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ABSTRACT
Actin cytoskeleton and its dynamics play a crucial role in synaptic function, influencing dendritic spines' structural and func-
tional plasticity. Recent findings unveiled the significance of alternative splicing of a neural-specific microexon in DAAM1 in 
modulating actin's role in synaptic processes. This article discusses the impact of this microexon on actin polymerization, the 
RHOA/ROCK signaling pathway, and cognitive functions. Furthermore, we present new results that reveal a more complex sce-
nario involving the upregulation of the activity-regulated cytoskeleton-associated protein (ARC) protein in DAAM1 microexon 
KO models, which may further affect synaptic function and cognition.

1   |   Introduction

Actin is a key cytoskeleton component, facilitating the struc-
tural changes necessary for cellular plasticity. This is partic-
ularly important in neurons, where it underlies the structural 
and functional plasticity of synapses. Actin filaments are essen-
tial for the formation and remodeling of dendritic spines, the 
sites responsible for receiving synaptic signals (Cingolani and 
Goda 2008). Recent research has underscored the importance of 
actin dynamics in synaptic function, with implications for cog-
nitive processes such as learning and memory (Lamprecht 2021; 
McLeod and Salinas 2018). In these processes, the Rho family of 
small GTPases play crucial roles, as they regulate the number of 
dendritic spines by managing molecules needed for building the 
actin cytoskeleton (Zhang et al. 2021). One group of such mol-
ecules is formins, some of which interact directly with RHOA 

and are essential for actin nucleation and dynamics (Mattila and 
Lappalainen 2008; Pollard 2016). Formins are a diverse family 
characterized by a conserved formin-homology-2 (FH2) domain 
responsible for actin binding. Actin binding requires the release 
of the autoinhibitory interactions, which are controlled by the 
RHOA/ROCK signaling, and the subsequent dimerization of 
FH2 domains (Habas et  al.  2001; Liu et  al.  2008; Schönichen 
and Geyer 2010).

In our recent work (Poliński et al. 2025), we investigated how 
alternative splicing could regulate formin proteins in the 
brain. In particular, we focused on microexons, evolution-
arily conserved and neuron-specific short coding sequences 
(3–30 nt long) that can be selectively included or excluded 
from mRNA transcripts (Irimia et  al.  2014). Alternative 
splicing of microexons contributes to the diversification 
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and specialization of protein functions in the brain and was 
previously found to be enriched in actin-related processes 
(Irimia et  al.  2014; Quesnel-Vallières et  al.  2016). Moreover, 
microexons have been linked to cognitive dysfunction and 
autism spectrum disorder, further highlighting their impor-
tance (Irimia et al. 2014; Quesnel-Vallières et al. 2016; Parras 
et al. 2018; Gonatopoulos-Pournatzis et al. 2018, 2020).

We found several microexons in formin genes (DAAM1, FMNL1, 
and FMNL2), potentially modulating their protein functions 
in neurons. Among these, we focused on a strictly neuronal-
specific, 9-amino acid microexon in DAAM1 (hereafter Daam1-
MIC). The inclusion of this microexon extends the linker region 
of the FH2 domain, directly affecting DAAM1's capabilities for 
actin binding, polymerization, and fiber formation. Moreover, 
we find that the physiological impact of these quantitative and 
qualitative changes in actin cytoskeleton dynamics are further 
amplified by a decreased interaction of DAAM1 with RHOA 
upon the depletion of Daam1-MIC. Microexon-driven changes 
in DAAM1, RHOA, and the actin cytoskeleton interaction and 
dynamics lead to hyperactivation of the RHOA/ROCK signal-
ing cascade, and cumulatively contribute to various phenotypes, 
including decreased number of learning spines in neurons, 
reduced long-term potentiation (LTP), and cognition defects 
(Poliński et al. 2025).

