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changes in synaptic transmission are often accompanied 
by structural changes of dendritic spines and/or remodel-
ing of synaptic connectivity [4–7]. However, the underlying 
molecular mechanisms that link and coordinate functional 
and structural aspects of synaptic plasticity are far from 
straightforward and remain poorly understood.

Within the functional aspects of synaptic plasticity, long-
term potentiation (LTP) and long-term depression (LTD) at 
CA1 hippocampal synapses rely on the regulated traffick-
ing of AMPA-type glutamate receptors (AMPARs) into 
and from the post-synaptic membrane, as well as on post-
translational modifications [8–13]. Structural plasticity is 
mediated by the remodeling of the actin cytoskeleton of the 
dendritic spine through the engagement of actin-binding 
proteins (ABPs), which leads to enlargement or shrinkage 
of existing spines, together with the formation or retraction 

Introduction

Synaptic plasticity refers to the activity-dependent modi-
fications of synapses that alter the strength or efficacy of 
synaptic transmission. This property is widely accepted to 
underlie learning and memory processes [1–3]. Functional 
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Abstract
Long-term synaptic plasticity is typically associated with morphological changes in synaptic connections. However, the 
molecular mechanisms coupling functional and structural aspects of synaptic plasticity are still poorly defined. The cata-
lytic activity of type I phosphoinositide-3-kinase (PI3K) is required for specific forms of synaptic plasticity, such as 
NMDA receptor-dependent long-term potentiation (LTP) and mGluR-dependent long-term depression (LTD). On the other 
hand, PI3K signaling has been linked to neuronal growth and synapse formation. Consequently, PI3Ks are promising 
candidates to coordinate changes in synaptic strength with structural remodeling of synapses. To investigate this issue, 
we targeted individual regulatory subunits of type I PI3Ks in hippocampal neurons and employed a combination of elec-
trophysiological, biochemical and imaging techniques to assess their role in synaptic plasticity. We found that a particular 
regulatory isoform, p85α, is selectively required for LTP. This specificity is based on its BH domain, which engages the 
small GTPases Rac1 and Cdc42, critical regulators of the actin cytoskeleton. Moreover, cofilin, a key regulator of actin 
dynamics that accumulates in dendritic spines after LTP induction, failed to do so in the absence of p85α or when its BH 
domain was overexpressed as a dominant negative construct. Finally, in agreement with this convergence on actin regula-
tory mechanisms, the presence of p85α in the PI3K complex determined the extent of actin polymerization in dendritic 
spines during LTP. Therefore, this study reveals a molecular mechanism linking structural and functional synaptic plastic-
ity through the coordinate action of PI3K catalytic activity and a specific isoform of the regulatory subunits.
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of spines [4, 14–19]. Key regulators of the actin cytoskel-
eton dynamics are the actin-depolymerizing factor (ADF)/
cofilin proteins [20]. Cofilin is rapidly and persistently 
enriched within spines upon LTP induction [21–23], where 
it promotes actin filament turnover through its severing 
activity [24–26].

In terms of signaling pathways, class I phosphatidylino-
sitol 3-kinases (PI3Ks) [27] are known to drive functional 
changes in AMPAR-mediated synaptic transmission during 
plasticity [28–35]. On the other hand, PI3K signaling has 
been associated with neuronal growth and synaptogenesis 
[35–38]. Therefore, these PI3Ks are well suited to coordi-
nate structural and functional aspects of synaptic plasticity, 
although how this coordination may occur is still unknown. 
Class IA PI3Ks are heterodimeric proteins, where the cat-
alytic subunit (p110) forms an obligatory complex with a 
regulatory subunit (p85α, p85β, p55α, p50α or p55γ). Using 
genetic approaches, we have recently shown that different 
isoforms of the catalytic subunit are specialized for distinct 
forms of synaptic plasticity and structural maintenance of 
hippocampal synapses [35]. In contrast, the role of the regu-
latory subunits in the brain is much more uncertain. Interest-
ingly, p85 subunits have been linked to small GTPases of the 
Rho family, particularly Rac1 and Cdc42, which are known 
regulators of the actin cytoskeleton [39–41]. This pathway 
is in turn connected with cofilin regulation and synaptic 
function via LIM kinase [21, 42–44]. On the other hand, 
the relevance of p85 subunits for brain function is supported 
by the behavioral and cognitive deficits observed in p85α-
deficient mice [45]. However, the pleiotropic phenotypes of 
these animals (extensive loss of synapses and myelinated 
axons [46]) make it difficult to establish specific functions 
for these subunits at synapses.

In this study, we hypothesized that the regulatory sub-
units of PI3K provide additional functionalities in rela-
tion to the mechanisms of synaptic plasticity. To address 
this hypothesis, we have targeted specific p85 isoforms 
using shRNA knock-down. This strategy allows a semi-
acute gene inactivation, which may avoid the pleiotropic 
effects of the prolonged elimination of these proteins. Using 
this approach, we have found that p85α (and not p85β) 
is absolutely required for NMDA receptor (NMDAR)-
dependent LTP, but not for basal synaptic transmission or 
mGluR-dependent LTD. This specificity for p85α was also 
expressed at the level of structural plasticity, in terms of 
cofilin recruitment and actin polymerization in spines after 
LTP induction. Thus, our findings reveal a distinct contribu-
tion of PI3K regulatory subunits to synaptic plasticity and 
provide a molecular mechanism to link structural and func-
tional synaptic plasticity.

Results

p85α, but not p85β, is required specifically for LTP

To start evaluating the requirement for the different p85 reg-
ulatory subunits in synaptic plasticity, we took advantage 
of lentiviral-based shRNA expression to selectively knock-
down p85α or p85β in rat hippocampal neurons. In the case 
of the p85α mRNA, two different shRNAs were designed: 
(i) shp85α (L), which targets specifically the long (p85α) 
isoform, and (ii) shp85α (L + S), which knocks-down the 
long (p85α) and the short (p55α/p50α) regulatory iso-
forms, encoded by the PIK3R1 gene by alternative splicing 
[47–49]. Another shRNA was designed against the mRNA 
sequence of p85β (shp85β) (see Methods for the targeting 
sequences and Suppl. Figure 1A for domain organization 
and PI3K subunit associations). The efficacy and specificity 
of these shRNAs to knock-down their respective targets was 
confirmed on dissociated rat hippocampal neurons infected 
with the different lentiviral vectors (Suppl. Figure 1B). To 
note, the shRNAs for p85α produced a significant increase 
in p85β expression levels, particularly when all p85α-related 
subunits were removed (shp85α (L + S)), perhaps as a com-
pensatory effect. Importantly, none of these shRNAs altered 
the expression levels of p110α and p110β catalytic subunits 
(Suppl. Figure 1B). Instead, the subunit composition of the 
PI3K heterodimers was shifted, by driving the association 
of the p110 catalytic subunit with the remaining p85 subunit 
(p85α in the case of the shp85β, and p85β in the case of the 
shp85α (L + S); Suppl. Figure 1C). Therefore, this strategy 
allows us to specifically remove p110/p85α or p110/p85β 
complexes without globally altering p110 levels or p110/
p85 heterodimerization.

