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ABSTRACT Actin cytoskeleton predominantly regulates the formation and maintenance of
synapses by controlling dendritic spine morphology and motility. To visualize actin dynamics,
actin molecules can be labeled by genetically fusing fluorescent proteins to actin monomers,
actin-binding proteins, or single-chain anti-actin antibodies. In the present study, we compared
the dendritic effect of EGFP-actin, LifeAct-TagGFP2 (LifeAct-GFP), and Actin-Chromobody-
TagGFP2 (AC-GFP) in mouse cultured hippocampal neurons using unbiased quantitative
methods. The actin-binding probes LifeAct-GFP and AC-GFP showed similar affinity to F-
actin, but in contrast to EGFP-actin, they did not reveal subtle changes in actin remodeling
between mushroom-shaped spines and filopodia. All tested actin probes colocalized with
phalloidin similarly; however, the enrichment of LifeAct-GFP in dendritic spines was remark-
ably lower compared with the other constructs. LifeAct-GFP expression was tolerated at a
higher expression level compared with EGFP-actin and AC-GFP with only subtle differences
identified in dendritic spine morphology and protrusion density. While EGFP-actin and Life-
Act-GFP expression did not alter dendritic arborization, AC-GFP-expressing neurons dis-
played a reduced dendritic tree. Thus, although all tested actin probes may be suitable for
actin imaging studies, certain limitations should be considered before performing experi-
ments with a particular actin-labeling probe in primary neurons.
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INTRODUCTION

Actin is a key cytoskeletal element in mammalian cells, involved in
many cellular mechanisms (Campellone and Welch, 2010). Neurons,
in particular, develop actin-rich growth cones during neurite out-
growth and special postsynaptic structures that are shaped by actin,
called dendritic spines. These structures are small protrusions on the
dendrites, receiving the majority of glutamatergic synaptic inputs in
the brain (Yuste, 2010). Spines usually consist of a bulbous head re-
gion where the synaptic receptors and the postsynaptic density ac-
cumulates, and a thin neck region that separates the head from the
dendritic shaft. Connected to synaptic activity, they can change their
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morphology, which is a phenomenon called structural plasticity
(Arellano et al., 2007; Kasai et al., 2010; Amtul and Atta-Ur-Rahman,
2015; Bosch and Hayashi, 2015). Spines develop from dendritic filo-
podia, which are thin protrusions on the shaft without an established
synaptic connection (Yuste and Bonhoeffer, 2004; Kayser et al.,
2008; Ozcan, 2017). Structural remodeling of filopodia and spines
underlies changes in synaptic strength on the cellular level. Activity-
dependent alteration in synaptic strength is, in turn, the cellular
basis of learning and memory, placing these protrusions in the focus
of neuroscience research (Malenka and Bear, 2004; Nagerl et al.,
2004; Lisman et al., 2012; Nishiyama and Yasuda, 2015).

In the spine heads, actin is present in branched filamentous poly-
mers (F-actin) and globular monomers (G-actin; Hotulainen and
Hoogenraad, 2010; Konietzny et al., 2017). Although straight fila-
ments are also present in the spine head, they are more common in
the neck part, or in immature filopodia (Korobova and Svitkina,
2010). Actin remodeling is tightly regulated in connection with syn-
aptic plasticity and is therefore important in learning and memory as
well as in neuronal network functions (Schubert and Dotti, 2007;
Honkura et al., 2008; Rudy, 2015). This is in accordance with the ac-
cumulating evidence that abnormal actin regulation in dendritic
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spines plays an important role in different neurological diseases and
thus research of actin regulation in dendritic spines is crucial in un-
derstanding these pathologies (Joensuu et al., 2018; Pelucchi et al.,
2020).

Fluorescent imaging of actin in living cells is a vital tool to investi-
gate cytoskeletal changes in dendritic spines (Koskinen et al., 2012).
A plethora of fluorescent probes is already available, from cell pene-
trating small molecules that label filamentous actin in every cell, such
as SiR-actin or phalloidin (Lukinavicius et al., 2014), to genetically en-
coded fusion proteins that are expressed in individual cells (Belin
etal., 2014; Melak et al., 2017). In case of low density or nonoverlap-
ping cells, general actin labeling may be useful, whereas for the inter-
mingling network of neurites in neuronal tissue or cell cultures, it is
often more desirable to label only a limited number of neurons.

