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Abstract
The morphology of dendritic spines, the postsynaptic compartment of most excitatory synapses, decisively modulates the 
function of neuronal circuits as also evident from human brain disorders associated with altered spine density or morphology. 
Actin filaments (F-actin) form the backbone of spines, and a number of actin-binding proteins (ABP) have been implicated 
in shaping the cytoskeleton in mature spines. Instead, only little is known about the mechanisms that control the reorgani-
zation from unbranched F-actin of immature spines to the complex, highly branched cytoskeleton of mature spines. Here, 
we demonstrate impaired spine maturation in hippocampal neurons upon genetic inactivation of cyclase-associated protein 
1 (CAP1) and CAP2, but not of CAP1 or CAP2 alone. We found a similar spine maturation defect upon overactivation of 
inverted formin 2 (INF2), a nucleator of unbranched F-actin with hitherto unknown synaptic function. While INF2 over-
activation failed in altering spine density or morphology in CAP-deficient neurons, INF2 inactivation largely rescued their 
spine defects. From our data we conclude that CAPs inhibit INF2 to induce spine maturation. Since we previously showed 
that CAPs promote cofilin1-mediated cytoskeletal remodeling in mature spines, we identified them as a molecular switch 
that control transition from filopodia-like to mature spines.
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Introduction

Most excitatory synapses of the vertebrate brain are formed 
on small dendritic protrusions termed dendritic spines [7, 
62]. Dendritic spines own a postsynaptic density (PSD) that 
opposes the presynaptic active zone and contains neurotrans-
mitter receptors, ion channels and signaling molecules that 
collectively mediate postsynaptic response to neurotrans-
mitter release [62]. Scaffolding proteins anchor the PSD to 
actin filaments (F-actin), the major cytoskeletal component 
that define spine morphology and thereby modulate synapse 

physiology and brain function. Spines are initially formed as 
filopodia-like protrusions mainly consisting of unbranched 
F-actin. Upon axonal contact, they transform into thin spines 
that own a tiny head-like structure composed of branched 
F-actin [28, 39, 42]. During further maturation, the branched 
actin cytoskeleton expands to form stubby and mushroom-
like spines, which both have large bulbous heads, but differ 
in neck length and width [30, 39]. Mature spines are highly 
plastic and change their morphology in response to neu-
ronal activity, thereby contributing decisively to long-term 
potentiation (LTP) and depression (LTD), two major forms 
of synaptic plasticity that underlie brain functions like learn-
ing and memory [7, 29, 38, 44, 71].

Spine formation, maturation and plasticity depend on 
precise cytoskeletal organization, which requires the coor-
dinated activity of actin-binding proteins (ABP) [28, 30, 
39, 42]. To date, only few ABP have been implicated in the 
formation of filopodia-like spines including mouse diapha-
nous 2 (mDia2), a formin family member that nucleates 
unbranched F-actin, and the elongation factor vasodilator-
stimulated phosphoprotein [31, 39, 41]. Instead, numer-
ous ABP have been identified as morphological regulators 
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of mature spines [7, 70], of which actin-related protein 
2/3 (Arp2/3) complex, the major nucleator of branched 
F-actin [50], and the F-actin disassembly factor ADF/
cofilin emerged as main actors [6, 23, 51, 53, 64]. Con-
versely, very little is known about the mechanisms that 
control cytoskeletal reorganization during transition from 
filopodia-like into mature spines [30, 39].

In vitro studies of the past decade identified cyclase-
associated protein (CAP) as actin regulators that cooper-
ates with ADF/cofilin to accelerate subunit dissociation 
from F-actin pointed ends [33, 36, 37, 61]. In line with 
these studies, we demonstrated that CAP1 accelerates actin 
dynamics in growth cones or dendritic spines together with 
cofilin1 [26, 57, 59], the major ADF/cofilin family mem-
ber in the brain [6, 21, 23, 31, 51, 53, 56, 68, 74]. More 
recently, we identified CAP1 as a regulator of neuronal 
gene expression that represses activity of the transcription 
factor serum response factor (SRF) and its co-activator 
myocardin-related transcription factor (MRTF) by an 
actin-dependent mechanism [35]. Different to most other 
species, vertebrates own a second family member, CAP2, 
with restricted tissue distribution and established functions 
in striated muscles [13, 18, 34, 69]. The vertebrate brain 
is unique in that it is the only tissue expressing two CAP 
family members at substantial levels [54, 55]. However, 
their brain functions are only poorly understood, and it 
remained unknown whether CAP1 and CAP2 acquired dif-
ferent or redundant functions.

By exploiting mouse hippocampal neurons, we dem-
onstrate that genetic inactivation of both CAPs severely 
impaired spine maturation. We found a similar spine matura-
tion defect upon overactivation of inverted formin 2 (INF2), 
a formin family member with hitherto unknown synaptic 
functions. INF2 physically interacts with both CAPs in hip-
pocampal cells, and INF2 overactivation did not alter spine 
morphology in CAP-deficient neurons, while its genetic 
depletion rescued their spine defects. These findings and our 
previous studies let us propose a model in which CAP1 and 
CAP2 control spine maturation by inhibiting INF2 and by 
promoting cofilin1, an established actin regulator in mature 
spines [26, 46, 51].

Results

CAP2 inactivation does not alter dendritic spine 
density or size

To compare expression of CAP1 and CAP2 during hip-
pocampus development, we performed immunoblots on 
same protein lysates. This analysis confirmed increasing 
CAP1 expression throughout postnatal development [26], 
and it revealed a similar increase for CAP2 (Fig. 1A). To 
compare their absolute expression levels, we performed mass 
spectrometry on hippocampal and cerebral cortex lysates at 
embryonic day 18.5 (E18.5), postnatal day 10 (P10) and 
P40 (Figs. 1B, S1A-B, Tables S1, S2). This analysis con-
firmed developmental increases in the expression of both 
CAPs. Compared to CAP2, CAP1 levels were roughly four-
fold higher in both tissues at E18.5 (log2 converted values 
for HIP: CAP1 1.73 ± 0.18, CAP2 –0.15 ± 0.17, P < 0.0001; 
CTX: CAP1 1.65 ± 0.03, CAP2 –0.09 ± 0.08, P < 0.0001), 
and they remained higher at P40 (log2 converted values 
for HIP: CAP1 1.96 ± 0.06, CAP2 1.34 ± 0.06, P < 0.0001; 
CTX: CAP1 2.01 ± 0.07, CAP2 1.52 ± 0.07, P < 0.001). 
Abundance of both ABP in adult forebrain was confirmed 
by in situ hybridization (Fig. S1C-D). We also determined 
their expression in isolated neurons, which revealed that 
both increased during differentiation (Fig. 1C). In line with 
its established function in early differentiation processes 
[57, 58], CAP1 levels strongly increased soon after plating. 
Instead, CAP2 expression substantially increased at later 
stages, during the 2nd week in culture. Together, both CAPs 
are expressed in the hippocampus and expression of both 
increased during neuron differentiation. However, CAP1 lev-
els were higher when compared to CAP2, whose expression 
increased at later differentiation stages.

