation of spine synapses commences near the end of the sec-
ond postnatal week (P14; Markus and Petit, 1987; Harris et al.,
1992; Fiala et al., 1998), the expression profile of Tmod1 suggests
that it may play a role in spine development and synapse forma-
tion. The early onset of Tmod2 expression, on the other hand,
suggests that it may be involved in the early stages of neuronal
development, such as dendritic development.

We next examined the expression of both Tmod isoforms in
primary rat hippocampal neurons at specific DIV (Fig. 1B). Pri-

mary hippocampal neurons exhibit defined stages of postsynap-
tic development, thereby allowing us to align Tmod protein
expression with dendrite development and synapse formation.
Hippocampal neurons in culture develop axon– dendrite polarity
at approximately DIV5, with substantial growth and arborization
of dendrites occurring until DIV14 (Dotti et al., 1988). From
DIV14 to DIV18, relatively stable dendritic arbors undergo small
but continuous growth until maturation. In parallel with den-
drite development, synapse formation in cultured hippocampal
neurons initiates on dendritic arbors at approximately DIV7 to
DIV9 and peaks at approximately DIV11 to DIV14. The forma-
tion of mature dendritic spines and synapses is observed mostly
from approximately DIV18 onward (Ziv and Smith, 1996; Fried-
man et al., 2000; Grabrucker et al., 2009). Consistent with immu-
noblots from hippocampal tissue, Tmod2 is expressed very early
in cultured hippocampal neurons (DIV4), and its protein level
remains relatively steady before, during, and after the processes of

Figure 1. Expression of Tmod1 and Tmod2. A, B, Representative Western blots of Tmod1 and Tmod2 in rat hippocampal tissue (A) and primary hippocampal neurons (B) depict the changes in
Tmod expression over time. All bands in gel are cropped for clarity. Quantification from three separate replicates is shown in the corresponding line graphs (N�3 for each time point). The mean value
for each time point was normalized to the corresponding tubulin loading control (�Tub), and then to the “Adult” (A) or “DIV21” (B) value. C, Immunostaining of endogenous Tmod1 and Tmod2
(green), together MAP2 (magenta) in DIV21 cultured hippocampal neurons. Arrows indicate axons. Scale bar, 30 �m.
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synapse formation and dendrite development (Fig. 1B). In con-
trast, Tmod1 expression remains low before DIV14, but is sub-
stantially elevated at DIV21. Together, these immunoblot data
demonstrate that Tmod1 and Tmod2 exhibit different temporal
profiles during hippocampal development, suggesting that
Tmod1 and Tmod2 may regulate distinct processes of postsyn-
aptic development.

We next performed immunofluorescence staining to examine
the expression and subcellular distribution of Tmod proteins in
cultured primary hippocampal neurons. Since we detected little
Tmod3 signaling in hippocampal neurons using a previously ver-
ified Tmod3-specific antibody (Fischer et al., 2003), we focused
on Tmod1 and Tmod2. We found that both Tmod1 and Tmod2
are abundantly expressed in the somatodendritic compartment
of DIV21 neurons, as evidenced by their colocalization with
dendrite-enriched microtubule-associated protein 2 (MAP2; Fig.
1C). Tmod signals are also detected in neuronal processes lacking
MAP2, suggesting that Tmod is also present in in axons (Fig. 1C,
arrows). Tmod1 signals were also observed in the nucleus, as
reported previously (Kong and Kedes, 2004). Together with the
developmental expression profile, these immunofluorescence
data support the notion that Tmod1 and Tmod2 are present in
the dendritic compartment and may function in postsynaptic
development.

It is important to note that the specificity of the custom
Tmod1 antibody used in this study (Fowler et al., 1993) has been
extensively verified using immunofluorescence staining and im-
munoblotting of tissues from a Tmod1 knock-out mouse (Fi-
scher et al., 2003; Nowak et al., 2009; Gokhin et al., 2010; Moyer et
al., 2010). For Tmod2, we mostly used a commercial antibody
(Commercial AB/�Tmod2-COM), which generates a near-
identical immunoblot expression profile as a custom-made
Tmod2 antibody from the laboratory of V.M.F. (Custom AB/
�Tmod2-C.M.; Fig. 2A). This custom Tmod2-specific antibody
was previously verified using an immunoblot of tissues from a
Tmod2 knock-out mouse (Cox et al., 2003), as well as purified
Tmod1-4 proteins (Fath et al., 2011). Furthermore, we show that
knocking down endogenous Tmod1 or Tmod2 did not affect the
endogenous level of Tmod2 or Tmod1, respectively, in Cath.A-
differentiated (CAD) neuroblastoma cells by immunoblotting
(Fig. 2B,C) or in hippocampal neurons by immunofluorescence
(Fig. 2D,E). The knockdown efficiency of these short hairpin
RNAs (shRNAs) on endogenous Tmod1 and Tmod2 is �50%, as
assessed by immunoblotting or immunofluorescence (Fig. 2B–
E). It is interesting to note that the nuclear Tmod1 signal was not
changed after knockdown (Fig. 2D), suggesting that nuclear
Tmod1 may be much more stable than the cytosolic fraction or
may represent additional components in the nucleus (Nowak et
al., 2009). Unlike previous studies (Cox et al., 2003; Fath et al.,
2011), we did not observe compensatory changes in the endoge-
nous level of Tmod1 or Tmod2 when either Tmod isoform was
targeted by shRNA in culture (Fig. 2B–E). Therefore, the
shTmod1 and shTmod2 hairpins we developed are specific and
robust in knocking down endogenous Tmod1 or Tmod2 in pri-
mary hippocampal neurons. These results also demonstrate that
the Tmod1 and Tmod2 antibodies used in this study are specific
for the intended isoforms. We therefore believe that the expres-
sion profiles detected by immunoblotting and immunofluores-
cence represent the true, endogenous expression patterns of
Tmod1 and Tmod2 in neuronal tissues.