Extending our recent findings, we investigated the protein 
levels of immediate early genes (IEGs) associated with neuro-
nal activation and plasticity. In particular, activity-regulated 
cytoskeleton-associated protein (ARC) is known to regulate 
the actin cytoskeleton and to control spine morphology during 
the LTP and long-term depression (LTD) processes (Zhang and 
Bramham  2021). Surprisingly, immunocytochemistry assays 
in in vitro differentiated glutamatergic neurons revealed con-
sistently higher levels of ARC in Daam1-MIC KO compared to 
WT cells, whereas no changes for cFOS or EGR1 IEGs were 
observed (Figure 1a,b). In line with these results, we observed 
significantly higher ARC protein-positive nuclei in the hip-
pocampal dentate gyrus of Daam1-MIC KO mice under basal 
conditions (Figure 1c,d). As the hippocampus is a brain unit 
responsible for cognitive processing, we investigated the IEG 
level changes upon learning. Interestingly, analysis of IEGs 
performed 1.5 h after the learning process (expression peak) 
showed clear downregulation of cFOS in KO mice, consistent 
with their decreased learning performance, but not of ARC 
protein (Figure  1i,j). These results point toward alterations 
not solely in actin polymerization and RHOA/ROCK signal-
ing, but also misregulation of the essential IEGs, particularly 
the ARC protein (Figure 1f).

What leads to the increased ARC protein levels upon Daam1-
MIC KO? The translation of ARC is regulated locally in den-
dritic spines (Newpher et  al.  2018), and newly synthesized 
ARC impacts actin dynamics by interaction with many actin-
binding proteins and other actin-regulating proteins (e.g., 
cofilin, CaMKIIβ, and drebrin A) (Messaoudi et  al.  2007; 
Nakahata and Yasuda  2018; Okuno et  al.  2012). Moreover, 
during Arc-dependent memory consolidation, local ARC pro-
tein translation depends on actin levels (Huang et al.  2007). 
Our data consistently showed increased ARC protein levels in 

basal conditions upon Daam1-MIC removal (Figure  1), with 
no significant changes at the mRNA level based on RNA-seq 
data (Poliński et al. 2025). Thus, it is plausible that enhanced 
actin bundling upon microexon removal creates the platform 
for more efficient Arc mRNA docking in dendritic spines and 
hence abnormally higher ARC translation in basal conditions 
(Figure  1f). Moreover, although the interplay between the 
RHO/ROCK signaling pathway and the ARC protein has not 
been explored yet, given that both play crucial roles in the for-
mation and functioning of dendritic spines, they may affect 
each other.

Interestingly, newly synthesized ARC accumulates in nonstim-
ulated spines and suppresses synaptic potentiation by decreas-
ing the amounts of AMPA receptors in the postsynaptic surface 
(Okuno et al. 2012), in line with a role for ARC expression in 
inhibiting LTP (Plath et al. 2006; Verde et al. 2006). Thus, the 
increased expression of ARC may also contribute to the overall 
Daam1-MIC cellular and memory phenotypes. In this regard, 
RhoA also plays a role in regulating AMPA receptor trafficking, 
where activation of RhoA is associated with decreased surface 
AMPA receptors (Shen et al. 2020). Altogether, these data sug-
gest numerous molecular interplays between RhoA, ARC, and 
the actin cytoskeleton that could determine the fate of dendritic 
spines and affect LTP.

In summary, our work revealed that Daam1 is subject to tight 
posttranscriptional regulation by a highly neural-specific and 
evolutionarily conserved microexon that impacts actin polym-
erization via modulation of its FH2 domain. Moreover, two 
additional molecular phenotypes observed in Daam1-MIC KO 
neurons, increased RhoA activity and misregulation of basal 
ARC protein levels, provide additional insights into the underly-
ing mechanisms of impaired memory formation. These results 
also show that the interplay between actin dynamics, alternative 
splicing, and synaptic function is a promising area of research 
that holds potential for advancing our understanding of learn-
ing and memory processes and their associated neurological 
disorders.