Once verified the efficiency and specificity of the shR-
NAs, we analyzed their effect on synaptic function using 
organotypic hippocampal slice cultures. The different shR-
NAs were expressed via lentiviral infection for 7 days in CA1 
neurons, and then we carried out simultaneous recordings of 
AMPAR- and NMDAR-mediated currents from neighbor-
ing infected and uninfected neurons while stimulating the 
Schaffer collateral afferents. As shown in Fig. 1A-C, none 
of these shRNAs altered basal synaptic transmission medi-
ated by AMPARs or NMDARs, indicating that the identity 
of the regulatory PI3K subunit (p85α/p55α/p50α or p85β) 
is not relevant for basal excitatory CA3-to-CA1 synaptic 
transmission.

We then evaluated the contribution of p85α/p55α/p50α 
and p85β to the two forms of synaptic plasticity in which 
PI3K has been shown to be involved, namely NMDAR-
dependent LTP and mGluR-dependent LTD [28–31, 35]. 
Interestingly, shp85α (L) and shp85β produced virtu-
ally opposite results with respect to synaptic potentiation 

1 3

  358  Page 2 of 16



PI3K couples long-term synaptic potentiation with cofilin recruitment and actin polymerization in dendritic…

(Fig. 1D). LTP was essentially abolished when only p85α 
was removed (shp85α (L)), that is, in the presence of p85β 
and the small isoforms p55α/p50α (Fig. 1D, red symbols). 
Conversely, there was a transient, but statistically signifi-
cant increase in potentiation, as compared with uninfected 

neurons, when p85β was removed (Fig. 1D, green symbols). 
These results suggest divergent roles for p85α and p85β in 
LTP, with p85α being most critically required for synaptic 
potentiation. Intriguingly, the effect on LTP was interme-
diate and not significantly different from control neurons 

Fig. 1 Effect of p85 shRNAs on synaptic function and plasticity. 
A-C. Whole-cell voltage-clamp recordings of CA3-to-CA1 synap-
tic responses mediated by AMPARs (upper left panels) or NMDARs 
(upper right panels) from uninfected neurons (control) or from neigh-
boring neurons infected with lentiviral vectors for the expression of 
shp85α (L + S) (A), shp85α (L) (B) or shp85β (C). EPSC amplitudes 
for each pair of cells are represented as black circles in the scatter plots. 
Average responses are indicated with colored squares (mean ± SEM). 
The ratio of AMPAR to NMDAR responses is also plotted from indi-
vidual cells (lower left panels). Representative traces from uninfected 
and infected neurons are shown in the lower right panels. Scale bars 
represent 50 pA (Y axis), 20 ms (X axis). Statistical differences between 
conditions were assessed by Wilcoxon t-test (paired recordings) or by 
Mann-Whitney test (AMPA/NMDA ratios). n: number of cells. ns: 
not significant. D, E. Left, time course of the normalized AMPAR-
mediated responses (mean ± SEM) during a baseline period and after 

induction of NMDAR-dependent LTP (D) or mGluR-dependent LTD 
(E). EPSC amplitude is normalized to the average baseline. Right, 
histogram showing EPSC amplitude for each cell collected from the 
first 5–10 min of the recording after induction of NMDAR-dependent 
LTP (D) or the last 5 min of the recording after induction of mGluR-
dependent LTD (E), normalized to their average baseline. Individual 
values for each experiment are represented as lines overlying the 
columns. Bars show mean ± SEM. Significant potentiation or depres-
sion was assessed via Wilcoxon t-test. ****p < 0.0001, ***p < 0.001, 
**p < 0.01. Significant differences between conditions were evaluated 
by one-way ANOVA test followed by the Tukey’s multiple compari-
sons test. #p < = 0.05. n: number of cells. ns: not significant. Represen-
tative traces are shown above the time courses for baseline (thin lines) 
and post-induction (thick lines). Scale bars represent 50 pA (Y axis), 
10 ms (X axis)
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NMDAR activation, as it was blocked by APV (Fig. 2B, 
C; yellow symbols). The specific removal of the long p85α 
isoform (shp85α (L)) almost fully ablated the spine recruit-
ment of cofilin induced by cLTP, without altering its basal 
levels (Fig. 2B, C, red symbols). In marked contrast, the 
removal of p85β (shp85β), produced an accelerated cLTP-
dependent cofilin recruitment compared to the control situa-
tion, again, without changes in basal concentration (Fig. 2B, 
C, green symbols). On the other hand, we did observe a 
significant reduction in the basal concentration of cofilin in 
spines when removing long and short p85α-related isoforms 
(shp85α (L + S); Fig. 2B, C; “Baseline” panel, blue sym-
bols). Interestingly, under these conditions, cLTP-induced 
cofilin recruitment was also impaired (Fig. 2B, C; “cLTP” 
panel, blue symbols), although to a lesser extent that upon 
removal of only p85α (shp85α (L)) (Fig. 2B, C, compare 
blue and red symbols).

Therefore, these data indicate that the efficient recruit-
ment of cofilin into spines after cLTP induction specifically 
requires p85α, and is accelerated in the absence of p85β. 
Importantly, these effects are very parallel to those observed 
for synaptic potentiation in LTP experiments (Fig. 1D).

In order to evaluate the potential interaction between p85 
and PI3K catalytic activity, we decided to interfere with 
these two factors separately or in combination (see rep-
resentative images in Fig. 2D). To test the specific role of 
PI3K catalytic activity, transfected hippocampal slices were 
incubated with 10 µM LY294002 (PI3K inhibitor) or with 
the vehicle control (DMSO) (LY294002 and DMSO were 
added to the slice culture medium one hour before the imag-
ing experiment, and were also present in the ACSF during 
the imaging session). As shown in Fig. 2E, F (“Baseline” 
panel), blockade of PI3K catalytic activity produced a sig-
nificant reduction in the basal accumulation of GFP-cofilin 
in spines (compare black and grey symbols). In addition, 
cLTP-induced recruitment of cofilin was also significantly 
impaired in LY294002-treated slices (Fig. 2E, F, “cLTP” 
panel). These results indicate that PI3K catalytic activity is 
required for both basal and activity-dependent concentra-
tion of cofilin into spines.