Tmod1 and Tmod2 in dendrite development
Both Tmod1 and Tmod2 are present in the dendritic shaft of
DIV21 hippocampal neurons in culture, but Tmod2 appears to
be more concentrated along the plasma membrane of some den-
dritic segments (Fig. 3A), suggesting that it may be associated
with the cortical actin cytoskeleton. When examined by super
resolution STED microscopy, the localization of Tmod2 to the
subcortical region is apparent (Fig. 3B). To investigate the roles of
Tmod1 and Tmod2 in dendrite development, we performed loss-
of-function analysis in hippocampal cultures during dendrite de-
velopment using the specific shRNAs described above. In culture,
hippocampal neurons establish axon– dendrite polarity at ap-
proximately DIV5, with substantial growth and arborization of
dendrites until approximately DIV14 (Dotti et al., 1988). We
therefore transfected hippocampal neurons with shTmod1 or
shTmod2 on DIV10 and examined them on DIV21. Control neu-
rons expressing shLucif displayed complex dendritic arbors that
possessed many secondary and tertiary branches (Fig. 3C). By
contrast, neurons expressing shTmod2 exhibited a large reduc-
tion in both the length (54 � 23.7%) and branch number (55 �
24.9%) of the dendritic arbor (Fig. 3C,D). Sholl analysis (Sholl,
1953) further depicts the marked reduction in dendritic arboriza-
tion in neurons expressing shTmod2 (Fig. 3E). Intriguingly, hip-
pocampal neurons expressing shTmod1 appeared to be normal,
exhibiting no significant change in their dendritic branches,
compared with the control cells. These results indicate that
Tmod2, but not Tmod1, plays an important role in dendrite
growth and arborization during development.

Tmod1 and Tmod2 in dendritic spines
Both Tmod1 and Tmod2 are present in the dendritic compart-
ments of DIV21 hippocampal neurons, including postsynaptic
dendritic spines (Fig. 4A). Here, dendritic spines are highlighted
with a low concentration of fluorescent phalloidin (Gu et al.,
2008), a phallotoxin that binds F-actin with high affinity, as well
as PSD-95, a key postsynaptic component of excitatory synapses.
When comparing the fluorescence intensity of Tmod1 and
Tmod2 in dendritic spines and the corresponding shaft region
(spine/shaft ratio), we find that Tmods are slightly enriched in
dendritic spines, with mean � SD spine/shaft ratios of 132.24 �
16.68% and 119.59 � 5.96%, respectively, for Tmod1 and
Tmod2. These results suggest that Tmod1 and Tmod2 are slightly
enriched in postsynaptic spines.

To test whether Tmod1 and Tmod2 in spines are diffusible
and/or associated with F-actin, we performed live-cell extraction
using the mild detergent saponin (Lee et al., 2013; Lei et al., 2017).
Brief exposure of live neurons to saponin is known to remove
freely diffusible cytosolic molecules without affecting relatively
stable structures such as the cytoskeleton and cytoskeleton-
associated proteins (Lee et al., 2013; Lei et al., 2017). To estimate
the cytoskeleton-associated fraction of Tmod in distinct postsyn-
aptic regions, we used identical fluorescent labeling conditions
and acquisition parameters for extracted versus nonextracted
neurons and compared the fluorescence intensities of Tmod in
specific regions. Live cell extraction largely reduced the signal of
Tmod1 and Tmod2 in the dendritic shaft, but not in dendritic
spines (Fig. 4B). Quantification of Tmod immunoreactivity in
the dendritic shaft demonstrates that the mean � SD fluores-
cence intensity of Tmod in extracted cells is 64.40 � 26.12% (n �
180) and 67.20 � 6.00% (n � 173) of that of nonextracted cells
for Tmod1 and Tmod2, respectively (Fig. 4C). On the other hand,
the levels of endogenous Tmod1 and Tmod2 detected in den-
dritic spines of extracted neurons are 98.24 � 24.27% (n � 196),
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and 96.97 � 29.86% (n � 233) of that of nonextracted cells,
respectively (Fig. 4D). These data indicate that the majority of
Tmod molecules in spines are associated with stable structures
such as F-actin and/or the PSD.