We previously demonstrated postsynaptic localization of 
endogenous CAP1 and CAP2 in differentiated neurons as 
well as an enrichment of myc- or green fluorescent protein 
(GFP)-tagged CAP1 in dendritic spines [25, 26, 46]. To test 

Fig. 1  CAP2 inactivation does not alter dendritic spine density or 
size. A Immunoblots showing CAP1 and CAP2 expression through-
out postnatal hippocampus development. Total protein staining was 
performed to confirm equal loading. B Expression levels of CAP1, 
CAP2 and INF2 determined by mass spectrometry on hippocam-
pal lysates from E18.5, P10 and P40 mice. Graph includes values 
of individual protein samples (N = 4), mean values (MV) and stand-
ard error of the means (SEM). Statistical comparison of CAP1 and 
CAP2 expression levels were performed using Student’s t-test and 
corrected for multiple comparison with Bonferroni method. Violin 
plots to the right show expression level distribution of all proteins 
in these lysates. Norm. log2 LFQ intensity of zero indicates median 
expression level of all proteins detected within respective condition. 
C Immunoblots showing CAP1 and CAP2 expression in isolated cor-
tical neurons. Total protein staining was performed to confirm equal 
loading. D Micrograph of a representative DIV16 hippocampal neu-
ron expressing dsRed (red) together with myc-CAP2 (magenta). Box 
indicate area shown with higher magnification. E Fluorescence inten-
sity profiles for dsRed and myc-CAP2 immunoreactivity along white 
line in D. F Graph showing ratio of spine head/dendritic shaft for 
dsRed and myc-CAP2. Graph includes values of individual spines, 
MV and SEM. 45 spines from 15 neurons and 3 biological replicates 
have been investigated (N = 45/15/3). Student’s t-test was performed 
to test for statistical significance. G Representative micrographs of 
GFP-expressing DIV16 hippocampal neurons from littermates of 
various genotype. Graphs showing H spine density and I spine vol-
ume in neurons from wildtype mice  (CAP2+/+), heterozygous CAP2 
mutants  (CAP2+/-) and systemic CAP2 mutants  (CAP2−/−). Scale 
bars: 20 µm. ns: P > 0.05, ***: P < 0.001, ****: P < 0.0001

◂
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whether CAP2 was similarly enriched in dendritic spines, 
we transfected hippocampal neurons at day 6 in vitro (DIV6) 
with myc-tagged CAP2 (myc-CAP2) and the volume marker 
Discosoma red fluorescent protein (dsRed). Myc antibody 
staining in DIV16 neurons revealed presence of myc-CAP2 
in spines, as also evident from its fluorescence intensity pro-
file (Fig. 1D-E). Moreover, the ratio of myc immunoreac-
tivity in spine heads versus dendritic shafts was increased 
when compared to the ratio of dsRed (Fig. 1F). These data 
confirmed postsynaptic CAP2 localization and revealed 
enrichment of myc-CAP2 in spines.

Postsynaptic CAP2 localization let us investigate whether 
it controls spine density or morphology, similar to CAP1 [25, 
26]. To do so, we exploited hippocampal neurons that we 
isolated from E18.5 systemic CAP2 mutant mice  (CAP2−/−), 
whose generation has been described before [34]. Immuno-
blots confirmed efficient CAP2 inactivation and unaltered 
CAP1 expression in hippocampus from  CAP2−/− mice 
(Fig. S1E-G). We compared the morphology of neurons 
from  CAP2−/− mice to neurons from heterozygous  (CAP2+/-) 
or wildtype  (CAP2+/+) littermates. At DIV6, neurons were 
transfected with the volume marker GFP that allowed us 
to examine morphology at DIV16 (Fig. 1G). Neither spine 
density nor spine GFP intensity, a parameter frequently used 
to assess spine size [25, 26], was different between neurons 
isolated from  CAP2−/−,  CAP2+/- or  CAP2+/+ mice (Fig.  1H-
I). Hence, hippocampal neurons isolated from  CAP2−/− mice 
did not display changes in spine density or size, different 
from CAP1-deficient neurons.

CAP1 and CAP2 share overlapping functions 
in dendritic spines

Normal spine density and size in  CAP2−/− neurons and 
higher CAP1 expressions levels prompted us to test whether 
CAP1 can compensate for CAP2 loss. We therefore gen-
erated neurons lacking both CAPs and compared their 
morphology to neurons lacking either CAP1 or CAP2. To 
do so, we isolated hippocampal neurons from  CAP1flx/flx/
CAP2−/− and  CAP1flx/flx/CAP2+/- embryos and transfected 
them at DIV6 with GFP together with either catalytically 
active mCherry-tagged Cre recombinase (Cre) or a catalyti-
cally inactive mCherry-Cre (Cre-mut). We thereby obtained 
(i) Cre-expressing  CAP1flx/flx/CAP2−/− neurons (termed dou-
ble knockout (dKO)), (ii) Cre-mut-expressing  CAP1flx/flx/
CAP2−/− neurons (termed CAP2-KO), (iii) Cre-expressing 
 CAP1flx/flx/CAP2+/- neurons (for simplicity termed CAP1-
KO) and Cre-mut-expressing  CAP1flx/flx/CAP2+/- neurons 
that served as controls (CTR). Previous studies demon-
strated efficient CAP1 inactivation in  CAP1flx/flx neurons 
upon Cre expression and normal CAP1 levels upon Cre-
mut expression [26, 35, 57], thereby validating suitability 
of our approach.

In line with our analyses in neurons isolated from 
 CAP2−/− mice (Fig. 1G-I) and our previous study in CAP1-
deficient neurons [26], spine density and size were unchanged 
in CAP2-KO neurons, while CAP1-KO neurons displayed 
an increased spine size (Fig. 2A-C). Instead, dKO neurons 
displayed strong reductions in spine density and size, which 
were decreased by 40% and 20%, respectively, when com-
pared to CTR neurons. We noted similarly reduced spine den-
sity (–32%) and size (–20%) in an independent experiment, 
in which we acutely inactivated both CAPs by transfecting 
DIV6  CAP1flx/flx neurons with Cre and a shRNA against CAP2 
(Fig. S2A-C), whose efficiency has been validated by nucleo-
fection in cortical neurons (Fig. S2D). In these experiments, 
 CAP1flx/flx neurons transfected with Cre-mut and control 
shRNA (CTR-sh) served as controls.