To test the interaction of these mechanisms with the con-
tribution of p85α, we combined the LY294002 treatment 
with co-transfection of the p85α shRNAs (shp85α (L + S) 
or shp85α (L)) and cofilin-GFP. As shown in Fig. 2E, F 
(“Baseline” panel), basal cofilin concentration in spines 
was significantly reduced in an additive manner to the 
individual treatments. That is, shp85α (L + S), which on 
its own reduced cofilin spine accumulation, was further 
reduced in the presence of LY294002 (compare pink ver-
sus grey symbols; values for shp85α and shp85β expres-
sion are also replotted here, for comparison). And shp85α 
(L), which on its own did not alter cofilin distribution, in 

when p85α/p55α/p50α levels were simultaneously reduced 
(shp85α (L + S)), although there was a tendency towards 
reduced potentiation (Fig. 1D, blue symbols). On this point, 
it is worth noting that shp85α (L + S) produced a marked 
(about 3-fold) overexpression of p85β (Suppl. Figure 1B), 
which may be responsible for a partially compensatory 
effect on LTP.

In the case of mGluR-LTD, we found no significant 
changes between uninfected control and shp85α (L + S)- or 
shp85β-expressing neurons (Fig. 1E). These results suggest 
that the identity of the regulatory isoform is not relevant for 
mGluR-LTD on CA1 neurons.

Finally, passive membrane properties of the cell (whole-
cell membrane capacitance and input resistance) were not 
altered in shp85α (L + S)-, shp85α (L)- or shp85β-infected 
neurons, as compared to uninfected controls (Suppl. 
Figure 2A).

Activity-dependent cofilin recruitment into spines is 
mediated by the regulatory subunit p85α

Once identified p85α as an important requirement for LTP 
(with the potential modulation of early LTP by p85β), we 
then explored possible mechanisms for the participation of 
these regulatory subunits in synaptic plasticity. Specifically, 
we have addressed the potential role of p85α and/or p85β in 
structural plasticity, as these regulatory subunits have been 
linked to small GTPases of the Rho family that are known 
regulators of the actin cytoskeleton [39–41]. Cofilin is a 
critical regulator of actin dynamics at synapses [44], which 
gets recruited into spines very rapidly upon LTP induction 
[21]. Therefore, we decided to evaluate the potential role of 
the p85 regulatory subunits in this behavior.

To this aim, organotypic hippocampal slices were biollis-
tically cotransfected with GFP-tagged cofilin and with the 
shRNAs for p85α or p85β (or an empty vector as control). 
The shRNA plasmids and the empty vector also express 
mCherry, which serves to confirm cotransfection. We per-
formed live-cell imaging experiments of transfected CA1 
hippocampal neurons while inducing chemical LTP (cLTP), 
as a pharmacological approach to maximize the number 
of synapses undergoing plasticity [50] (see representative 
images in Fig. 2A). GFP fluorescence signal was quanti-
fied from spine heads and the adjacent dendritic shaft, and 
expressed as spine/dendrite ratio. This approach normalizes 
for different expression levels across neurons. As shown in 
Fig. 2B, C (“Baseline” panel; black symbols), cofilin is not 
particularly concentrated in spines in the basal state (spine/
dendrite ratio ≈ 1). However, after induction of cLTP, cofilin 
is very strongly recruited into spines (Fig. 2B, C; “cLTP” 
panel; black symbols), in agreement with previous reports 
[21]. This activity-induced recruitment was dependent on 
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Finally, we evaluated the effect of blocking PI3K activ-
ity on the enhancement of cLTP-induced cofilin recruit-
ment into spines observed with shp85β. Indeed, the effect 
of shp85β in combination with LY294002 was intermedi-
ate between the separate treatments, that is, the accelerated 
cofilin recruitment in shp85β condition and the impairment 
produced by LY294002 (Fig. 2E, F, “cLTP” panel; magenta 
symbols).

Therefore, these combined findings suggest that p85 
regulatory subunits contribute to the cofilin recruitment into 
spines during cLTP by separate (or additive) mechanisms to 
those carried out by the p110 catalytic subunit of PI3K. To 
note, none of these manipulations, including combinations 

the presence of LY294002 produced the same impairment 
as LY294002 alone (compare orange versus grey symbols). 
Similarly, cofilin recruitment after cLTP induction was fur-
ther impaired with shp85α (L + S) or shp85α (L) plus PI3K 
inhibition, relative to the individual manipulations (Fig. 2E, 
F; “cLTP” panel; pink and orange symbols). Again, the 
effect was strongest with shp85α (L), which on its own sig-
nificantly reduced cLTP-induced cofilin recruitment, and in 
the presence of LY294002 virtually abolished it (compare 
red and orange symbols). Therefore, these additive effects 
suggest that p85α and the catalytic activity of PI3K con-
tribute to the activity-dependent recruitment of cofilin into 
spines through independent mechanisms.

Fig. 2 Effect of p85 shRNAs and PI3K activity on 
GFP-cofilin recruitment into spines during cLTP. (A) 
Representative images of dendritic branches from CA1 
hippocampal neurons expressing GFP-cofilin together with 
shp85α (L + S), shp85α (L), shp85β or an empty vector 
(EV, control). Some slices expressing the empty vector 
were treated with 100 µM APV (NMDAR antagonist). 
Images are shown for baseline and after cLTP induction 
(15–25 min). Scale bar: 1 μm. (B) Quantification of GFP 
fluorescence signal in spines relative to the adjacent den-
dritic shaft (spine/dendrite ratio) before, during (grey rect-
angle) and after cLTP induction, from neurons expressing 
shp85α (L + S) (blue symbols), shp85α (L) (red symbols), 
shp85β (green symbols) or the empty vector control (black 
symbols). Some slices expressing GFP-cofilin and the 
empty vector were treated with 100 µM APV 1 h prior and 
during the experiment (yellow symbols). Plot represents 
mean ± SEM. (C) Histogram plot of spine/dendrite ratios 
from baseline (left; -10–0 min) and after cLTP induction 
(right; 15–25 min, normalized to baseline values for each 
condition). Bars show mean ± SEM. n represents number 
of spines from 3–6 independent experiments in each condi-
tion. Statistical differences between conditions were evalu-
ated through Kruskal-Wallis and Mann-Whitney U tests. 
****p < 0.0001, ns: not significant. (D) Similar to A, with 
slices treated with LY294002 (PI3K inhibitor) or the vehi-
cle control (DMSO). (E) Similar to B, with slices treated 
with 10 µM LY294002 and expressing shp85α (L + S) 
(pink symbols), shp85α (L) (orange symbols), shp85β 
(magenta symbols) or the empty vector control (grey 
symbols). Slices treated with the vehicle control (DMSO) 
and expressing the empty vector are represented with 
black symbols. Treatments were for 1 h prior imaging and 
during the imaging session. Plots represent mean ± SEM. 
(F) Similar to C, from the values represented in E. Values 
from neurons expressing shp85α (L + S) (blue symbols), 
shp85α (L) (red symbols), and shp85β (green symbols) 
without LY294002 incubation are replotted from panel 
C, for comparison. Bars show mean ± SEM. n represents 
number of spines from 4–5 independent experiments in 
each condition. Statistical differences between conditions 
were evaluated through Kruskal-Wallis and Mann-Whitney 
U tests. ****p < 0.0001, ***p < 0.001, **p < 0.01, ns: not 
significant
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As shown in Fig. 3E, F (“Baseline” panel), cofilin was sig-
nificantly less concentrated at spines under basal conditions 
when the BHα domain was overexpressed (blue symbols), 
whereas the BHβ domain produced a slight (but statistically 
significant) increase in cofilin spine concentration (pink 
symbols). After cLTP induction, both BH domains reduced 
cofilin recruitment, but the impairment was significantly 
stronger in the case of BHα overexpression (Fig. 3E, F, 
“cLTP” panel).