It is of great interest to note that the Tmod signals in dendritic
spines do not appear to completely overlap with phalloidin-
labeled F-actin (Fig. 4A). Rather, Tmod1 and Tmod2 appear to
be restricted to the spine neck and center of the spine head. To

obtain a more detailed analysis of the spatial organization of
Tmod in dendritic spines, we turned to SIM, which uses overlap-
ping moiré patters to give a resolution of �115 nm (Gustafsson,
2000). SIM images revealed that Tmod1 and Tmod2 are largely
absent from the distal-most and lateral sides of the spine, instead
localizing to the center-most region of the spine head and the
spine neck (Fig. 5A). To quantify the apparent subspine localiza-
tion of Tmod1 and Tmod2, dendritic spines were separated into

Figure 2. Antibody specificity and shRNA knockdown of endogenous Tmods. A, Representative immunoblot depicting levels of endogenous Tmod2 expression in primary hippocampal neurons,
as detected using �Tmod2-C.M., which has been previously verified for specificity (Fowler et al., 1993), and �Tmod2-COM, which was used throughout this study. The corresponding line graph from
the immunoblots is shown below. The value for each time point was normalized to the corresponding tubulin loading control (�Tub), and then to the DIV21 value. B, C, Representative immunoblot
images reveal robust and specific reduction of Tmod1 and Tmod2 protein levels in CAD neuroblastoma cells expressing knock-down constructs (48 h). Black vertical bar in Tmod1 blot (left) delineates
the boundary between two nonadjacent lanes from the same gel (processed identically). All bands in gel are cropped for clarity. Bar graphs depict mean Tmod1 (B) and Tmod2 (C) knockdown levels
in CAD cells from three independent replicates. Data are normalized to Tmod protein levels in shLucif-expressing cells. Statistical analysis was performed using an unpaired Student’s t test. Error bars
represent the SEM. *Statistical difference from the control. For immunoblotting (IB): Tmod1: t(df) � 2.44(6), p shTmod1 � 2.5E-3, p shTmod1-B � 1.6E-4; Tmod2: t(df) � 2.78(4), p shTmod2 � 6.8E-3,
p shTmod2-B � 0.023. D, E, Immunostaining of endogenous Tmod1 (D) and Tmod2 (E) by custom and commercial antibodies in DIV21 cultured hippocampal neurons expressing shLucif, shTmod1, or
shTmod2. Neurons were transfected at DIV13 and imaged at DIV21. Statistical analysis was performed using an unpaired Student’s t test comparing the mean Tmod1 or Tmod2 fluorescence intensity
to that of neighboring nontransfected cells (control) in the same field of view. Error bars represent SEM. Tmod1 fluorescence: t(df) � 2.00(59), p shTmod1 � 3.36E-15; Tmod2 fluorescence: t(df) �
2.02(38), p shTmod2 � C.M. � 2.03E-16, t(df) � 1.97(66), p shTmod2 � COM � 1.64E-24. Arrows depict transfected neurons. S&D, somatodendritic; �COM, �Tmod2-COM; �C.M., �Tmod2-C.M. Scale
bar, 35 �m.
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Figure 3. Regulation of dendrite development by Tmod. A, Representative confocal immunofluorescence images of dendritic regions in neurons stained for Tmod1 or Tmod2 and MAP2. Scale bar,
4.5 �m. Right, Representative line profiles from regions in corresponding images (dashed line). B, Representative STED images of dendrites from DIV21 hippocampal neurons costained with Tmod1
and Tmod2. Scale bar: top, 5 �m; bottom, 1 �m. C, Representative confocal images of DIV21 neurons expressing shLucif, shTmod1, or shTmod2. Images were inverted in grayscale for presentation.
D, Bar graph shows changes in total dendritic length and branch number, as labeled. For each condition, values are normalized to shLucif. Error bars represent SEM. *Statistical significance using an
unpaired, Student’s t test. ShTmod2: t(df) � 2.22(10), p total length � 9.43E-4, t(df) � 2.26(9), p branch number � 5.0E-4. E, Line graph depicts the results of Sholl analysis from control, shTmod1-
expressing, and shTmod2-expressing neurons. Statistical analysis was performed using a two-way ANOVA with a Dunn’s multiple-comparison test to determine statistical differences. *Statistical
significance compared with shLucif. Tmod2: F(DFn, DFd) � F(2,105) � 137.2, p 20 –130 �m � 0.0002, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0001, 0.0026, and 0.407. Error
bars represent the SEM.
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the following three compartments: the spine neck, the distal-
most part of the spine head (area 1), and proximal-most part of
the spine head (area 2; closest to spine neck). For each region
(area 1, area 2, or spine neck) the raw integrated density value was
measured for both the F-actin channel and the Tmod channel

and a subsequent Tmod/F-actin ratio was generated (Fig. 5B).
Quantitative analysis using SIM images reveals that Tmod1 and
Tmod2 are indeed enriched in the spine neck and lower part of
the spine head (area 2). STED microscopy, which provides an
optimal lateral resolution of �30 –50 nm (Meyer et al., 2008), was