A more detailed spine morphometric analysis revealed 
roughly 30% increases in spine length and spine head length 
in dKO neurons, while spine head width was not different 
from CTR neurons (Fig. 2D-F). None of these parameters 
were changed in CAP2-KO neurons, and CAP1-KO solely 
displayed a 30% increase in spine head width. Similar to previ-
ous studies [26, 27], we categorized spines according to their 
morphologies (Fig. S3A). Compared to CTR neurons, the 
morphologies of filopodia-like, thin, stubby and mushroom-
like spines was largely unchanged in neurons lacking either 
CAP1, CAP2 or both (Fig. S3B-E). Further, the fractions of 
spine types were not different between CTR and single KO 
neurons (Fig. 2G). Conversely, the fraction of filopodia-like 
spines was 2.3-fold higher in dKO neurons, and the thin spine 
fraction increased by roughly 25%. Instead, the fractions of 
stubby and mushroom-like spines were reduced by roughly 
50% and 35%, respectively. Consequently, the spine type dis-
tribution in dKO neurons was shifted towards smaller spines, 
which usually represent the postsynaptic compartments of 
immature synapses.

Together, dKO neurons displayed spine morphological 
changes characterized by strongly reduced spine density, 
increased spine length and a shift towards an immature spine 
profile. These changes were not present in single KO neu-
rons, thereby suggesting overlapping functions for CAP1 and 
CAP2 in spines. Indeed, overexpression of either CAP1-GFP 
or CAP2-GFP was sufficient to normalize spine morphol-
ogy and spine type distribution in dKO neurons (Fig. 3A-J). 
Instead, neither overexpression of CAP1-GFP nor of CAP2-
GFP or both changed spine morphology or spine type distri-
bution in CTR neurons. Together, our data demonstrated that 
CAP1 and CAP2 acquired overlapping functions in regulating 
spine morphology.
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Impaired spine maturation upon compound 
inactivation of CAP1 and CAP2

Next, we examined dKO neurons at an earlier stage to nar-
row down onset of spine defects. To do so, we compared 
the morphology of GFP-transfected CTR and dKO neurons 
at DIV11 (Fig. 4A). Different from DIV16, spine density 
and spine size were both unchanged in DIV11 dKO neurons 
(Fig. 4B-C). While spine length was increased by 25%, all 
other parameters including spine head length, spine head 
width as well as the morphologies of spine types did not 

differ between CTR and dKO neurons at DIV11 (Figs. 4D-F, 
S4), just as the fractions of spine types (Fig. 4G). Together, 
spine morphology was overall similar between DIV11 CTR 
and dKO neurons, thereby identifying DIV11 as a stage 
before onset of spine changes in dKO neurons.

Further, we compared spine type fractions between 
DIV11 and DIV16 for both groups. In line with the 
expected spine maturation in CTR neurons, this comparison 
revealed developmental decreases in the fractions of small 
spines (filopodia-like, thin), while the fractions of stubby, 
mushroom-like and branched spines increased (Fig. 4H). 

CTR CAP1-KO CAP2-KO dKO
G
FP

A

B C D

E F G

Fig. 2  Spine morphological changes in DIV16 dKO neurons lacking 
CAP1 and CAP2. A Micrographs of representative DIV16 neurons 
expressing GFP. Boxes indicate areas shown at higher magnification. 
Graphs showing B spine density, C spine volume, D spine length, E 

head length, F head width and G fraction of spine types. Scale bar 
(µm): 20. ns: P ≥ 0.05, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: 
P < 0.0001
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Consequently, spine type distribution shifted towards a more 
mature profile between DIV11 and DIV16 CTR neurons 
(comparison of CTR neurons shown in Figs. 4G and 2G, 
P < 0.0001). Instead, we did not note such developmental 
changes in dKO neurons, and the spine type distribution 
was not different between DIV11 and DIV16 (comparison 
of dKO neurons shown in Figs. 4G and 2G, P = 0.73). These 
data suggested a failure in spine maturation between DIV11 
and DIV16 in dKO neurons. We therefore concluded that 
CAP1 and CAP2 acquired overlapping postsynaptic func-
tions that became relevant during spine maturation.

INF2 is located in spines and interacts with CAP1 
and CAP2

Having demonstrated overlapping functions for CAP1 
and CAP2 in spine maturation, we next set out to unravel 
the underlying mechanism. For the following reasons, we 
decided to study the function of INF2 in dendritic spines: 
(i) it belongs to the formin family that nucleates unbranched 
F-actin, (ii) formins have been implicated in outgrowth of 
filopodia-like spines, whose cytoskeleton is mainly com-
posed of unbranched F-actin, (iii) a complex of actin and 
CAP purified from mouse brain was shown to inhibit INF2, 
and (iv) CAP1 and CAP2 acquired similar INF2 inhibitory 
functions [1, 2, 30, 31, 39]. We therefore hypothesized that 
loss of both CAPs caused an overactivation of INF2 that 
contributes to spine defects in dKO neurons.

To date, only little is known about the function of INF2 
in the brain [11], and its expression, neuronal localization or 
synaptic function has not yet been investigated. Immunob-
lots revealed increasing INF2 expression throughout postna-
tal hippocampus development (Fig. 5A). Mass spectrometry 
confirmed a developmental increase of INF2 expression in 
the postnatal brain (Figs. 1B, S1B), and in situ hybridiza-
tion expression in adult hippocampus (Fig. S5A). Moreover, 
INF2 expression increased during differentiation of isolated 
neurons, particularly displaying a huge increase during 2nd 
week in culture (Fig. 5B). Further, we found GFP-tagged 
INF2 (INF2-GFP) to be enriched in spines (Fig. 5C), which 
was evident from both fluorescence intensity profile of 
INF2-GFP in DIV16 neurons and its ratio in spine head 
versus dendritic shaft (Fig. 5D-E).

Moreover, by co-immunoprecipitation (CoIP) we showed 
interaction of INF2 with both CAPs in the hippocampus-
derived cell line HT-22. In these experiments, we overex-
pressed myc-CAP1 or myc-CAP2 together with either GFP 
or INF2-GFP, and we precipitated myc-CAP1 and myc-
CAP2 with a GFP antibody in lysates from INF2-GFP-
expressing cells (Figs. 5F-G, S5B-C). Instead, no myc-CAP1 
and only a very small amount of myc-CAP2 was precipitated 
with the GFP antibody in lysates from HT-22 cells express-
ing myc-CAP1 or myc-CAP2 together with GFP, which 
served as negative controls. Notably, only small amounts 
of myc-CAP1 or myc-CAP2 were present in the IP frac-
tions, while most myc-CAP1 and myc-CAP2 did not bind 
INF2-GFP. Similarly, only a small fraction of endogenous 
β-actin was present in the IP fractions (Fig. 5F-G). Together, 
our data revealed that (i) INF2 expression increased dur-
ing neuron differentiation at about the period spine defects 
became apparent in dKO neurons, (ii) INF2 was enriched in 
spines and (iii) INF2 interacted with both CAP1 and CAP2 
in neuronal cells.