Expression of fluorescently labeled actin monomers is a widely
used method in neuronal actin imaging studies (Star et al., 2002;
Hotulainen et al., 2009; Koskinen et al., 2012; Melak et al., 2017);
however, introducing new actin monomers might imbalance the
F-G-actin treadmilling, leading to alterations in actin-dependent
processes (Koskinen and Hotulainen, 2014). Furthermore, fluores-
cent label can interfere with formin-mediated actin incorporation
into the contractile rings during cytokinesis (Chen et al., 2012).

Actin-binding protein probes aim to circumvent this disadvan-
tage by recognizing endogenous actin. Most of these molecules
consist of sequences from actin-binding proteins like F-tractin
(Johnson and Schell, 2009), utrophin (Patel et al., 2017), and LifeAct
(Ried! et al., 2008). Detailed analysis has been previously published
regarding the negative effects of utrophin on dendritic morphology,
as well as the reliability of F-tractin to label endogenous actin cyto-
skeleton in neuronal cells (Johnson and Schell, 2009; Melak et al.,
2017; Patel et al., 2017). The effects of LifeAct on dendritic morphol-
ogy have been described rather controversially. LifeAct-GFP has
been successfully used in experiments with living neurons (Belin
etal., 2014; Panza et al., 2015; Wegner et al., 2017), however, it was
reported to have dose-dependent negative effects on various cell
types (Flores et al., 2019; Xu and Du, 2021), and certain actin struc-
tures are excluded from labeling (Munsie et al., 2009, Kumari et al.,
2020). This could be explained by the competition of LifeAct with
other actin-binding regulatory proteins (Belyy et al., 2020). An ad-
ditional but much less investigated actin-labeling tool in neurons is
actin-chromobody (AC), a small single-chain camelid antibody spe-
cific for actin (Rocchetti et al., 2014; Traenkle and Rothbauer, 2017).
LifeAct and AC were shown to cause spine loss upon strong overex-
pression in vivo, but they have not been yet quantitatively com-
pared and analyzed regarding their effects on dendritic branching,
spine morphology, and motility under more physiological expres-
sion levels (Wegner et al., 2017).

In the present study, we compared the usability of LifeAct-GFP
and AC-GFP with EGFP-actin in cultured neurons. We report that
AC-GFP and LifeAct-GFP have similar relative affinity for actin in
spines but only EGFP-actin can reveal small differences in actin dy-
namics between motile filopodial and more mature mushroom-
shaped dendritic protrusions. Based on unbiased quantitative mor-
phological evaluations, the tested actin probes show similar
colocalization index with phalloidin, but LifeAct is less enriched in
dendritic spines. While transfected neurons can tolerate varying ex-
pression of LifeAct without severe morphological consequences,
overexpression of AC-GFP for 24 h results in decreased dendritic
arborization and increased density of thin spines. These results ex-
tend previous in vitro and in vivo observations on LifeAct and AC,
and provide a direct comparison of their suitability with EGFP-actin
to analyze dendritic spine morphology.
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RESULTS AND DISCUSSION

EGFP-actin expression reveals differences in actin
remodeling between thin and mushroom spines

To quantitatively compare the three different actin probes, we pre-
pared hippocampal neurons from CD1 wild-type murine embryos
and let them develop for 12-13 days in vitro (DIV). By this age,
cultured neurons extend their neurites, establish synaptic connec-
tions, and modify their dendritic spines according to cellular and
network activity (Dotti et al., 1988; Yuste, 2010).

We transfected the cells with plasmids encoding EGFP-tagged
actin (EGFP-actin), AC (AC-GFP), or LifeAct (LifeAct-GFP). Besides
the actin-labeling constructs, mCherry was also coexpressed, pro-
viding the possibility to detect spine shape. Following transfection
(24 h), time-lapse recordings were taken in every second (Figure 1A,
and Supplemental Video 1). As both AC-GFP and LifeAct-GFP label
actin in a noncovalent manner, we tested their relative affinity to
actin, by measuring fluorescence recovery after photobleaching
(FRAP method) in control cells and with a Jasplakinolide-stabilized
actin cytoskeleton.