Figure 4. Tmods in dendritic spines of hippocampal neurons in culture. A, Immunostaining of endogenous Tmod1 and Tmod2 (green), together with phalloidin-labeled dendritic spines and
PSD-95 (magenta). Scale bar, 5 �m. B, Representative immunofluorescence images of Tmod1 and Tmod2 in select dendritic regions of extracted and nonextracted hippocampal neurons. Scale bar,
2.5 �m. C, Bar graph depicts the mean fluorescence intensity of Tmod1 and Tmod2 in the dendritic shaft of nonextracted (control) and extracted neurons. The fluorescence intensity values of Tmod1
and Tmod2 in the shaft are normalized to the mean corresponding value in the spine. An unpaired Student’s t test was used to compare the nonextracted vs extracted mean intensity values for Tmod1
and Tmod2. *Statistical difference from the control. For shaft fluorescence: t(df) � 2.44(6), p Tmod1 -ext. � 0.08, t(df) � 2.575(5), p Tmod2-ext. � 0.06. Error bars represent the SEM. D, Bar graphs
depict the mean fluorescence intensity of Tmod1 and Tmod2 in dendritic spines of nonextracted (control) and extracted neurons. Extracted values are normalized to the nonextracted values of Tmod1
and Tmod2, respectively. Nspines � 196 and 233, for Tmod1 and Tmod2, respectively. Nshaft � 180 and 173, for Tmod1 and Tmod2, respectively.
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used to further confirm the subspine localization of Tmod1 and
Tmod2 (Fig. 5C). Interestingly, while both Tmod1 and Tmod2
are present in the same spine, they do not significantly overlap, as
revealed by STED super-resolution microscopy (Fig. 5D), sug-
gesting that these two Tmod isoforms may have distinct func-
tions in dendritic spines.

Previous studies have shown that dendritic spines contain dif-
ferent pools of F-actin, namely a dynamic and a stable pool (Star
et al., 2002; Honkura et al., 2008; Frost et al., 2010). Importantly,
the dynamic pool of F-actin appears to be at the distal tip and
lateral edges of the dendritic spine head, and the stable pool of
F-actin is located at the base of the spine head (Honkura et al.,
2008). We therefore hypothesized that the localization of Tmod
in the neck and base of the spine head, a region enriched in stable
F-actin, may be a mechanism used to regulate the stability of
F-actin in dendritic spines. To test this hypothesis, we used FRAP
to study the turnover of the actin cytoskeleton in dendritic spines
from neurons depleted of Tmod1 and Tmod2 (Fig. 6). In control
cells expressing shLucif, EGFP-actin fluorescence after photo-
bleaching reached 50% of prebleaching levels in �9 s, consistent
with our previous findings (Lei et al., 2017). In contrast, EGFP–
actin signals in spines of shTmod1- and shTmod2-expressing
neurons recovered significantly quicker, achieving 50% recovery
in �7 and � 6 s, for Tmod1 and Tmod2, respectively (Fig. 6B,C).
Furthermore, the plateau of EGFP-actin recovery at 300 s was
�87% in control cells, indicating that the proportion of the stable
F-actin that had not yet recovered was �13%. By contrast, the
plateau values for shTmod1- and shTmod2-expressing cells are
�92% and �97% by 300 s, respectively, suggesting that the pro-
portion of the stable F-actin pool was significantly decreased after
knockdown of either Tmod isoform. These results thus support
the notion that Tmod molecules play a role in stabilizing the
F-actin structures in dendritic spines.

Tmod1 is required for spine development and
synapse formation
In culture, hippocampal neurons undergo extensive dendritic
growth and branching from approximately DIV8 to DIV14
(Dotti et al., 1988). From DIV14 to DIV18, relatively stable den-
dritic arbors undergo small but continuous growth until matu-
ration. Robust formation of spine synapses initiates on dendritic
arbors at approximately DIV7 to DIV9, peaks at approximately
DIV11 to DIV14, and is largely complete by the end of 3 weeks
(Ziv and Smith, 1996; Friedman et al., 2000; Grabrucker et al.,
2009). To examine the role of Tmod in spine development and
synapse formation without secondary effects due to dendritic
retraction, we introduced shTmod1 and shTmod2 into hip-
pocampal neurons at DIV13 and examined the spines and syn-
apses on DIV21. Since �48 h is needed for the expression of short
hairpins and effective knockdown of endogenous Tmod proteins,
the experimental setup allows us focus on the effects of Tmod
loss on spine and synapse development with minimal effects
on dendritic development. In control DIV21 neurons expressing
shLucif, most dendritic protrusions are characterized as
mushroom-shaped spines with a distinct head and neck (Fig. 7A).
By contrast, the knockdown of Tmod1 caused a substantial re-
duction in the density of mushroom-shaped spines and a large
increase in filopodia-like protrusions, while Tmod2 knockdown
slightly increased the spine density (Fig. 7A,B). Furthermore, we
find that the average width of the spine head in shTmod1-
expressing neurons was significantly reduced when compared
with the shLucif- and shTmod2-expressing neurons (Fig. 7C).
No change in spine neck length was observed in shTmod1- or
shTmod2-expressing neurons (Fig. 7D).