Overactivation of INF2 phenocopied spine defects 
of dKO neurons

Increasing expression during neuron differentiation and 
postsynaptic localization of INF2 led us hypothesize that 
INF2 is functionally relevant in dendritic spines. To test this 
hypothesis, we induced both inactivation and overactivation 
of INF2 in CTR neurons. To inactivate INF2, we designed 
a shRNA directed against INF2 (INF2-shRNA), for which 
immunoblots validated efficient knockdown (INF2-KD) in 
HT-22 cells (Fig. S6A-B). We transfected DIV6 CTR neu-
rons with GFP together with either INF2-shRNA or CTR-
shRNA, and determined spine density and morphology at 
DIV16 (Fig. 6A). When compared to CTR-shRNA-trans-
fected (INF2-CTR) neurons, spine density was reduced by 
35% in INF2-KD neurons (Fig. 6B), while spine volume, 
spine length, spine head length and spine head width was 
unchanged (Fig. 6C-F). We also compared the morpholo-
gies and fractions of spine types between INF2-CTR and 
INF2-KD neurons and did not find differences between both 
groups (Figs. 6G, S6C-F). Together, INF2 inactivation in 
hippocampal neurons reduced the density, but not overall 
morphology of dendritic spines, nonetheless demonstrating 
functional relevance for INF2 in dendritic spines.

To increase INF2 activity, we transfected CTR neurons 
with INF2-GFP together with the volume marker dsRed 
at DIV6 and determined spine density and morphology at 
DIV16 (Fig. 6H). Compared to neurons expressing dsRed 
and GFP, which served as controls in these experiments, 
spine density was reduced by 22% and spine volume by 24% 
upon INF2-GFP expression (Fig. 6I-J). Further, expression 
of INF2-GFP increased spine length by + 25% and spine 

Fig. 3  Expression of CAP1 or CAP2 is sufficient to rescue spine 
morphological changes in DIV16 dKO neurons. Micrographs of rep-
resentative dendritic shafts from A CTR neurons or B dKO neurons 
expressing either dsRed only or dsRed together with either CAP1-
GFP or CAP2-GFP or CAP1-GFP and CAP2-GFP. Graphs showing 
C-D spine length, E–F head length, G-H head width and I-J fraction 
of spine types in CTR and dKO neurons upon expression of either 
CAP1-GFP, CAP2-GFP or both. Scale bar (µm): 2. ns: P ≥ 0.05, *: 
P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001

◂
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head length by + 38% (Fig. 6K-L). Instead, spine head width 
was slightly lower upon INF2-GFP expression (Fig. 6M), but 
this decrease did not reach statistical significance. While the 
morphologies of spine types were not different between CTR 

neurons expressing either GFP or INF2-GFP (Fig. S6G-J), 
INF2-GFP expression increased the filopodia-like spine frac-
tion and reduced the mushroom-like spine fraction (Fig. 6N), 
thereby shifting the spine type distribution towards a more 

CTR dKO
A

G
FP

B C D

E F G

H

Fig. 4  Overall normal spine morphology in DIV11 dKO neurons. 
A Micrographs of representative DIV11 CTR and dKO neurons 
expressing GFP. Boxes indicate areas shown at higher magnification. 
Graphs showing B spine density, C spine volume, D spine length, 

E head length, F head width and G fraction of spine types in both 
groups. H Log2 values for DIV16/DIV11 ratio of spine types in CTR 
and dKO neurons. Scale bar (µm): 20. ns: P ≥ 0.05, ***: P < 0.001
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immature spine profile. Taken together, these data implicated 
INF2 in the regulation of spine density and morphology. 
Further, they revealed that INF2-GFP overactivation induced 
spine morphological changes in CTR neurons resembling 
those of dKO neurons lacking CAP1 and CAP2. Our data 
thereby support our hypotheses that INF2 was dysregulated 
in dKO neurons and that INF2 overactivation contributes to 
their spine defects.

INF2 inhibition rescues spine maturation defect 
in CAP‑deficient neurons

To test these hypotheses, we first transfected dKO neurons 
with dsRed together with either GFP or INF2-GFP (Fig. 7A). 
Compared to GFP-expressing dKO neurons, spine density 
and volume were both unchanged in dKO neurons upon 
expression of INF2-GFP (Fig. 7B-C). Similarly, INF2-GFP 
expression neither changed spine length, spine head length 
and spine head width nor the morphologies or fractions of 
spine types (Figs. 7D-G S7A-D). Together, INF2 overactiva-
tion failed in altering spine density or morphology in dKO 
neurons. This was in stark contrast to CTR neurons, in which 
INF2 overactivation reduced spine density and induced an 
immature spine profile.

Finally, we tested whether INF2 inhibition rescues spine 
defects in dKO neurons. We therefore transfected DIV6 
dKO neurons with GFP together with either INF2-sh or 
CTR-sh, and determined spine density and morphology 
at DIV16 (Figs. 7H–N, S7E-H). When compared to CTR-
sh-transfected dKO neurons, spine volume and length was 
unchanged in dKO neurons upon INF2 inactivation. How-
ever, spine density was increased by roughly 30% (Fig.  7I). 
Upon INF2 inactivation, spine density in dKO neurons was 
not different from spine density in CTR neurons (shown in 
Fig. 2B, P =  0.07). Importantly, INF2 inactivation reduced 
the fractions of filopodia-like and thin spines in dKO neu-
rons, while it increased the fraction of mushroom-like 
spines, thereby shifting the spine type distribution in dKO 
neurons towards a mature profile. Upon expression of INF2-
sh, spine type distribution in dKO neurons was not different 
from that in CTR neurons (shown in Fig. 2G, P = 0.346). 
Together, shRNA-mediated INF2 inactivation rescued spine 
changes in neurons lacking CAP1 and CAP2, thereby dem-
onstrating that INF2 overactivation caused spine defects in 
dKO neurons, particularly the reduced spine density as well 
as the shift towards an immature spine profile.

Discussion

By exploiting primary neurons from gene targeted mice, we 
demonstrated overlapping postsynaptic functions for CAP1 
and CAP2, two ABP with largely unknown physiological 

functions. Compound inactivation of both, but not of CAP1 
or CAP2 alone, caused strongly reduced spine density and 
an immature spine profile in hippocampal neurons. We 
noted very similar changes upon overactivation of INF2, an 
ABP with hitherto unknown synaptic function, for which 
we reported postsynaptic localization and interaction with 
CAP1 and CAP2. Further, we found spine defects in neurons 
lacking CAP1 and CAP2 largely rescued upon INF2 inhibi-
tion. These findings let us propose a novel mechanism rel-
evant for the maturation of dendritic spines, in which CAPs 
antagonize INF2 activity to allow transition from filopodia-
like to mature spines.