Both thin and mushroom-shaped protrusions were photo-
bleached (see circled areas in Figure 1A) and analyzed separately
(Figure 1, B and C). EGFP-expressing cells served as negative con-
trol as the fluorescent protein itself lacks actin-binding affinity.
EGFP-actin, on the other hand, served as positive control, as it in-
corporates into the endogenous F-actin.

As expected, EGFP recovered almost immediately upon photo-
bleaching, preventing recovery curve analysis. In the case of the
actin probes, one-phase decay curves were fitted to individual fluo-
rescence recovery data, then recovery half-time (t-half) and plateau
values were extracted, representing the speed of recovery and the
mobile actin fraction, respectively (Figure 1C). Because mushroom-
shaped spines have a stable actin cytoskeletal core within the head
region (Hlushchenko et al., 2016), we assumed that thin and mush-
room-shaped protrusions differ in their ratio of mobile actin. In-
deed, in EGFP-actin—expressing cells, plateau values were signifi-
cantly smaller in mushroom than in thin spines, while recovery
half-time values did not differ significantly. In contrast, neurons ex-
pressing AC-GFP or LifeAct-GFP had indistinguishable recovery
curves between mushroom-shaped and thin protrusions (Figure 1,
B and C).

In jasplakinolide-treated neurons, EGFP-actin signal did not re-
cover while AC-GFP and LifeAct-GFP signals reappeared within
the bleached protrusions (Figure 1, A and B, and Supplemental
Video 1). Our results are in accordance with FRAP data obtained
with F-tractin (Johnson and Schell, 2009), showing that fluores-
cence recovery of both actin-binding protein-based and nano-
body-based probes is independent from actin remodeling and
depends only on their affinity to F-actin, which is similar for AC-
GFP and LifeAct-GFP. In addition, our results suggest that protru-
sion-specific differences in actin reorganization cannot be revealed
when using actin-binding probes as opposed to directly incorpo-
rating actin monomers.

Genetically encoded actin-labeling probes do not alter
filopodial motility

Dendritic filopodia are small filamentous structures whose protru-
sion and retraction are driven predominantly by their actin cytoskel-
eton (Kayser et al., 2008; Hotulainen and Hoogenraad, 2010; Ozcan,
2017). Therefore, we investigated how the different actin probes
affect the dynamics of filopodial motility, by comparing the average
displacement of intensity-weighted center of mass of selected seg-
mented filopodia (Figure 2 and Supplemental Video 2).
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FIGURE 1: GFP fluorescence recovery after bleaching in cells expressing different actin-labeling fusion proteins.

(A) Representative live cell confocal image series of cells expressing EGFP, EGFP-actin, actin-chromobody-GFP or
LifeAct-GFP. The GFP signal is shown in inverted grayscale; the outlines of the cell, based on mCherry, are highlighted
by red lines. Blue circles show the bleached area. Jasplakinolide (5 pM) was applied for 7-10 min before imaging. Scale
bar: 2 pm. (B) Fluorescence recovery curves after photobleaching in control (upper row) and 5 pM jasplakinolide-treated
(lower row) cells. Fluorescence was measured in the mCherry positive area and normalized to the mean of the last 10
prebleach values in every spine. Thin and mushroom-shaped morphotypes were distinguished based on apparent spine
morphology. (C) Fluorescence recovery plateau and t-half values of the analyzed control spines. Each point represents
an individual spine. N, number of independent cultures; n, number of analyzed spines. Sample sizes and colors on panel
C are identical to panel B. *, p < 0.05.
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FIGURE 2: Dendritic filopodial motility in cells expressing EGFP, EGFP-actin, actin-chromobody-GFP, or LifeAct-GFP.
Average intensity-weighted center of mass displacement over 60-s time periods in nonbleached and bleached control
vs. 5-uM jasplakinolide-treated cells. Each point represents an individual spine. Black lines show medians. Numbers of
elements: N, independent cultures; n, analyzed filopodia. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

We found no significant difference in center of mass displace-
ment between actin probe expressing cells and EGFP-expressing
control filopodia (Figure 2), even when the filopodia were bleached
(see previous FRAP experiments and Figure 2). As expected, jas-
plakinolide treatment completely blocked motility in every trans-
fected protrusion (Figure 2). Our data suggest that the tested actin-
labeling proteins do not interfere with fast morphological changes
in these temporal protrusions.