The observed reduction in the spine density by Tmod1 knock-
down suggests that synapse formation might likewise be im-
paired. We tested this by examining the density of the presynaptic

Figure 5. Subspine localization of Tmod1 and Tmod2. A, 3D-SIM images of Tmod1/Tmod2 and F-actin in dendritic spines demonstrate the subspine localization of Tmods to the neck and base of
the spine head. B, Bar graphs represent mean raw integrated density Tmod/F-actin ratios in the proximal and distal region of the spine head as well as the spine neck. C, STED image showing the
distribution of Tmod1 or Tmod2 (green) and F-actin (magenta) in spines. D, STED image showing the distributions of Tmod1 (green) and Tmod2 (magenta) in the same dendritic protrusion. Scale
bars: top, 0.5 �m; bottom, 1 �m.
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marker SV2 and postsynaptic marker PSD-95. We found that a
majority of dendritic spines in control neurons were apposed by
SV2 puncta and contained PSD-95 signal. In contrast, neurons
expressing shTmod1 showed a significant reduction in the num-
ber of SV2-paired or PSD95-containing spines (Fig. 8A,B). We
found that the knockdown of Tmod2 slightly increased the SV2
puncta density, which is consistent with the spine density data
(Fig. 7). We next examined the miniature EPSCs (mEPSCs) by
whole-cell patch-clamp recordings. Tmod1 knockdown consis-
tently resulted in a reduction in the frequency and amplitude of
mEPSCs (Fig. 8C), supporting the conclusion that synapse for-
mation is impaired by Tmod1 knockdown. Interestingly, Tmod2
knockdown did not affect the amplitude, but increased the fre-
quency of mEPSCs (Fig. 8C), which is consistent with the ob-
served increase in spine/synapse number. Together, these results

indicate that Tmod1, not Tmod2, is required for spine develop-
ment and synapse formation.

Discussion
Tropomodulin molecules are best known for controlling the
length and stability of actin filaments in the sarcomere of striated
muscle and the membrane skeleton of diverse cell types (Ya-
mashiro et al., 2012). To date, fundamental knowledge about the
endogenous distribution and role of Tmods during dendrite de-
velopment and synapse formation remains largely unknown. In
this study, we performed a series of experiments to examine the
expression profile, subcellular distribution, and function of en-
dogenous Tmod1 and Tmod2 in hippocampal neurons. Our re-
sults show that Tmod1 and Tmod2 have isoform-specific roles in
postsynaptic development. Tmod1 is critical for dendritic spine

Figure 6. FRAP analysis of spine actin turnover in Tmod1 or Tmod2 knock-down (KD) neurons. A, Representative image sequences showing the fluorescence recovery of EGFP-actin after
single-spine photobleaching in neurons expressing shLucif, shTmod1, or shTmod2. Scale bar, 1 �m. B, FRAP curves for control or shTmod-expressing neurons. The fluorescent signals in spines are
normalized to the prebleaching mean and corrected for acquisition-based bleaching using the signals from the adjacent shaft regions. N � 15, 24, and 20 for shLucif, shTmod1, or shTmod2 groups,
respectively. Error bars represent the SD. *Statistical difference from the control (shLucif). Unpaired Student’s t test was performed selectively, and only the statistical results on data at 100, 200, and
300 s are shown here. For shTmod1: t(df) � 2.03(37), p � 3.85E-09, 9.73E-11, and 6.79E-07; shTmod2: t(df) � 2.03(33), p � 5.34E-14, 1.66E-13, and 3.90E-10. C, Quantification table showing
the EGFP-actin recovery time for 50% prebleaching levels, 50% plateau levels, 90% and 99% plateau levels, and the final recovery percentages in dendritic spines. Results are shown as the mean �
SEM.
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development and synapse formation, whereas Tmod2 regulates
dendrite growth and arborization. The distinct roles for Tmod1
and Tmod2 in spine and dendrite development are consistent
with their distinct expression profiles. Collectively, our data pro-
pose a model whereby isoform-specific regulation of F-actin sta-
bility by Tropomodulin molecules regulates dendritic arbor

development, spine head expansion, and synapse formation and
transmission.