These results strongly suggest that the BH domain of p85 
is an important factor for cofilin recruitment into spines. 
This function is carried out by p85α, in line with the pre-
ferred interaction of BHα with the small GTPases Rac1 and 
Cdc42.

p85α is required for PI3K-induced Rac1 activation 
and actin polymerization in dendritic spines

PI3K catalytic activity (from the p110 subunit) has been 
shown to contribute to Rac1/Cdc42 activation via PI(3,4,5)
P3-mediated regulation of specific guanine nucleotide 
exchange factors (GEFs), such as P-Rex, Vav, Tiam 
(reviewed in [52]). On the other hand, our results above 
suggest that p85α may provide additional mechanisms for 
activation, based on its direct interaction with these small 
GTPases. Therefore, we decided to test whether p85 sub-
units (and specifically p85α) has a net contribution to Rac1 
activation during PI3K activation. To this end, we used hip-
pocampal primary neuronal cultures infected with the dif-
ferent p85 shRNAs and treated with peroxovanadate, which 
produces a generalized activation of PI3K by blocking 
phospho-Tyr phosphatases [53]. Then, Rac1 activation was 
assessed by pull-down assays using the Rac1/Cdc42-bind-
ing domain of PAK1 fused to GST (GST-PAK-PBD beads; 
see Suppl. Figure 3A for the specificity of this assay to pull-
down active Rac1/Cdc42).

Peroxovanadate treatment did produce a significant 
Rac1 activation (Fig. 4A, B; “control”), together with a 
strong activation of the PI3K pathway (monitored by Akt 
phosphorylation; Suppl. Figure 3B, C; “control”). In con-
trast, peroxovanadate-induced Rac1 activation was signifi-
cantly blunted by p85α knock-down (Fig. 4A, B), despite 
the fact that PI3K catalytic activity was still present (Suppl. 
Figure 3B, C). Interestingly, shp85β also prevented Rac1 
activation after peroxovanadate treatment (Fig. 4A, B). 
However, in this case, p85β knock-down appeared to pro-
duce a global activation of Rac1, although this effect was 
not statistically significant. Therefore, these results allow 
us to conclude that PI3K catalytic activity is insufficient to 
drive Rac1 activation in neurons in the absence of p85α.

Finally, we decided to test whether these specific effects 
of p85 isoforms on Rac1 activation and cofilin recruitment 

of shRNAs and pharmacological inhibitors, altered spine 
density (Suppl. Figure 2B).

p85α BH domain binds Rac1 and mediates cofilin 
recruitment into spines

Our results shown above indicate that p85α, and not p85β, 
is required for LTP and for cLTP-induced cofilin recruit-
ment at spines. In addition, these data also suggest that this 
function probably resides in the N-terminal region of p85α, 
since the strongest effects were observed with shp85α (L) 
(in the presence of p55α and p50α, which share the C-ter-
minal domains with p85α [47, 49]). Within this N-terminal 
region, the BH domain (BCR homology domain) is the one 
that presents the lowest percentage of homology between 
p85α and p85β [51]. This domain contains the Rac effec-
tor sequence [39]. Therefore, we directly tested whether the 
BH domains of p85α and p85β (hereinafter called BHα and 
BHβ, respectively) bind Rac1 and/or Cdc42, and whether 
there are differences between them.

To this end, we performed pull-down assays from rat hip-
pocampal extracts using GST fused to BHα or BHβ as baits. 
GST alone-containing beads were used as negative control 
for binding specificity. As shown in Fig. 3A, B, Rac1 was 
pulled-down much more efficiently with BHα, as compared 
to BHβ (a similar trend was observed for Cdc42, but the 
difference was not statistically significant, perhaps because 
of the overall weaker binding). We also tested whether this 
interaction was dependent on the activation state of the 
small GTPase. As shown in Fig. 3A, C, the extent of Rac1 
and Cdc42 binding was equivalent with extracts preincu-
bated with GDP (for the inactive form of the small GTPase) 
or with the GTP analog GMP-PNP (for its active form). 
Therefore, these results confirm that the BH domain of p85 
does bind Rac1/Cdc42 and indicate that this interaction is 
stronger for p85α, as compared to p85β. Interestingly, this 
binding appears to be independent from the activity state of 
the GTPase (GDP- or GTP-bound), at least when assaying 
isolated BH domains (to note, specific binding for the GTP-
bound forms has been reported previously using full-length 
p85 [39, 40]).

Given the preferential binding of Rac1 and Cdc42 to the 
BH domain of p85α, we hypothesized that this interaction 
may be involved in the recruitment of cofilin into spines. If 
this is the case, overexpression of the isolated BH domain 
may act as dominant negative by outcompeting the interac-
tions with the endogenous p85α/β BH domains. To test this 
idea, organotypic hippocampal slices were cotransfected 
with cofilin-GFP together with BHα or BHβ domains fused 
to mCherry (or mCherry alone, as control), and we carried 
out live-cell imaging experiments during cLTP induction, 
as described before (see representative images in Fig. 3D). 
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Fig. 3 Interaction of the BH domains of p85α and p85β with Rac1 and 
Cdc42, and effect on GFP-cofilin recruitment into spines. (A) Hippo-
campal extracts were incubated with GST fusion proteins of the BH 
domain of p85α (BHα) or p85β (BHβ) as baits. GST alone was used 
as negative control. Some extracts were incubated with GDP or with 
the GTP analog GMP-PNP, as indicated. Bound and input fractions 
were analyzed by Western blot using specific antibodies for Rac1 and 
Cdc42. Lower blot shows GST protein expression. (B) Quantification 
of Rac1 (left) and Cdc42 (right) levels in the bound fraction, relative to 
the input protein, pulled-down with BHα or BHβ from extracts without 
nucleotide incubation. Individual values for each experiment are rep-
resented as lines overlying the columns. Bars represent mean ± SEM. 
(C) Similar to (B), with extracts incubated with GDP or GMP-PNP. 
(D) Representative images of dendritic branches from CA1 hippo-
campal neurons expressing GFP-cofilin (green channel) together with 