As expression levels of different actin probes might have dose-
dependent effects (see Courtemanche et al., 2013 and Wegner
etal., 2017), motility data were compared with somatic fluorescence
levels of the investigated constructs. Care was taken to analyze only
intact cells with nonfragmented axons and dendrites that contained
dendritic spines. EGFP and LifeAct-GFP expression varied on a
wide range of fluorescence intensity, whereas intact EGFP-actin and
AC-GFP-expressing cells showed lower fluorescence intensities, in-
dicating that high expression of these constructs in the soma might
have detrimental effects on cell morphology and survival. We found
a negative correlation between somatic fluorescence intensity and
filopodial motility in LifeAct-GFP-expressing cells, while motility did
not show relative expression dependence in any other experimental
groups (Supplemental Figure 1A).

Actin-labeling probes exert distinct effects on dendritic
spine morphology and density

[t has been shown that F-actin is enriched in dendritic spines
(Korobova and Svitkina, 2010). To compare how reliably actin-label-
ing constructs highlight F-actin within dendritic spines, we system-
atically quantified the relative spine-to-shaft GFP fluorescence distri-
bution and colocalization with phalloidin, an established probe for
endogenous F-actin (Figure 3, A-D). Compared to cytoplasmic
EGFP fluorescence distribution, which is determined by the differ-
ence of thickness between the spines and shaft, all actin-labeling
probes in fixed cells showed increased spine-to-shaft fluorescence
ratio (Figure 3B) and Manders colocalization coefficient with phal-
loidin (Figure 3D). Relative enrichment was also evident under living
conditions, albeit to a lesser extent. In particular, LifeAct-GFP-ex-
pressing cells had a significantly lower level of relative enrichment in
spines compared with EGFP-actin and AC-GFP (Figure 3, A and B;
see the elevated LifeAct-GFP fluorescence intensity within the den-
dritic shaft). This is likely due to the known high background fluores-
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cence level of LifeAct, originating from its affinity to G-actin (Melak
etal., 2017).

For morphometric analysis, fixed spines on high-resolution con-
focal images along secondary dendritic branches were categorized
into three main morphotypes, in accordance with the literature:
stubby, thin, and mushroom protrusions (see Supplemental Figure 2
and Figure 3A; Peters and Kaiserman-abflamof 1970; Bourne and
Harris 2008; Rochefort and Konnerth 2012). LifeAct-GFP-expressing
spines were significantly longer compared with all other conditions
(Figure 3F), leading to a decreased ratio of short stubby spine mor-
photypes (Figure 3H). At the same time, head/neck ratio was slightly
but significantly decreased in AC-GFP-expressing cells (Figure 3G)
resulting in more thin protrusions while overall protrusion density
was not affected (Figure 3E). Comparing somatic fluorescence in-
tensity to morphometric data revealed that only EGFP-actin inten-
sity was positively correlated with total protrusion density, while
none of the other morphometric parameters depended on relative
expression levels (Supplemental Figure 1, B-D).

Our results are in line with previous work using AAV-mediated
and long-term, hSyn promoter-driven expression of LifeAct and AC
in vivo as well as in primary cell cultures (Wegner et al., 2017). Re-
gardless that we used 24-h-long survival time of liposome-based
transfection and a general CMV promoter, our more detailed quan-
titative analysis indicates that moderate level expression of EGFP-
actin, LifeAct-GFP, or AC-GFP does not result in drastic changes of
dendritic morphology.

AC expression impairs dendritic arborization within 24 h
Besides dendritic spine morphology, we also investigated the intra-
cellular distribution of the tested actin probes within transfected
dendrites. All constructs were present in both the somatodendritic
and axonal compartments (Figure 4A). We did not observe striking
differences in axonal or growth cone morphology between the dif-
ferent groups.