Different to most invertebrate species, vertebrates own 
two CAP family members that are highly homologous and 
possess similar protein domains, but differ in their tissue dis-
tribution [54, 55]. While CAP1 is broadly expressed includ-
ing brain, CAP2 expression is abundant in heart, skeletal 
muscle and brain. In line with its enrichment in striated mus-
cles,  CAP2−/− mice displayed skeletal muscle and cardiac 
defects [13, 18, 34, 45, 69], and human genetic studies asso-
ciated pathogenic CAP2 variants with nemaline myopathy 
or dilated cardiomyopathy [5, 12, 24, 55]. Instead, CAP2 
functions in the brain largely remained elusive, also because 
brain defects have not been reported for  CAP2−/− mice or 
associated with human CAP2 mutations. We here showed 
unchanged spine density and morphology in hippocampal 
neurons isolated from  CAP2−/− mice, while a previous study 
reported normal spine density and slight increases in spine 
length and width upon shRNA-mediated CAP2 knockdown 
in rat hippocampal neurons [46]. This discrepancy could be 
explained by compensatory mechanisms in  CAP2−/− neu-
rons, which did not come into effect upon acute inactivation.

While CAP2 inactivation did not compromise neuron 
morphology, we previously demonstrated that genetic 
CAP1 inactivation impaired growth cone function and gene 
expression in differentiating neurons, thereby compromis-
ing neuronal connectivity in CAP1-KO brains [35, 57], and 
that CAP1 inactivation in differentiated neurons enlarged 
dendritic spines and impaired structural plasticity [25, 26]. 
Hence, CAP1 emerged as the major family member in the 
vertebrate brain, and it therefore remained elusive why this 
tissue is unique in that it expresses both CAPs at substantial 
levels.

Absence of obvious defects in  CAP2−/− neurons or 
brains, but severe defects upon CAP1 inactivation could 
be explained by their expression levels, since we found 
fourfold higher CAP1 expression in hippocampus and 
cerebral cortex at late embryonic stages, which was still 
higher in adult mice. We therefore assumed that CAP1 can 
compensate for CAP2 loss, whereas CAP2 cannot com-
pensate CAP1 loss. CAP2 expression strongly increased 
in brain lysates and isolated neurons during a time period 
critical for synaptogenesis [72, 75], and this rise coincided 
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with the onset of spine defects in dKO neurons including 
reduced spine density and a shift towards an immature 
spine profile. These defects were not present in single KO 
neurons, thereby demonstrating overlapping postsynaptic 
functions for CAP1 and CAP2. Confirmatively, expression 
of either CAP1-GFP or CAP2-GFP was sufficient to res-
cue spine defects in dKO neurons. Overlapping functions 
of both CAP family members is in line with our previ-
ous studies, in which we rescued defects in growth cone 
morphology, neuron differentiation and neuronal gene 
expression in CAP1-KO neurons by expression of myc- 
or GFP-tagged CAP2 [35, 58]. Hence, different effects 
of CAP1 and CAP2 inactivation in neurons or brain can 
be explained less by functional differences than by their 
expression levels.

In the present study, we not only demonstrated overlap-
ping functions for both CAPs in dendritic spines, but also 
unraveled a postsynaptic function for INF2, an ABP with 
largely unknown functions in the brain, for which a pro-
tective role in ischemia-induced neuronal death has only 
recently been reported [11]. We found developmentally 
increased INF2 expression in hippocampal lysates and iso-
lated neurons as well as postsynaptic abundance of INF2-
GFP. Further, we showed that INF2 overactivation reduced 
spine density and that it strongly increased the fraction of 
filopodia-like spines and reduced the fraction of mushroom-
like spines, thereby inducing an immature spine profile in 
hippocampal neurons. The latter finding suggested that INF2 
promotes the formation of filopodia-like spines, in which the 
cytoskeleton is mainly composed of unbranched F-actin [30, 
39]. Such a function is in good agreement with its primary 
molecular activity, i.e. nucleation of unbranched F-actin [9]. 
Hence, INF2 has acquired a postsynaptic function similar 
to mDia2, another formin that has been implicated in the 
formation and elongation of filopodia-like spines [31]. We 
have thus provided evidence that formation of filopodia-like 
spines does not only depend on only a single formin, in line 
with previous assumptions [30].

While INF2-GFP expression induced an immature spine 
profile in CTR neurons, it failed in altering spine morphol-
ogy in dKO neurons. This could be explained by an intrinsic 
INF2 overactivation in dKO neurons, which was not further 
increasable by ectopic INF2 expression. In line with this 
idea, neurons either overexpressing INF2 or lacking both 
CAPs displayed similar spine morphological changes, and 
reduced spine density and the shift towards an immature 
spine profile in dKO neurons was rescued upon shRNA-
mediated INF2 inactivation. Further, it is in very good agree-
ment with recent studies that revealed antagonistic func-
tions of CAPs for formin-mediated F-actin polymerization. 
In vitro experiments showed that mouse CAP1 was able to 
displace the FH2 domain of mDia1 from of F-actin’s barbed 
ends [4]. However, this study did not investigate whether 
it was able to similarly displace INF2, and this finding has 
been challenged by a recent study that determined the effect 
of the yeast CAP homolog SRV2 on barbed end residence 
time of the FH2 domain [66]. More relevant for the present 
study, an inhibitory function towards INF2 has been demon-
strated for a protein complex consisting of actin and CAP1 
and/or CAP2 [1, 2]. Data of the latter two studies led to a 
model in which actin/CAP complexes facilitate INF2 autoin-
hibition by serving as a bridge between its N-terminal diaph-
anous inhibitory domain (DID) and C-terminal diaphanous 
autoregulatory domain (DAD) [3]. In line with these studies, 
we here confirmed by CoIP interaction between INF2 and 
both CAPs in neuronal cells. Interestingly, the aforemen-
tioned studies reported similar INF2 inhibitory activities 
for both CAP1 and CAP2, which likely explains absence of 
INF2 overactivation and, hence, of immature spine profiles 
in single KO neurons lacking either one or the other family 
member. While these studies unraveled a novel mechanism 
of INF2 inhibition, the physiological relevance of the INF2 
interaction with actin/CAP complexes remained unknown 
[1, 2]. However, the authors speculated that compromised 
interaction of INF2 with actin/CAP complexes may con-
tribute to the mechanisms underlying human diseases such 
as focal segmental glomerulosclerosis and Charcot-Marie-
Tooth [2], which both have been linked to dominant mis-
sense mutations in INF2’s DID that reportedly binds CAPs 
with sub-micromolar affinity [1, 2, 8, 10]. We here report 
a physiological function for the INF2-CAP interaction by 
demonstrating that it is relevant for spine maturation. Fur-
ther, our data led us speculate that dysregulated INF2-CAP 
interaction may contribute to human neuropsychiatric dis-
orders that have been associated with both impaired spine 
maturation and dysregulation of the postsynaptic actin 
cytoskeleton [17, 19, 20, 47, 49, 64].