BHα or BHβ fused to mCherry (red channel). mCherry alone is used 
as control. Images are shown for baseline and after cLTP induction 
(15–30 min). Scale bar: 1 μm. (E) Quantification of GFP fluorescence 
signal in spines relative to the adjacent dendritic shaft (spine/den-
drite ratio) before, during (grey rectangle) and after cLTP induction, 
from neurons expressing BHα (blue symbols), BHβ (pink symbols) 
or mCherry control (black symbols). Plot represents mean ± SEM. (F) 
Histogram plot of spine/dendrite ratios from baseline (left; -10–0 min) 
and after cLTP induction (right; 15–30 min, normalized to baseline 
values for each condition). Bars show mean ± SEM. n represents num-
ber of spines from 4–5 independent experiments in each condition. 
Statistical differences between conditions were evaluated through 
Kruskal-Wallis and Mann-Whitney U tests. ****p < 0.0001, *p < 0.05, 
ns: not significant
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effectively blind with respect to their phalloidin staining 
(Fig. 4C, green channel). As shown in Fig. 4D (“Baseline”), 
shp85α (L + S) produced a significant increase in F-actin in 
spines, whereas shp85β produced the opposite effect, as com-
pared with control neurons. However, upon cLTP induction, 
the effects were completely reversed. As expected, in the 
control condition (empty vector), cLTP induction led to an 
increase in actin polymerization (F-actin staining) in spines 
(Fig. 4D; “cLTP”, grey symbols). This increase in F-actin 

into spines had functional consequences for the regulation 
of the actin cytoskeleton. To test this idea, we used phal-
loidin staining in organotypic hippocampal slices to ana-
lyze the polymerization state of actin in dendritic spines 
of CA1 pyramidal neurons after cLTP induction, while 
reducing p85α or p85β levels. In this experiment, dendritic 
spines were selected from their mCherry fluorescence (co-
expressed with the shRNAs; see representative images 
in Fig. 4C, red channel), and therefore, the analysis was 
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the p85α long isoform, or with the empty vector as control. 
mCherry expression from the shRNA and control plasmids 
served to confirm cotransfection (see representative image 
in Fig. 4E). Individual spines expressing actin-GFP were 
photobleached before (baseline) or 15 min after cLTP induc-
tion, and the extent of fluorescence recovery was monitored. 
Under basal conditions, approximately 50% of actin-GFP 
fluorescence signal was recovered after 60 s post-bleaching 
(Fig. 4F, G, “Baseline”), indicating that over this period of 
time, approximately half of actin-GFP is stable in dendritic 
spines. The fraction of immobile actin became significantly 
larger after cLTP induction (Fig. 4F, G, “cLTP”), probably 
reflecting an increase in stable actin filaments in spines after 
LTP. Importantly, this LTP-dependent actin stabilization 
was significantly impaired in neurons expressing shp85α 
(L), consistent with the failure to enhance F-actin labeling 
after cLTP in the absence of p85α (Fig. 4D).

Therefore, these combined data indicate that actin polym-
erization and F-actin stabilization in dendritic spines during 
LTP are strongly dependent on p85α.

Discussion

In this work, using a knockdown strategy on CA1 hippo-
campal neurons, we have found that the p85α regulatory 
isoform of PI3K is required for LTP, but not for mGluR 
LTD. We propose that the role of p85α in LTP is linked to 
its contribution to structural plasticity. Thus, we have found 
that PI3K activity triggers Rac1 activation in neurons only 
when associated to p85α. In agreement with this observa-
tion, p85α is required for cofilin recruitment and F-actin 
polymerization in spines induced by cLTP. Importantly, 
these actions are specific for p85α and are not shared by the 
shorter splicing isoforms p55α/p50α (encoded by the same 
gene, PIK3R1) or by the paralog p85β (encoded by a differ-
ent gene, PIK3R2).

The specificity for p85α is perhaps most strikingly dem-
onstrated by the fact that removing p85β from hippocampal 
neurons produced not null, but opposite effects from those 
observed upon p85α depletion. Thus, shp85β led to acceler-
ated cofilin recruitment and stronger F-actin polymerization 
in spines upon cLTP induction, together with faster synap-
tic potentiation. We believe these enhancing effects of the 
shp85β reflect the intrinsic partition of PI3K heterodimers 
between those containing p85α and p85β. This is because 
we have observed that removal of p85β does not reduce the 
levels or the heterodimerization extent of the catalytic p110 
subunits, but shifts their association towards p85α. There-
fore, this manipulation will act as a gain-of-function change, 
by increasing the amount of p110/p85α complexes, which 
would be the ones mediating the synaptic effects of p85. 

was completely abolished with the shp85α (L + S) (in fact, a 
significant reduction in F-actin staining was observed upon 
cLTP induction), whereas it was greatly enhanced with the 
shp85β (Fig. 4D; “cLTP”, blue and green symbols). These 
results parallel those observed for cofilin recruitment, and 
strongly suggest that actin polymerization in spines during 
cLTP is driven preferentially by p85α.

As a complementary approach to evaluate the role of 
p85α in actin dynamics during LTP, we carried out live 
imaging of actin-GFP in dendritic spines and used FRAP 
(Fluorescence Recovery After Photobleaching) to assess the 
fraction of mobile and immobile actin before and after cLTP. 
Organotypic hippocampal slices were cotransfected with 
actin-GFP and with shp85α (L) to specifically knock-down 