As Patel and colleagues reported that certain actin-binding pro-
tein-based probes in developing neurons influence dendritic mor-
phology (Patel et al., 2017), we analyzed whether dendritic arboriza-
tion is altered within 24 h after the transfection of the tested probes.
Confocal images were quantitatively evaluated using the Ilastik ma-
chine learning program to segment dendritic trees and dendritic
endpoints (Berg et al., 2019). Examples of the analyzed dendritic
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FIGURE 3: Dendritic spine localization of actin-labeling fusion proteins and their effect on dendritic spine morphology.
(A) Representative max-projected inverted GFP fluorescence confocal images of dendritic segments. Scale bars: 2 um.
(B) Relative fluorescence intensity in dendritic spines compared with an adjacent shaft segment in live and fixed cell
images. (C) Inverted EGFP and phalloidin-Alexa Fluor 633 signal projected from five adjacent focal planes, used for
colocalization test. Red highlight indicates the dendritic outline on the phalloidin image. Scale bars: 2 pm. (D) Manders’
colocalization coefficients of the different actin-labeling proteins and EGFP with phalloidin. (E) Protrusion density of
dendritic segments expressing EGFP or the actin-labeling fusion proteins. (F) Length and (G) head-to-neck ratio of
individual dendritic spines of transfected cells. (H) Protrusion density of different morphotypic spines on transfected
dendritic segments. Boxes show median and interquartile range; whiskers show 10-90%. Numbers of elements in B, F,
and G: N, independent cultures; n, analyzed spines. In D and H: N, independent cultures; n, analyzed dendrites.

*, p <0.05; **, p<0.01; ***, p < 0.001. ###, p <0.001. In B, *** is compared with EGFP control, and ### is compared
with the connected groups.
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outlines from each tested group are shown in Figure 4B. According
to our data, neither EGFP-actin nor LifeAct-GFP expression altered
dendritic endpoint number, total dendrite length, or the extent
of dendritic arborization when compared with the EGFP control
(Figure 4, C-E), consistent with the existing literature (Belin et al.,
2014, Patel et al., 2017). We did not find a significant correlation
between the fluorescence intensity of the soma and dendritic
morphological parameters in any cases (Figure 4, F and G).

On the other hand, AC-GFP-expressing cells had significantly
fewer dendritic endpoints (Figure 4C) and shorter total dendritic
length (Figure 4D) than control, EGFP-expressing neurons. In addi-
tion, AC-GFP-expressing neurons had significantly shorter den-
drites and fewer branches compared with the other constructs
(Figure 4E). Although this fusion protein, when expressed in devel-
oping zebrafish embryos at various stages of development, did not
grossly interfere with cell function (Panza et al., 2015; Melak et al.,
2017), in the absence of a detailed analysis of neuronal morphology,
altered dendritic arborization in fish embryos cannot be excluded.

Overall, our results support the view that all tested genetically
encoded actin probes are generally appropriate to visualize den-
dritic actin cytoskeleton structures in cultured neurons but with cer-
tain limitations. EGFP-actin, similarly to phalloidin, is highly enriched
in spines but its expression can change spine density in a dose-
dependent manner. While it reveals small differences in actin
dynamics between filopodia and mushroom spines, the interpreta-
tion is limited by its previously reported interference with formin-
mediated actin remodeling (Chen et al., 2012). AC-GFP also colocal-
izes with phalloidin and shows enrichment in spines; however, it has
adverse effects on dendritic morphology. LifeAct-GFP expression
can reach a higher fluorescence level than the previous two con-
structs without affecting dendritic morphology. On the other hand, it
shows a higher fluorescence background compared with the other
actin probes studied and can affect dendritic filopodial motility.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Animal handling

Wild-type CD1 mice were housed in the animal facility at 22 + 1°C
with 12-h light/dark cycles and ad libitum access to food and water.
All experiments complied with local guidelines and regulations for
the use of experimental animals, in agreement with European Union
and Hungarian legislation.