The inhibitory activity of actin/CAP complexes towards 
INF2 depended on lysine acetylation in actin (KAc-actin) 
as acetylation of K50 and K61 strongly increased the affin-
ity of actin/CAP complexes for INF2 [1, 2]. These studies 

Fig. 5  INF2 is located in spines and interacts with CAP1 and CAP2 
in neuronal cells. Immunoblots showing INF2 expression A in post-
natal hippocampus and B cultured cortical neurons. Total protein 
staining was performed to control equal loading. C DIV16 hip-
pocampal neuron expressing dsRed (red) together with INF2-GFP 
(green). Box indicate area shown with higher magnification. D Flu-
orescence intensity profiles for dsRed and INF2-GFP along white 
line in C. E Graph showing ratio of spine head/dendritic shaft for 
dsRed and INF2-GFP. Graph includes values of individual spines 
and MV ± SEM, N = 45/15/3. Student’s t-test was performed to test 
for statistical significance. F Immunoblots with antibody against myc 
and β-actin in lysates from HT-22 cells expressing either myc-CAP1 
and GFP or myc-CAP1 and INF2-GFP. *: lower bands correspond to 
the heavy chain of IgG. G Immunoblots with antibody against myc 
in lysates from HT-22 cells expressing either myc-CAP2 and GFP or 
myc-CAP2 and INF2-GFP. Scale bar (µm): 20. ****: P < 0.0001

◂
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have thus not only unraveled a novel INF2 regulatory mecha-
nism, but also emphasized the relevance of posttranslational 
modifications (PTMs) of actin. Although PTMs of actin is 
a rapidly expanding area in cytoskeleton research [14, 67], 
still only little is known about their physiological relevance 
and in particular about the physiological relevance of actin 
acetylation in the nervous system. Interestingly, the INF2 
inhibitory KAc-actin/CAP complex has been initially puri-
fied from mouse brain, and disease-linked INF2 mutations 
(including mutations linked to Charcot-Marie-Tooth neu-
ropathy) were only poorly inhibited by this complex [2], 
suggesting a disease contribution of this interaction [3]. Fur-
ther, a recent human genetic study associated mutations in 
NAA80, which encodes an enzyme specific for N-acetylation 
of actin [15], among others with actin dysregulation, brain 
developmental defects and intellectual disabilities [43]. Col-
lectively, these studies suggest important functions for actin 
acetylation in the nervous system. Our data are in line with 
a model, in which KAc-actin/CAP complexes inhibit INF2 
in excitatory synapses to induce spine maturation, thereby 
further supporting the relevance of actin acetylation in the 
brain. In our CoIP experiments, we only found a small frac-
tion of myc-CAP1, myc-CAP2 or endogenous actin to be co-
precipitated with INF2-GFP, which may indicate that in neu-
rons only a minor fraction of actin is present as KAc-actin.

While our data are in line with an INF2 inhibitory func-
tion of CAP1 and CAP2 during spine maturation, we previ-
ously implicated CAP1 in actin regulation in mature spines 
[26]. Further, we showed that CAP1 controls spine mor-
phology in cooperation with cofilin1, a key postsynaptic 
actin regulator relevant for synaptic plasticity, learning and 
memory [6, 22, 23, 31, 51–53, 65, 68, 74], whose dysregu-
lation has been implicated in various neuropsychiatric dis-
orders [16, 48, 63, 73]. Spine morphological changes upon 
inactivation of either CAP1 or cofilin1 are probably due 
to an expansion of the branched F-actin network in spine 
heads. Moreover, we showed functional interdependence of 
CAP1 and cofilin1 in the control of spine morphology [26] 
and that CAP2-dependent postsynaptic cofilin1 recruitment 
was required for spine remodeling during LTP [46]. Taken 
together, these studies and our present data revealed that 

CAPs exert two different postsynaptic functions relevant 
for distinct developmental steps in spines: CAPs inhibit 
INF2, a formin family member that can nucleate and pro-
long unbranched F-actin, which we here implicated in the 
formation of filopodia-like spines. Further, they promote 
cofilin1-dependent reorganization of the branched actin 
cytoskeleton in mature spines. We therefore propose that 
CAPs act as a molecular switch that controls the balance 
between unbranched and branched F-actin in spines, which 
is relevant for the transition from filopodia-like spines into 
mature spines.

Material and methods

Transgenic mice

Mice were housed in the animal facility of the Univer-
sity of Marburg on 12-h dark–light cycles with food and 
water available ad libitum. Generation of  CAP1flx/flx mice 
have been described before [57],  CAP2−/− mice have been 
obtained from European Conditional Mouse Mutagenesis 
Program (EUCOMM).

In situ hybridization

In situ hybridization data on male P56 C57Bl/6 J mice were 
extracted from the Allen Mouse Brain Atlas (https:// mouse. 
brain- map. org/), originally described by Lein and colleagues 
[40]. URLs of images shown in Figs. S1C-D and S5 are 
provided in Table S3.

Cell culture and transfection

Primary hippocampal neurons from embryonic day 18.5 
(E18.5) mice were isolated as previously described [60]. 
Briefly, after dissociation of hippocampi neurons were 
plated on 0.1 mg/ml poly-L-lysine-coated coverslips at a 
density of 62,000/cm2 and cultured in Neurobasal medium 
containing 2% B27, 1 mM GlutaMax, 100 µg/ml streptomy-
cin, and 100 U/ml penicillin (Gibco, Thermo Fischer) in a 
24 well plate. Neurons were stored in a humidified incuba-
tor at 37 °C with 5%  CO2. DIV6 neurons were transfected 
with a total amount of 1 μg plasmid/well of 24-well plates 
using Lipofectamine 2000 reagent (Thermo Fisher) accord-
ing to manufacturer’s protocol. In all experiments, the same 
amount of each individual construct has been transfected. 
Empty pcDNA3.1 vector has been added to set total DNA 
amount to the desired quantity.

HT-22 cells were plated at a density of 10,000 cells/cm2 
in 6 well plates. Cells were transfected 24 h after plating 
with 20 µg plasmid/dish using Lipofectamine 2000 reagent 
(Thermo Fischer). After 3 days, HT-22 cells were lysed 

Fig. 6  INF2 overactivation phenocopied spine defects of dKO neu-
rons. A Micrographs of CTR neurons expressing GFP (green) 
together with either CTR-sh or INF2-sh. Boxes indicate areas shown 
at higher magnification. Graphs showing B spine density, C spine 
volume, D spine length, E head length, F head width and G fraction 
of spine types in CTR neurons expressing either CTR-sh or INF2-
sh. H Micrographs of representative CTR neurons expressing dsRed 
(red) together with either GFP or INF2-GFP (green). Boxes indicate 
areas shown at higher magnification. Graphs showing I spine den-
sity, J spine volume, K spine length, L head length, M head width 
and N fraction of spine types in CTR neurons expressing either GFP 
or INF2-GFP. Scale bars (µm): 20. ns: P ≥ 0.05, **: P < 0.01, ***: 
P < 0.001, ****: P < 0.0001

◂
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using 1,5 mL ice-cooled lysis buffer (50 mM Tris/HCl pH 
7.5, 150 mM NaCl, 1% Triton-X, Roche Proteinase inhibi-
tors) and shaken for 15 min at 4 °C. Afterwards, cells were 
harvested by scraping and used for further analysis.