Fig. 4 Effect of p85 shRNAs on Rac1 activation and F-actin accumu-
lation and dynamics in spines. (A) Pull-down of active (GTP-bound) 
Rac1 with GST-PAK-PBD from extracts of hippocampal neurons 
treated or not with peroxovanadate (pV) and expressing shp85α 
(L + S), shp85β or an empty vector. Some untreated extracts were 
incubated with the GTP analog GMP-PNP, as control for active Rac1. 
Bound fractions were analyzed by Western blot using an antibody spe-
cific for Rac1. Lower blot shows GST protein expression. (B) Quan-
tification of Rac1 levels in the bound fraction, relative to the input 
protein. Individual values for each experiment are represented as line-
connected circles between untreated and peroxovanadate-treated con-
ditions. Red squares represent mean ± SEM. n: number of independent 
experiments. Significant differences between conditions were assessed 
by Wilcoxon t-test. *p < 0.05, ns: not significant. (C) Representative 
images of organotypic hippocampal slices stained for F-actin with 
phalloidin-488 (green channel), expressing shp85α (L + S), shp85β or 
an empty vector coupled to mCherry expression (red channel). Images 
are shown for baseline (untreated) slices and for slices after cLTP 
induction (15–25 min). Dendritic spines, identified from the mCherry 
channel, are indicated with yellow shapes. Scale bar: 1 μm. (D) Histo-
gram plot of phalloidin fluorescence intensity at individual spines from 
infected neurons detected from the mCherry signal, from baseline (left; 
-10–0 min) and after cLTP induction (right; 15–25 min, normalized 
to baseline values for each condition). Bars represent mean ± SEM. n 
represents number of spines from 8–12 different slices. Significant dif-
ferences between conditions were assessed by Mann-Whitney U test. 
****p < 0.0001, **p < 0.01, *p < 0.05. (E) Representative images of 
dendritic branches from CA1 hippocampal neurons expressing actin-
GFP (green channel) together with shp85α (L) or the empty vector 
co-expressing mCherry (red channel). Images are shown at baseline 
(“Basal”), immediately after photobleaching (“Bleach”) and after 
1 min of fluorescence recovery (“Recov.”), from both untreated slices 
or after 15 min of cLTP induction. Scale bar: 1 μm. Dendritic spines 
selected for photobleaching are indicated with arrowheads. (F) Time 
course of Fluorescence Recovery After Photobleaching (FRAP) at 
individual spines from control neurons or neurons expressing shp85α 
(L), before and after cLTP induction. Fluorescence intensity is nor-
malized to baseline values and residual fluorescence immediately after 
photobleaching. Bars represent mean ± SEM. (G) Histogram plot of 
the fraction of immobile actin-GFP (1-FRAP, from the end of the time 
course) at individual spines from control neurons or from neurons 
expressing shp85α (L), before (“Baseline”) and after cLTP induction. 
Values for cLTP are normalized to their corresponding baseline. Bars 
represent mean ± SEM. n represents number of spines from 7 (empty 
vector control) or 9 (shp85α (L)) different slices. Significant differ-
ences between conditions were assessed by Mann-Whitney U test. 
**p < 0.01, *p < 0.05
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of PI(3,4,5)P3-sensitive Rac1 GEFs (such as Tiam1 [60, 
61]) will focus Rac1 actions at the synaptic compartments 
where PI3K activation is taking place (see model in Fig. 5). 
On the other hand, this process may synergize with addi-
tional mechanisms independent from PI(3,4,5)P3, since we 
have also observed p85α-dependent cofilin recruitment in 
spines while blocking PI3K catalytic activity. Importantly, 
these mechanisms can only be supported by the long p85 
isoforms, as they contain a BH domain. This interpretation 
may also explain why depletion of p85α together with p55α/
p50α (shp85α (L + S)) had a milder phenotype than remov-
ing exclusively p85α (shp85α (L)). In the combined absence 
of p85α, p55α and p50α isoforms, p110 would only form 
complexes with p85β, whose BH domain may also inter-
act to some extent with Rac1/Cdc42, even if less efficiently 
than p85α. In contrast, the presence of p50α/p55α would be 
detrimental for LTP and structural plasticity, because these 
short isoforms generate PI3K complexes deprived from 
Rac1-assisted mechanisms. In this sense, p50α/p55α sub-
units act as dominant negative forms for Rac1-dependent 
functions of the PI3K complex.

And what would be the connection of these mechanisms 
with cofilin recruitment into spines during cLTP? It is really 
not known what triggers the translocation of cofilin into 
dendritic spines upon LTP induction. However, it does seem 
that its retention within spines is determined by its phos-
phorylation at Ser3 [23], which in turn inhibits cofilin sev-
ering activity against actin filaments [62]. Therefore, in its 
inactive (phosphorylated) form, cofilin binding to F-actin 
contributes to actin filament stabilization [24] and results in 
cofilin retention in the activated spines [21]. Cofilin phos-
phorylation is catalyzed by LIM kinase, which is in turn 
activated by Rac1 and Cdc42 [20, 42, 63]. In this scenario, 
the action of p85α facilitating Rac1 activation by PI3K will 
overall contribute to cofilin retention and F-actin stabiliza-
tion in potentiated spines.

In conclusion, this study has provided mechanistic 
insight into additional functionalities specifically contrib-
uted by the regulatory subunit p85α for PI3K signaling dur-
ing synaptic plasticity. Our results also highlight how the 
balance between p85α- and p85β-containing PI3K com-
plexes may determine the direction of this signaling. Simi-
larly, the relative expression of the long (p85α) and the short 
(p55α/p50α) splicing isoforms of the PIK3R1 gene may also 
alter the contribution of Rac1 to PI3K signaling. These con-
siderations open the intriguing possibilities that neuronal 
function and cognitive performance may be altered if the 
relative expression of p85α and p85β changes (as it has been 
observed under some pathological conditions [64, 65]) or 
if PIK3R1 alternative splicing is modified (as it has been 
reported for some genetic disorders [66]).

Importantly, this interpretation also implies that the avail-
ability of endogenous p85α-containing PI3K complexes is a 
limiting factor for synaptic potentiation and structural plas-
ticity during LTP.

What is the specific contribution of p85α to these mech-
anisms? Some differing functions of p85α and p85β have 
been described before, mostly related to Akt signaling dur-
ing cell proliferation [54–58]. These differences have often 
been attributed to small sequence variations in the C-termi-
nal SH2 domains of p85α and p85β, which regulate p110 
catalytic activity [54, 55]. In this study, however, we are 
proposing a p85-specific mechanism based on the pref-
erential interaction we have observed between the small 
GTPases Rac1/Cdc42 and the N-terminal BH domain of 
p85α. To note, the interaction between p85 and Rac1/Cdc42 
had been described before [39, 40], but surprisingly, the BH 
domains of p85α and p85β had never been directly com-
pared for their Rac1/Cdc42 binding, despite the fact that the 
BH domain contains the most divergent sequences between 
p85α and p85β. Once established the preferential binding of 
Rac1 to p85α, we have observed that this interaction is func-
tionally relevant, as p85β depletion (favoring p110/p85α 
association) triggers a much stronger F-actin polymeriza-
tion in spines upon cLTP induction. How could this PI3K-
Rac1/Cdc42 interaction favor the action of these small 
GTPases at synapses? We believe that, in this context, p85 
is acting as a scaffold protein controlling the localization of 
Rac1/Cdc42 and subsequent actin remodeling at the precise 
locus where PI(3,4,5)P3 synthesis occurs. Thus, when PI3K 
catalytic activity is induced during LTP [30, 59], activation 

Fig. 5 Cartoon model for p85α-driven Rac1 action at dendritic spines. 
Specific association of Rac1 with the PI3K regulatory subunit p85α 
favors local remodeling of the actin cytoskeleton at the synaptic com-
partments where PI3K catalytic activity is engaged
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Biosciences. Other antibodies used for immunodetection 
were anti-mCherry (GeneTex, #GTX59788) and anti-GST 
(Sigma-Aldrich, #G7781). Secondary antibodies used for 
western blot were horseradish peroxidase (HRP)-conjugated 
anti-rabbit (#711-035-152) and anti-mouse (#715-035-151), 
purchased from Jackson ImmunoResearch.

LY294002 (#L9908), forskolin (#F6886), picrotoxin 
(#P1675), rolipram (#R6520), DL-AP5 (#A5282) and 
2-chloroadenosine (#C5134) were purchased from Sigma/
Merck-Millipore.