Our results show that Tmod2, but not Tmod1, plays a role in
dendrite branching during development, which is consistent with
its early onset of expression. Mechanistically, Tmod2 may regu-
late F-actin in motile actin-based dendritic growth cones, which

Figure 7. Knockdown of Tmod1 and Tmod2 on spine formation. A, Representative images of selected dendritic regions from control (shLucif) and shTmod-expressing cells showing reduced spine
density in shTmod1-expressing neurons. Left panels are 2-D images from confocal stacks using maximum intensity projection. The regions enclosed by the red rectangles are 3-D rendered and shown
on the right. Scale bars, 5 �m. B, Quantification of the densities of total protrusions (T-protrusion), spines, and filopodia. Error bars represent the SD. An unpaired Student’s t test was used to compare
different Tmod knock-down groups to the control group (shLucif). *Statistical difference from the control. For shTmod1: t(df) � 1.986(93, p Spine � 1.72E-15, p Filopodia � 6.26E-22; shTmod2:
t(df) � 1.984(98), p T-protrusion � 0.051, p Spine � 0.007. C, D, Box-and-whisker plots show changes in spine head width (C) and spine neck length (D) in Tmod knock-down and control neurons. The
box represents the 25th and 75th percentiles, with the median and mean shown as a line and a single x, respectively. The error bars represent the maximum and the minimum values in the
distribution. Statistical analysis was done using an unpaired Student’s t test. Spine head width: t(df) � 2.07(24), p Tmod1 � 3.09E-11.
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enables dendrite extension as well as the formation of collateral
dendritic branches (Ulfhake and Cullheim, 1988; Fiala et al.,
1998; Niell et al., 2004). Tmod1 and Tmod2 are expressed in
axonal growth cones of young primary hippocampal neurons
(Fath et al., 2011), and they regulate neurite formation in PC12

and N2A cells (Gray et al., 2017). Alternatively, Tmod2 may func-
tion to support and/or maintain the cytoskeletal structures un-
derlying dendritic arbors. The cortical distribution of Tmod2
suggests that Tmod2 may be associated with the membrane-
associated periodic skeleton (MPS) in dendrites (Zhong et al.,

Figure 8. Tmod1 loss impairs synapse formation. A, shLucif and shTmod1 or shTmod2 neurons were stained for PSD-95 (left) and SV2 (right). Scale bar, 5 �m. B, Bar graphs depict changes in the
density of PSD-95 and SV2 in knock-down and control groups (shLucif). Statistical analysis was performed using an unpaired Student’s t test. *Statistical difference from the control. For PSD95:
t(df) � 2.01(47), p shTmod1 � 4.31E-09; SV2: t(df) � 2.01(45), p shTmod1 � 2.53E-08, 2.02(44), p shTmod2 � 0.001. C, mEPSCs in DIV21 hippocampal neurons transfected with shLucif, shTmod1, and
shTmod2. Each group contains at least five cells from two to three batches of cell culture. Sample traces are shown in the top portion and the bar graphs depict the average mEPSC amplitude and
frequency. *Statistical difference from the shLucif group using unpaired Student’s t test. For mEPSC amplitude: t(df) � 2.18(12), p shTmod1 � 0.04, p shTmod2 � 0.89; mEPSC frequency: t(df) �
2.18(12), p shTmod1 � 0.04, p shTmod2 � 0.02.
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2014; D’Este et al., 2015, 2016; Han et al., 2017). The dendritic
MPS bears striking molecular similarity to the spectrin-actin
“membrane skeleton” found in diverse metazoan cells, of which
Tmod plays a crucial role. It is therefore plausible that Tmod2
may function in capping the pointed ends of short actin filaments
in periodic F-actin rings that wrap around the circumference of
the dendrite (Fig. 9). Clearly, future studies are needed to test this
hypothesis. In addition to the MPS, Tmod2 may associate with
the longitudinal F-actin cytoskeleton underneath the dendritic
shaft membrane (lateral cytoskeleton). Though the contribution
of the MPS and the lateral cytoskeleton to dendrite development
is not known, Tmod2 may regulate dendrite development by
stabilizing F-actin filaments in cortical F-actin structures during
neuronal development. Although a fraction of Tmod1 is detected
in the dendritic shaft, its late onset of expression may preclude its
involvement in dendritic arborization. Further experiments are
required to better elucidate the functions of Tmod2, and poten-
tially Tmod1, in dendrite development and maintenance.

A significant observation of this study is the subspine localiza-
tion of Tmod1 and Tmod2 (Fig. 5). Tropomodulin molecules are
best known for capping the pointed ends of filament and inhib-
iting depolymerization, thereby stabilizing actin filaments. Pre-
vious studies have shown that the peripheral region of spine
heads contain branched F-actin structures that undergo dynamic
turnover (Fifková and Delay, 1982; Landis and Reese, 1983;
Korobova and Svitkina, 2010). By contrast, the core of the spine
head and spine neck contain relatively stable F-actin. The exis-
tence of two distinct kinetic pools of F-actin may allow the spine
to maintain a stable core for structural integrity, while simulta-
neously undergoing polymerization-driven structural rearrange-
ments that underlie synapse development and plasticity. The
localization of Tmod1 and Tmod2 to a subspine region charac-