Spine analysis

Images were acquired with Leica TCS SP5 II LSM and 
LAS AF software using a 63 × oil immersion objective 
with a resolution of 2,048 × 2,048 pixels as z-stacks of 
8 optical planes (step size of 0.49 μm) and projected to 
a single-plane image (maximum projection). In order to 
quantify spine density and volume, 150–220 individual 
spines from secondary and tertiary basal dendrites per 
neuron were tagged with a circle (FIJI’oval ‘ tool, 2.254 
µm2 size). To determine spine density, the length of the 
analyzed dendritic section was measured using the ‘free-
hand line’ tool. Mean signal intensity in the circle was 
used to analyze spine volume. Mean signal intensity of 
all analyzed spines was calculated for every neuron and 
normalized to mean signal intensity of the respective den-
dritic shafts. Five neurons of three independent biological 
replicates were analyzed. Spine morphology (total length, 
spine head length and width) was analyzed of images of 
dendritic sections of about 30 µm length from secondary 
and tertiary basal dendrites using the FIJI ‘freehand selec-
tion’ tool. Spines were categorized as shown in scheme 
in Fig. S3A according to the measured morphometric 
values. Spines that did not fit into these categories were 
classified as ‘others’. Five neurons of three independent 
biological replicates were analyzed. Intensity profiles in 
confocal images were acquired with FIJI ‘plot profile’ 
tool. Lines were selected in a way that they cover one 
mushroom-like spines and the underneath dendritic shaft. 
GFP ratios between spine head versus dendritic shaft were 
analyzed with ‘freehand selection’ tool. Like this, mean 
signal intensities in spine head or an underlying piece of 
dendrite was determined, which were used to calculate the 
ratios of mean signal intensities.

Immunocytochemistry

At DIV11 or DIV16, neurons were washed once with Neu-
robasal medium. Afterwards, neurons were fixed in 4% para-
formaldehyde (PFA)/sucrose in phosphate-buffered saline 
(PBS) for 15 min and washed three times for five minutes in 
PBS. After 10 min incubation in carrier solution (0.1% gela-
tin, 0.3% Triton-X100 in PBS), neurons were incubated with 
primary antibodies in carrier solution for 2 h. After washing 
with PBS three times for 5 min, neurons were incubated 
with secondary antibodies in carrier solution for 60 min. 
After three five-minute washing steps in PBS, coverslips 
were mounted onto microscopy slides using Aqua-Poly/
Mount (Polysciences Inc.). Primary and secondary antibod-
ies including their dilutions are listed in tables S4 and S5.

Protein extraction and immunoblots

Prefrontal cortices were snap frozen in liquid  N2 and stored 
at –80 °C. Using a dounce homogenizer, 6–10 strokes were 
performed for homogenization in 750 µl lysis buffer (50 mM 
Tris-pH 7.5, 150 mM NaCl, 1% Triton-X100, 1 × Complete 
Protease Inhibitor Cocktail, Roche) and followed by 20 min 
centrifugation. 100 µl supernatant was collected and used for 
further analysis. Protein lysates from isolated neurons were 
generated from five coverslips (250,000 neurons/coverslip). 
Neurons were treated with with 50 µl lysis buffer incl. PST 
(1 × PhosSTOP, Roche) on ice. After 10 min incubation on 
the shaker at 4 °C, neurons were lysed by pipetting 10 times 
up and down. Afterwards, proteins were separated on a 10% 
SDS-PAGE PAGE and transferred o/n at 4 °C and 27 V onto 
a poly-vinylidene difluoride membrane (GE Healthcare) 
using Mini-Protean electrophoresis system (Biorad). Tris-
buffered saline containing 5% milk powder and 0.2% Tween 
20 (TBS-T/milk) was used to prevent non-specific antibody 
binding. Membranes were incubated with primary antibody 
diluted in TBST-T/milk dilutions for 2 h at RT on the shaker. 
After washing for three with TBS-T/milk, membranes were 
incubated with horseradish peroxidase-conjugated second-
ary antibodies (Thermo Fisher Scientific) in TBS-T/milk 
for 1 h on the shaker. Before developing with Amersham 
ECLplus reagent (GE Healthcare), Membranes were washed 
three times with TBS-T for 10 min. Primary and secondary 
antibodies including their dilutions are listed in tables S4 
and S5.

Co‑immunoprecipitation

HT-22 cells were seeded at 1.5 million cells/10 cm plate and 
transfected on the following day with 6 µg of either INF2-
GFP or GFP and with either myc-CAP1 or myc-CAP2 as 
well as dsRed using Lipofectamine 2000 (Thermo Fischer). 
For each co-immunoprecipitation, 30 µl of Dynabeads™ 

Fig. 7  INF2 inhibition rescues spine maturation defect in dKO neu-
rons. A Micrographs of representative dKO neurons expressing 
dsRed (red) together with either GFP or INF2-GFP (green). Boxes 
indicate areas shown at higher magnification. Graphs showing B 
spine density, C spine volume, D spine length, E head length, F head 
width and G fraction of spine types in dKO neurons expressing either 
GFP or INF2-GFP. H Micrographs of representative dKO neurons 
expressing GFP (green) together with either CTR-sh or INF2-sh. 
Boxes indicate areas shown at higher magnification. Graphs show-
ing I spine density, J spine volume, K spine length, L head length, 
M head width and N fraction of spine types in dKO neurons upon 
transfection of either CTR-sh or INF2-sh. Scale bars (µm): 20. ns: 
P ≥ 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001