DNA constructs

shRNA constructs: shp85α (L + S), shp85α (L) and shp85β

For shRNA knockdown of the different rat p85 isoforms 
(p85α, p55α, p50α and p85β), the lentiviral vector KH1-
LV-mCherry vector, gift from Dr. María S. Soengas (Centro 
Nacional de Investigaciones Oncolológicas, CNIO-ISCIII, 
Madrid), was used. The specific shRNA targets were: 
shp85α (L + S), 5’- G C A T G A A C A A C A A T A T G T C C T-3’; 
shp85α (L), 5’- G G C A C T T G G A T T C A G T G A T G G-3’; 
shp85β, 5’- G C G G G A A C A A C A A G C T A A T C A-3’. As neg-
ative control, the KH1-LV-mCherry vector with no target 
sequence (empty vector) was used.

Recombinant proteins

The cofilin-GFP plasmid contains the full-length sequence 
for human cofilin fused to the GFP protein. It is controlled 
by the CMV promoter and it was generously provided by 
Dr. Petronila Penela (Centro de Biología Molecular Severo 
Ochoa, CSIC-UAM, Madrid). p85 BH domains were isolated 
by PCR from the corresponding full-length p85α and p85β 
cDNA sequences (residues R79 to W333 for BHα -NCBI 
Reference Sequence: XP_016865074.1; residues P80 to 
S324 for BHβ - NCBI Reference Sequence: NP_005018.2). 
PCR products were cloned into the pmCherry-C1 vector (to 
generate the mCherry-BHα and mCherry-BHβ plasmids) 
or into the pGEX-2T vector (to generate the GST-BHα and 
GST-BHβ plasmids).

Pharmacological treatments

Induction of NMDAR-depending chemical LTP (cLTP)

cLTP (forskolin-induced LTP) was carried out as previously 
described [50, 70]. Briefly, organotypic hippocampal slices 
were transferred to a submersion-type holding chamber con-
taining ACSF (119 mM NaCl, 2.5 mM KCl, 4 mM CaCl2, 
4 mM MgCl2, 26 mM NaHCO3, 1 mM NaH2PO4, 11 mM 
glucose, pH 7.4 and osmolarity adjusted to 290 ± 5 mOsm) 

Methods

Organotypic hippocampal slice cultures

Tissue slices were prepared from 5-7-day-old Wistar rat 
pups essentially as described previously [67, 68]. Briefly, 
whole brains were removed in ice-cold dissection medium 
(10 mM D-glucose, 4 mM KCl, 20 mM NaHCO3, 234 mM 
sucrose, 5 mM MgCl2, 1 mM CaCl2) previously gassed 
with carbogen (5% CO2/95% O2). After removal of the hip-
pocampi, 400 μm-thick slices were prepared using a tissue 
slicer (Stoelting Europe) under sterile conditions. Individual 
slices were transferred to porous nitrocellulose permeable 
membranes (Merk Millipore) over slice culture medium 
(0.8% [wt/vol] MEM powder, 20% [vol/vol] horse serum, 1 
mM L-glutamine, 1 mM CaCl2, 2 mM MgSO4, 1 mg/L insu-
lin, 0.0012% [vol/vol] ascorbic acid, 30 mM Hepes, 13 mM 
D-glucose, and 5.2 mM NaHCO3)). Slices were maintained 
in vitro at 35.5 ºC and 5% CO2 for 7–15 days until use and 
culture medium was refreshed every 2–3 days.

Primary hippocampal neuronal cultures

Dissociated cultures were prepared from E18-E19 rat 
embryos essentially as described previously [69]. Briefly, 
hippocampi were removed in Hank’s balanced salt solution 
(Gibco) supplemented with 10 mM HEPES pH 7.4 (Gibco), 
100 IU/mL penicillin and 100 µg/mL streptomycin. Cells 
were disaggregated by trypsinization with 0.25% trypsin 
(Gibco) and mechanically dispersed by repeated passage 
through pipette tips of different thickness. Neurons were 
then counted and plated at a density of 21,000–28,000 cells/
cm2 on 0.1 mg/mL poly-L-lysine-coated culture plates for 
biochemical analysis. The attachment to the substrate and 
recovery of cells were performed in MEM containing 1.5% 
D-glucose and 10% FBS (Hyclone) for 3–4 h at 37 ºC and 
5% CO2. The media was then replaced with Neurobasal 
medium (Gibco) supplemented with 1x B27 (Gibco) and 2 
mM glutamine. Cultures were maintained at 37 °C and 5% 
CO2 and used after 2 weeks in vitro.

Antibodies and other reagents

For western blot, the following antibodies were used: p110β 
(#ab151549), p85α (#ab191606) and p85β (#ab180967) 
purchased from Abcam. Antibodies against p110α (#4255), 
phospho-Akt [Thr308] (#2965), phospho-Akt [Ser473] 
(#4060) and pan Akt (#2910) were purchased from Cell 
Signalling Technologies. Antibodies raised against p85 
(#ABS234), actin (#MAB1501R) and GFP (#11814460001) 
were purchased from Merck Millipore. Antibodies to Rac1 
(#610651) and Cdc42 (#610928) were acquired from BD 
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EASYpack, Roche) and protein extracts were prepared at 
0.5 µg/µL (400–500 µL). Extracts were incubated with 
anti-p110α antibody (119 µg/mL, Cell Signaling 4255 S) 
and 50 µL of Protein G Sepharose beads (GE Healthcare) 
equilibrated at 50% in homogenization buffer. Bound frac-
tions were isolated by centrifugation (2400 rpm for 2 min) 
followed by three washes and resuspension in 20 µL lysis 
buffer. All fractions were then separated by SDS–PAGE and 
analyzed by Western blot.

Western blotting

Protein extracts were processed by SDS–polyacrylamide 
gel electrophoresis and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Immobilon-P, Merck Millipore). 
Afterwards, membranes were blocked (5% w/v non-fat dry 
milk in tris-buffered saline (TBS) + 0.1% Tween-20) (1 h at 
room temperature) and incubated with primary antibodies 
overnight at 4 ºC. After a 45-minutes incubation with horse-
radish peroxidase (HRP)-conjugated secondary antibodies, 
immunodetection was done by chemiluminescence with 
5-minutes ECL incubation (Enhanced ChemiLuminiscence, 
Immobilon Western, Millipore) and the ImageQuant™ LAS 
4000 mini biomolecular imager (GE Healthcare Life Sci-
ences). The ImageJ software was used to analyze and quan-
tify signal intensities obtained from digital images.