terized by stable filaments, as well as our FRAP data indicating
that Tmod depletion increases F-actin dynamics, suggests that
Tmod regulates the stable pool of the spine F-actin, likely by
capping of the pointed end (Fig. 9). In addition, Tmod may pro-
mote F-actin stability in spines by capping pointed ends in the
actin-�II/III spectrin membrane lattice, which is present in the
base and neck dendritic spines (Sidenstein et al., 2016). Intrigu-
ingly, this detergent-resistant (Efimova et al., 2017) membrane
lattice is discontinued at synaptic sites, entering the spine head
but not reaching the PSD (Sidenstein et al., 2016). Consistently,
we find that Tmod distribution in spines is (1) enriched in the
neck and base of the spine head (2) exhibits a nonoverlapping
distribution with the PSD, and (3) is overwhelmingly resistant to
detergent extraction. Therefore, it is plausible that Tmod pro-
teins could be a component of the subcortical lattice in dendritic
spines that is required for maintaining dendritic spine shape as
well as the formation of a constricted spine neck (Efimova et al.,
2017).

The formation of dendritic spines and mature excitatory syn-
apses is accompanied by a significant increase in the size of the
stable pool of F-actin in dendritic spines (Koskinen et al., 2014),
which is consistent with the conversion of highly motile filopodia
into stable mushroom-shaped structures (Dailey and Smith,
1996; Ziv and Smith, 1996). Dynamic rearrangements of the un-
derlying F-actin cytoskeleton from linear bundles into a highly
branched network accounts for the structural changes underlying
spine morphogenesis (Marrs et al., 2001; Hotulainen et al., 2009;
Korobova and Svitkina, 2010). We find that depletion of Tmod1
during synaptogenesis reduces spine density in mature neurons,
consistent with previous studies showing that the overexpression
of GFP-Tmod1 promotes dendritic protrusions (Gray et al.,
2016). Our expression profile and loss-of-function analyses sug-

Figure 9. Schematic representation of proposed Tmod1 and Tmod2 function in the postsynaptic compartment. Based on both our experimental data and ultrastructural and kinetic studies from
other investigators, we propose that a fraction of actin filaments in the spine head is oriented with the barbed ends of the filaments toward the membrane and the pointed ends toward the spine
center, or core. Tmod molecules are enriched in the spine neck and “core” of the spine head, where they cap the pointed ends of actin filaments. By contrast, Tmod molecules are rarely detected in
the peripheral region of the spine head, which is characterized by newly nucleated filaments whose pointed ends are associated with the Arp2/3 complex, leading to a high number of branched
filaments. �II/�III spectrin tetramers, together with short actin filaments, form an MPS in dendrites, the spine neck, and the base of the spine head. Like �II/�III-spectrin, Tmod immunofluores-
cence is detected in the spine head, but does not overlap with the PSD. The presence of Tmod in this subspine region is highly indicative of TM expression, though which TM isoform coats actin
filaments in the stable core is unknown. In dendrites, short actin filaments capped by adducin at the barbed end and by Tmod2 at the pointed end, may be organized into evenly spaced rings near
the plasma membrane that are connected by longitudinally oriented spectrin tetramers. Although our immunofluorescence data show that Tmod1 and Tmod2 have a largely nonoverlapping
distribution in dendritic spines and along dendritic shafts, both Tmod1 and Tmod2 are presented here as “Tmod” for the sake of clarity and simplicity.
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gest that Tmod1 is required for the morphological remodeling
underlying the filopodia-to-spine transition. We propose that the
capping of filament pointed ends by Tmod1, together with the
concerted efforts of other actin regulatory proteins, leads to fila-
ment stabilization and/or net polymerization, creating a stable
F-actin core in the spine neck and core. It is likely that this
stable cytoskeletal structure serves as a platform for Arp2/3-
mediated expansion (Hotulainen et al., 2009), consistent with
the observed reduction in spine head diameter in shTmod1-
expressing neurons.

It is puzzling to see that Tmod2, which is present in spines and
expressed during synaptogenesis, does not appear to be required
for spine development and synapse formation. Instead, Tmod2
knockdown slightly increased spine/synapse number and
mEPSCs. These results are consistent with previous studies show-
ing that (1) Tmod2 knockout resulted in enhanced LTP (Cox et
al., 2003) and (2) Tmod2 expression is upregulated in LTD to
allow spine shrinkage (Hu et al., 2014). While the overexpression
of Tmod2 was found to increase spine density (Hu et al., 2014), it
remains to be seen whether the effect reflects a physiological role
of Tmod2. It should be noted that unlike the Tmod2 knock-out
study (Cox et al., 2003), Tmod2 knockdown in this study did not
cause noticeable changes in Tmod1 expression (Fig. 2B,D). This
is likely due to the short knock-down period (8 –11 d) in cultured
hippocampal neurons, relative to the in vivo period. Other fac-
tors, including the nucleotide composition of the shTmod se-
quence, the level of knockdown, and the specific cell type used,
could also contribute to the lack of compensatory upregulation of
Tmod1 observed in previous studies (Fath et al., 2011). Never-
theless, future experiments are needed to understand the precise
functions of Tmod1 and Tmod2 in spine and synapse formation,
spine maintenance, and synaptic plasticity.