Cell cultures
Embryonic hippocampal cultures were prepared from CD1 mice on
embryonic day 17-18, according to Morales et al. (2021). Cells were
seeded onto poly-l-lysine (Sigma-Aldrich; #P5899) and laminin-
(RandD Systems; #3446-005-01; 4-8 pg/cm?) coated glass-bottom
Petri dishes (Greiner Bio-One; #627975) or onto PLL-laminin—coated
glass coverslips (Marienfeld-Superior; #0111520) in 24-well plates
(Greiner Bio-One; #66210). Glass coverslips had been previously
plasma cleaned for 5 min each side using O, plasma. Cell density was
1.4 x 10° cells per coverslip or compartment. The cultures were main-
tained for 12-13 d in vitro in 5% CO, at 37°C before experiments.
The cells were initially seeded in NeuroBasal PLUS (Thermo-
Fisher Scientific; #A35829-01) culture medium supplemented by 2%
B27 PLUS (ThermoFisher Scientific; #A3582801), 5% fetal bovine
serum (PAN Biotech; #P30-3309), 0.5 mM GlutaMAX (ThermoFisher
Scientific; #35050-038), 40 pg/ml gentamicin (Sigma; #G1397), and
2.5 pg/ml amphotericin B (Life Technologies; #15290-026). On the
fifth DIV, half of the medium was changed to BrainPhys (StemCell
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Technologies; #05790) supplemented with 2% SM1 (StemCell
Technologie;s #05711), 40 ug/ml gentamicin, and 2.5 pg/ml am-
photericin B medium. On DIV 9, one-third of the medium was again
changed to BrainPhys supplemented with SM1, 40 pg/ml gentami-
cin and 2.5 ug/ml amphotericin B medium. Depending on glial con-
fluency, on DIV4-6, 10 uM CAR (cytosine-arabinofuranozide; Sigma-
Aldrich; #C6645) was added to the cultures.

Transfection and chemical treatment

Transfection was carried out on DIV 12-13 using lipofectamine STEM
reagent (ThermoFisher Scientific, STEM00001) according to the
manufacturer’s guide. The following plasmid constructs were used:
pmCherry-N1 (Clontech), pEGFP-N1 (Clontech), pEGFP-actin (Clon-
tech), AC-TagGFP2 (AC-GFP; Chromotek), and LifeAct-TagGFP2
(Clontech). Each GFP-conjugated protein was coexpressed with
mCherry to highlight neuronal morphology. After transfection (24 h),
cells were either fixed or used for live cell imaging.

Jasplakinolide (HelloBio; #HB3946) was used in a final concen-
tration of 5 uM on glass-bottom Petri dishes mounted for live cell
imaging, 7-15 min before imaging, and was present throughout the
imaging session.

Confocal microscopy in fixed samples

The cultures were fixed using 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 20 min, followed by 3 x 5 min PBS washes.
For membrane permeabilization, 0.1% Triton X-100 dissolved in
PBS was applied for 5 min, followed by a PBS rinse. The coverslips
were incubated in phalloidin-Alexa Fluor 633 conjugate (Invitrogen;
#A22284) for 1.5 h to label endogenous F-actin, followed by 3 x
5 min PBS washes. Coverslips were mounted in ProLong Diamond
(Invitrogen; #P36961).

Images were taken with a Zeiss LSM 800 microscope with a Plan-
Apochromat 20x/0.8 dry objective for the dendritic tree analysis
and GFP intensity measurement, and with a Plan-Apochromat
63x/1.4 oil objective for the dendritic spine density analysis. Z-stack
images were taken in 0.7 and 0.2 pm intervals, respectively.

Live cell imaging and FRAP experiments

For FRAP experiments, the culture medium was changed to a cus-
tom-made imaging buffer containing 142 mM NaCl, 5.4 mM KCl,
1.8 mM CaCly, 1 mM NaH,PO4, 0.8 mM MgSOy, 5 mM glucose,
and 25 mM HEPES with a pH of 7.4. Time-lapse images were taken
with a Zeiss Axio Observer microscope equipped with a CSU-X1
spinning disk module, using a Plan-Apochromat 100x/1.46 oil ob-
jective. Selective photobleaching of the GFP signal was done by a
separately controlled RAPP UGA42 laser, emitting a 473-nm laser
beam. Images were taken every second for 360 s. After the first
10-20 images were taken, 5-10 circular spots were bleached sepa-
rately. Fluorescence recovery was recorded for at least 180 s post-
bleach in every case (Supplemental Video 1).