2   |   Material and Methods

2.1   |   Immunofluorescence Staining and Confocal 
Imaging of Cultured Neurons

Neuronal differentiation from mESCs was done following 
the protocol reported by Poliński et al. 2025, based on (Bibel 
et  al.  2004, 2007). For immunofluorescence assays, cells on 
DIV21 were washed with phosphate-buffered saline (PBS), 
fixed in 4% paraformaldehyde in PBS for 10 min, permeabi-
lized in 0.3% Triton X-100 in PBS for 10 min, blocked for 1 h 
in 0.3% Triton X-100, 3% bovine serum albumin (BSA) in 
PBS, and incubated in primary antibodies (cFos (guinea pig, 
226,004, Synaptic Systems), Egr1 (rabbit, Sc-110, Santa Cruz), 
Arc (mouse, C-7 sc-17,839, Santa Cruz)) at 4°C overnight with 
shaking. Following this incubation, cells were incubated with 
the corresponding secondary antibodies (anti-Rabbit IgG—
Alexa Fluor 488 (A-11034), anti-Guinea Pig IgG—Alexa Fluor 
555(A-21435), anti-Mouse IgG—Alexa Fluor 647 (A-31571), 
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all Thermo Fisher Scientific) for 1 h at room temperature and 
mounted in FluoroShield with DAPI (Sigma, F6057-20 mL) for 
imaging. Images were taken on an SP8 confocal microscope 
(CRG, Advanced Light Microscopy Unit) using identical set-
tings for each condition in each experiment. A dry 20 × objec-
tive was used to image the whole span of the neuronal culture 

(17–23 μm, Z-step size 1 μm, zoom factor 2.5). Confocal sec-
tions were Z-stack projected with maximum intensity selec-
tion and analyzed in ImageJ/Fiji software. Immediate early 
genes positive nuclei were counted using the Analyze Particles 
plugin (nuclei size at least 25 pixels) and normalized to DAPI-
positive nuclei.

FIGURE 1    |     Legend on next page.
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2.2   |   Immunohistochemical Imaging of the Mouse 
Hippocampus

Mouse hippocampal sections were prepared as previously de-
scribed (Van Hoeymissen et al.  2020). In brief, mice were eu-
thanized with CO2, perfused transcardially with 0.1 M PBS, 
followed by 4% paraformaldehyde in PBS until tissues were 
completely cleared of blood. Fixed brains were extracted and 
stored in 4% paraformaldehyde at 4°C for 24 h, and in sucrose 
30% with 0.01% azide in PBS for the following 24 h. Prepared 
tissues were cut into 40-μm coronal sections, in serial order 
throughout the dorsal hippocampus (Bregma sections between 
−1.34 mm and −2.54 mm). Sectioning was performed by an in-
house Tissue Engineering Unit (CRG). Immunohistochemistry 
was done by tissue permeabilization in 0.5% Triton X-100 in PBS 
for 15 min × 3 times, blocked for 2 h in 10% normal goat serum 
(NGS) in PBS albumin, and incubated with primary antibod-
ies (cFos (guinea pig, 226,004, Synaptic Systems), Arc (mouse, 
C-7 sc-17,839, Santa Cruz)) in 5% NGS, Tween 0.5% in PBS at 
4°C overnight. Following this incubation, cells were incubated 
with the corresponding secondary antibodies (anti-Guinea 
Pig IgG—Alexa Fluor 555 (A-21435), anti-Mouse IgG—Alexa 
Fluor 647 (A-31571), both Thermo Fisher Scientific) for 2 h at 
room temperature. Washing steps were repeated (for 15 min × 3 
times), and sections were mounted in FluoroShield with DAPI 
for imaging. Images were taken on a confocal microscope (SP8 
Leica; CRG, Advanced Light Microscopy Unit) using identical 
settings for each condition in a given experiment with a dry 20 × 
objective. A single middle plane of each section was imaged, and 
the images were analyzed in ImageJ/Fiji software. DG size was 
marked manually with Polygon selections using DAPI-stained 
nuclei as a region of reference marker and consecutively quanti-
fied with the Measure plugin.
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