The observed isoform-specific role of Tmod1 and Tmod2 in
dendrite development and synapse function is likely tightly reg-
ulated by tropomyosin (TM), an �-helical coiled-coil protein
that binds along the sides of F-actin filaments. Tight binding of
Tmod to F-actin pointed ends requires tropomyosin (Weber et
al., 1999), and divergence in Tmod1 and Tmod2 function is likely
mediated through differential binding to TPM3 and TPM4, two
TM isoforms expressed in the postsynaptic compartment (Had et
al., 1994; Guven et al., 2011). Tmod1 and Tmod2 have differen-
tial affinities for TM isoforms (Kostyukova, 2008; Uversky et al.,
2011; Colpan et al., 2016), which are known to alter the spectrum
of actin-regulatory proteins that can bind to F-actin (Gunning et
al., 2008, 2015). The spatiotemporal association of Tmod1 or
Tmod2 with distinct TM-coated filaments may enable Tmod1
and Tmod2 to adopt distinct roles during various stages of den-
drite development and synapse development. In support of this,
we show that Tmod1 and Tmod2 have largely nonoverlapping
distributions in spines and differentially regulate F-actin dynam-
ics. The inherent biochemical and structural differences between
Tmod isoforms (Yamashiro et al., 2012), coupled with differen-
tial affinity for TM-coated actin filaments, are likely mechanisms
used to fine-tune the isoform-specific regulation of F-actin by
Tmod1 and Tmod2.

Our finding that Tmod1 and Tmod2 are essential for dendrite
development and synapse formation adds to our limited body of
knowledge about Tmod function in neurons. These studies shed
light on the mechanisms by which F-actin is regulated in neurons
and provide a platform for future studies to uncover the precise
mechanisms by which Tmod modifies the cytoskeleton in neu-
rons and contributes to neuronal function.
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Myosin IIb controls actin dynamics underlying the dendritic spine mat-
uration. Mol Cell Neurosci 61:56 – 64. CrossRef Medline

Kostyukova AS (2008) Tropomodulin/tropomyosin interactions regulate
actin pointed end dynamics. Adv Exp Med Biol 644:283–292. CrossRef
Medline

Landis DM, Reese TS (1983) Cytoplasmic organization in cerebellar den-
dritic spines. J Cell Biol 97:1169 –1178. CrossRef Medline

Lee CW, Vitriol EA, Shim S, Wise AL, Velayutham RP, Zheng JQ (2013)
Dynamic localization of G-actin during membrane protrusion in neuro-
nal motility. Curr Biol 23:1046 –1056. CrossRef Medline

Lei W, Myers KR, Rui Y, Hladyshau S, Tsygankov D, Zheng JQ (2017)
Phosphoinositide-dependent enrichment of actin monomers in dendritic
spines regulates synapse development and plasticity. J Cell Biol 216:2551–
2564. CrossRef Medline

Markus EJ, Petit TL (1987) Neocortical synaptogenesis, aging, and behav-
ior: lifespan development in the motor-sensory system of the rat. Exp
Neurol 96:262–278. CrossRef Medline

Marrs GS, Green SH, Dailey ME (2001) Rapid formation and remodeling of
postsynaptic densities in developing dendrites. Nat Neurosci 4:1006 –
1013. CrossRef Medline

Meyer L, Wildanger D, Medda R, Punge A, Rizzoli SO, Donnert G, Hell SW
(2008) Dual-color STED microscopy at 30-nm focal-plane resolution.
Small 4:1095–1100. CrossRef Medline

Moroz N, Guillaud L, Desai B, Kostyukova AS (2013) Mutations changing
tropomodulin affinity for tropomyosin alter neurite formation and ex-
tension. PeerJ 1:e7. CrossRef Medline

Moyer JD, Nowak RB, Kim NE, Larkin SK, Peters LL, Hartwig J, Kuypers FA,
Fowler VM (2010) Tropomodulin 1-null mice have a mild spherocytic
elliptocytosis with appearance of tropomodulin 3 in red blood cells and
disruption of the membrane skeleton. Blood 116:2590 –2599. CrossRef
Medline

Niell CM, Meyer MP, Smith SJ (2004) In vivo imaging of synapse formation
on a growing dendritic arbor. Nat Neurosci 7:254 –260. CrossRef Medline

Nowak RB, Fischer RS, Zoltoski RK, Kuszak JR, Fowler VM (2009) Tropo-
modulin1 is required for membrane skeleton organization and hexagonal
geometry of fiber cells in the mouse lens. J Cell Biol 186:915–928.
CrossRef Medline

Sholl DA (1953) Dendritic organization in the neurons of the visual and
motor cortices of the cat. J Anat 87:387– 406. Medline
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