Image analysis methods

Dendritic branching was analyzed using Fiji and llastik softwares. Z-
stack images were max-projected and a two-stage llastik random
forest model was trained to segment the foreground (the neuronal
dendritic tree) and background in the pictures, followed by manual
correction. A second llastik model was trained to segment the bi-
nary images further, adding dendritic skeleton and endpoints. Sholl
analysis was carried out on the segmented images, using the built-in
Fiji function. Dendritic endpoints were counted, and image skele-
tons were analyzed also by the corresponding Fiji functions (Supple-
mental Figure 2A).
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Dendritic spine densities and morphotypes were analyzed on
max-projected z-stack images as well. Here, llastik models were
trained to segment first, the dendrites and background, and sec-
ond, the intraspine components: base, neck, and head. A separate
third model was trained to draw a line inside the spines and the
dendrite so their running length could be measured. Spine density
and morphotype data were then summarized in Fiji: dendritic length
was measured, spines counted, and their length, base dimeter, and
head diameter were measured (Supplemental Figure 2B). Three
morphotypes were distinguished: stubby spines that were shorter
than 0.8 pm, thin spines that were longer than 0.8 um and their
head/neck diameter ratios were smaller than 1.5, and mushroom
spines that were longer than 0.8 pm and their head/neck diameter
ratios higher than 1.5. The ratios used for morphotyping were ac-
cording to Morales et al. (2021).

The spine-to-shaft ratio of GFP fluorescence was measured on
max-projected z-stack images that had been used for spine density
measurements in fixed cells, or the first frame of live cell recordings.
In both cases llastik models were trained to segment background,
shaft, and spine. The spines were then enlarged as circles and taken
as regions of interest (ROI). Spine pixels in the ROl were used as a
mask for spine intensity, shaft pixels for shaft intensity, and back-
ground pixels for background intensity (Supplemental Figure 2C).
Hence, the spine intensities were normalized to an adjacent den-
dritic segment only instead of the full branch, which had visible het-
erogeny in intensity, as well as in the case of background, which was
also heterogeneous.

Colocalization of the expressed fluorescent proteins and phal-
loidin was measured on images consisting of multiple optical slices.
The previously described segmentation was used to highlight the
dendrites and spines. Manders’ coefficient was calculated between
the GFP and phalloidin signals using the Coloc2 plugin in Fiji.

Two-channel FRAP recordings were analyzed with a custom-
made Fiji plugin called FRAP2ch in the following way: in the
bleached spines, mCherry signal was used as a mask to select the
ROI in the GFP channel, which was then measured, in every time
frame. Every spine intensity was normalized to the intensity of a
nearby dendritic segment, which were both background-corrected.
Then, spine intensities were normalized to the mean of the last 10
prebleach time points. A one-phase decay equation was then fitted
to the postbleach values, according to Koskinen and Hotulainen
(2014). t-half and plateau values were calculated for each spine indi-
vidually, using GraphPad Prism.

To measure dendritic spine motility, another custom-made Fiji
plugin, called DFMA was used (Térnok et al., 2015). Here, time-
lapse images were segmented with llastik, to provide a standard
quality input for the DFMA plugin, which is known to depend on
signal quality. The segmented images of filopodial protrusions were
used to locate their center of mass on every time point. Then, cumu-
lative displacement curves were calculated, and the 60-s points
were compared and statistically analyzed (Supplemental Video 2).

All used Fiji macro codes and Ilastik models can be accessed on
the GitHub account of A.l.

Statistical analysis

Statistical analysis of the acquired data was carried out using
GraphPad Prism software 6. First, a Shapiro-Wilk test was used to
determine the normality of distribution for each dataset. Then, a
comparison was done depending on the normality: for datasets
showing Gaussian distribution one-way ANOVA tests were carried
out and a Kruskal-Wallis test for those showing nonparametric
distribution.
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