◂



 C. Schuldt et al.  353  Page 16 of 19

Protein G (ThermoFischer, 10004D) were used per condi-
tion. The beads were washed twice with 600 µl washing 
buffer (20 mM Tris/HCl pH 8.0, 100 mM NaCl) each time 
incubating for 5 min on a rotating platform. 2 µg of anti-
GFP antibody per condition and 600 µl of washing buffer 
were added and incubated at room temperature on the rotat-
ing platform for 1 h. Subsequently, the beads were washed 
three times with 500 µl washing buffer. To the beads 30 µl 
of wash buffer were added. Two days after transfection, 
HT-22 cells were lysed in a buffer containing 1% Triton 
X-100 and homogenized. After centrifugation, supernatant 
was obtained. 600 µl of the supernatant were incubated with 
the prepared Dynabeads for 2 h at 8 °C. Afterwards, beads 
were washed three times for five minutes with 500 µl wash-
ing buffer at 8 °C. The remaining beads were suspended 
in 30 µl LB buffer and 30 µl of lysis buffer per condition. 
For validation, samples were heated for 5 min at 95 °C and 
applied onto SDS-PAGE and transferred onto an Immo-
bilon-FL membrane. To prove equal loading, total protein 
staining was performed by using Revert 700 Total Protein 
Staining according to manufacturer’s protocol and using the 
Li-COR Odyssey CLx system. Expression levels of myc-
CAP constructs, IP was incubated with an antibody against 
myc bound to a horseradish peroxidase and immunoblots 
were developed on a Hyperfilm ECL film. For quantifying 
the myc-CAP constructs we used the ECL method incubat-
ing with an anti-myc antibody bound to a horseradish per-
oxidase, the ECL solution and developing it on a Hyperfilm 
ECL Film.

Mass spectrometry

For mass spectrometry, C57BL/6N mice cerebral cortices 
and hippocampi from 4 animals were used per each develop-
mental time point (E18.5, P10 and P40), making 12 animals 
in total. Protein lysates from were prepared by addition of 
500 µl lysis buffer (0.1 M Tris–HCl, pH 8.0, 0.1 M DTT, 2% 
SDS) to the tissue and homogenized with 20 strokes using 
plastic pestle in the 1.5 mL collection tube. Then, lysates 
were passed through the 30G needle with 1 mL syringe for 
5 times and incubated for 5 min at 95 °C. The viscosity of 
the sample was reduced by sonication with Branson Sonifier 
450 (duty cycle 50%, 20 pulses with minimal power set-
tings – output 10–12%) at 4 °C. Non-dissolved cell debris 
was discarded as a pellet by 10 min centrifugation at 20 °C. 
Supernatants were treated with 5 mM TCEP for 15 min at 
90 °C. After cooling down the sample to room tempera-
ture, 10 mM iodoacetamide was added and the sample was 
incubated for 30 min in the dark. Excess iodoacetamide was 
neutralized by the addition of excess DTT. Samples were 
then further processed using a SP3 protocol adapted from 
previous study [32]. 4 µL of the SP3 bead-slurry was added 
to 25 µL of each sample (if samples had less volume, volume 

was adapted to 25 µL by the addition of Millipore water). 
Subsequently, 29 µL acetonitrile were added. Samples were 
quickly vortexed and then incubated for 15 min at room tem-
perature. Beads were then separated using a magnetic sepa-
rator. Supernatant was discarded. Beads were washed two 
times with 500 µL 70% ethanol. Finally, beads were washed 
once with 200 µL acetonitrile. Dry beads were incubated 
over-night with sequencing grade modified trypsin (SERVA) 
in 100 µL digestion buffer (10% acetonitrile, 50 mM ammo-
niumbicarbonate) in a thermomixer at 1200 rpm and 30 °C. 
Beads were separated using a magnetic separator. Super-
natant was transferred to new 1.5 mL reaction tubes. 30 µL 
2% DMSO were added to the beads and solution was incu-
bated for 5 min in an ultrasonic bath. Subsequently beads 
were separated using a magnetic separator and supernatant 
was added to the corresponding tubes containing the super-
natants. Subsequently, 30 µL of water were added to the 
beads, samples were vortexed and spinned down. Magnetic 
beads were separated again using a magnetic separator and 
supernatants added to the corresponding supernatants of the 
previous elution steps. Thereafter, 10 µL of 5% TFA were 
added to each collection tube. Peptides were then desalted 
and concentrated using Chromabond C18WP spin columns 
(Macherey–Nagel, Part No. 730522). Finally, peptides were 
dissolved in 25 µL of water with 5% acetonitrile and 0.1% 
formic acid. Mass spectrometric analysis was performed 
using a timsTOF Pro mass spectrometer (Bruker Daltonic). 
A nanoElute HPLC system (Bruker Daltonics), equipped 
with an Aurora column (25 cm × 75 µm) C18 RP column 
filled with 1.7 µm beads (IonOpticks) was connected online 
to the mass spectrometer. A portion of approximately 200 ng 
of peptides was injected directly on the separation column. 
Sample Loading was performed at a constant pressure of 
800 bar.

Separation of the tryptic peptides was achieved at 
50 °C column temperature with the following gradient of 
water/0.1% formic acid (solvent A) and acetonitrile/0.1% 
formic acid (solvent B) at a flow rate of 400 nL/min: Linear 
increase from 2%B to 17%B within 60 min, followed by a 
linear gradient to 25%B within 30 min and linear increase to 
37% solvent B in additional 10 min. Finally, B was increased 
to 95% within 10 min and hold for additional 10 min. The 
built-in “DDA PASEF-standard_1.1sec_cycletime” method 
developed by Bruker Daltonics was used for mass spectro-
metric measurement.

Data analysis was performed using MaxQuant (version 
1.6.17.0) with Andromeda search engine against the Uni-
prot database. Peptides with minimum of seven amino-acid 
lengths were used and FDR was set to 1% at the peptide 
and protein level. Protein identification required at least one 
razor peptide per protein group and label free quantifica-
tion (LFQ) algorithm was applied. Bioinformatics analysis 
was performed with Perseus software (1.6.15.0) using LFQ 
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intensity values. Log2 converted LFQ intensity values were 
normalized by subtraction of the median from the values 
of individual proteins. Statistical analysis of differential 
expression was estimated using Student’s t-test (two-sample, 
unpaired) and corrected for multiple comparison using Ben-
jamini–Hochberg method.

Statistical analysis

Values are shown as mean values (MV) ± standard error of 
the means (SEM) based on at least three independent bio-
logical replicates, i.e. neurons from three different prepara-
tions. Most graphs additionally include values of individual 
neurons, which are shown in different colors as circles, 
squares or triangles (Figs. 1F, H-I, 2B-F, I-K, 3B-F, 4E, 5B-
F, 6B-F, I-M, S2B-C, S3G-I). Statistical analyses were per-
formed using GraphPad Prism 9. For comparison between 
two groups, statistical significance was calculated by using 
Student’s t-test (two-sample, unpaired). For experiments 
involving more than two groups, statistical significance was 
tested by performing two-way ANOVA followed by Tukey's 
multiple comparisons test. Comparison of spine type dis-
tribution was tested with χ2-test. Table 6 provides detailed 
information including MV ± SEM, P values, numbers (N) 
of spines, neurons and independent biological replicates for 
each spine analysis. Throughout the entire study, experi-
menters were blinded to the genotype during both image 
acquisition and analysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 024- 05393-y.
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