Electrophysiology

Excitatory postsynaptic currents (EPSCs) were recorded 
from CA1 pyramidal neurons with glass recording electrodes 
while stimulating Schaffer collateral fibers using single-
voltage pulses (200 µs, up to 25 V). During the recordings, 
the slices were placed in an immersion chamber constantly 
perfused with ACSF gassed with 5% CO2 and 95% O2 at 
29 °C. For all experiments, ACSF was supplemented with 
100 µM picrotoxin and 4 µM 2-chloroadenosine. Record-
ings were carried out under whole-cell voltage-clamp con-
figuration using glass micropipettes. These patch recording 
pipettes (3–6 MΩ) were filled with an internal solution con-
taining 115 mM CsMeSO3, 20 mM CsCl, 10 mM Hepes, 
2.5 mM MgCl2, 4 mM Na2-ATP, 0.4 mM Na-GTP, 10 mM 
sodium phosphocreatine, 0.6 mM EGTA, and 10mM lido-
caine N-ethyl bromide, pH 7.25, osmolarity 290 mOsm. For 
paired recordings, infected and uninfected (control) neurons 
were identified through fluorescence illumination and then 
patched and recorded simultaneously. Only CA1 neurons 
were infected with lentiviruses, thus ensuring that shRNAs 
were expressed exclusively in the postsynaptic cell when 
measuring CA3 to CA1 synaptic transmission. Synaptic 
AMPAR-mediated responses were measured as the peak 
amplitude of the response at -60 mV. NMDAR-mediated 

gassed with carbogen (5% CO2/95% O2) at 29ºC. For cLTP 
induction, slices were transferred to a Mg2+-free ACSF sup-
plemented with rolipram (0.1 µM), forskolin (50 µM) and 
picrotoxin (100 µM) during 15 min. For some experiments, 
hippocampal slices were returned back to regular ACFS 
for a recovery period (or wash period) of 10–15 min after 
induction. In the case of dissociated hippocampal neurons, 
HEPES buffer was used in the ACSF to avoid continuous 
carbogen gassing.

Induction of PI3K activity in primary cultures

After 1 h incubation in medium without serum (to decrease 
basal activation of receptor tyrosine kinases), primary hip-
pocampal cultures were treated with peroxovanadate (mix 
of 13.2 mM Na3VO4, 13.2 mM H2O2, 40 mM HEPES) for 
10 min at 37 ºC in Tyrode’s solution (30 mM glucose, 120 
mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 25 mM 
HEPES) (1 µL peroxovanadate solution: 240 µL Tyrode’s 
solution ratio).

GST pull-down assays

Primary hippocampal neurons (DIV12-14) were lysed in 
lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% 
Triton X-100, 1 mM DTT, 2x protease inhibitor cock-
tail (Complete Tablets EDTA-free, EASYpack, Roche), 
1x phosphatase inhibitor cocktail (PhosSTOP EASYpack, 
Roche), 10 mM MgCl2). Protein extracts were prepared at 
0.1–0.5 µg/µL (200–500 µL). For nucleotide controls, some 
lysates were incubated with 10 mM EDTA (40 min at room 
temperature) followed by addition of 1 mM GDP (SIGMA) 
or 0.1 mM GMP-PNP (guanosine-5’-[β,γ-imido]triphos-
phate, Jena Bioscience) in the presence of excess (60 mM) 
MgCl2 (1 h on ice). Glutathione beads bound to the corre-
sponding GST-fusion protein were incubated with 50 µg of 
the different lysates for 1 h at 4 ºC with rotation. GSH-beads 
with GST alone were used as a negative control. Then, 
beads with the bound proteins were pelleted by centrifuga-
tion (2400 rpm for 2 min at 4 ºC), washed and resuspended 
in 20 µL cold lysis buffer (bound fraction). Protein extracts 
were finally subjected to 12% SDS-PAGE and analyzed by 
Western Blot.

p110α co-immunoprecipitation assays

Organotypic hippocampal slices or dissociated hippocam-
pal neurons were homogenized in cold lysis buffer (20 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM 
EGTA, 1 mM EDTA, 5 mM MgCl2, 2x protease inhibi-
tors cocktails (Complete Tablets EDTA-free, EASYpack, 
Roche) and 1x phosphatase inhibitor cocktail (PhosSTOP 
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with PBS between them. Fixed samples were then blocked 
(3% BSA, 3% horse serum and 0.1% Triton X-100) for 
1 h at room temperature followed by incubation with 132 
nM (1:100) Alexa Fluor 488-conjugated phalloidin (Ther-
moFisher) in PBS overnight at 4 ºC. After final washes 
(3 × 10 min), samples were mounted onto microscope slides 
and fluorescence images were acquired as 5 μm-depth 
Z-stacks starting at the same level from the surface among 
the different slices. All images were acquired using the 
same microscope settings and conditions. A confocal micro-
scope (LSM 800, Zeiss) was used with a 63x NA 1.2 water 
C-Apochromat objective, a 2x zoom factor and 488-nm and 
561-nm lasers in combination with ZenBlue 3.2 software. 
As with live-cell imaging data, Z-stacks were reconstructed 
(maximum intensity projection) and analysed using the Fiji 
v1.52n software.

Statistical analysis and figure representation

Statistical differences (p-values) between groups were deter-
mined via different non-parametric tests: Mann-Whitney U 
test for unpaired data, Wilcoxon test for normalised paired 
data and ANOVA/Kruskal-Wallis for comparing multiple 
groups. All statistical analysis and graphic representations 
were performed using GraphPad Prism software.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00018-
024-05394-x.
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responses were recorded at + 40 mV and measuring the tail 
response at a point when AMPAR-mediated responses had 
fully decayed (65 ms post-stimulation). Synaptic responses 
were averaged over 50–70 trials. LTP was induced by 
pairing presynaptic stimulation (300 pulses at 3 Hz) with 
a depolarization of the postsynaptic cell to 0 mV [71]. 
mGluR-dependent LTD was induced in presence of 100 
µM DL-AP5 with a paired-pulse protocol [72] (900 pairs 
of pulses, with a 50 ms inter-stimulus interval, at 1 Hz). 
Data acquisition was carried out with MultiClamp 700 A/B 
amplifiers and pClamp software (Molecular Devices). Data 
analysis was performed using custom-made Excel (Micro-
soft) macros. Series and input resistance of the recorded 
cells were monitored throughout the recording. Cells with 
changes of > 20% on series resistance, artifact change or 
burst firing events were discarded from the quantification.

Live cell imaging assays and quantification

Fluorescence images were acquired focusing mainly on 
dendritic spines located in secondary to quaternary den-
dritic segments of CA1 hippocampal pyramidal neurons. 
Biolistically-cotransfected organotypic hippocampal slices 
were placed in a chamber continuously perfused with ACSF 
gassed with carbogen (5% CO2/95% O2) at 29 °C. Confocal 
fluorescence images were acquired as Z-stacks with a con-
focal inverted microscope (LSM 800, Zeiss) using a 63x NA 
1.2 water C-Apochromat objective, a 2x zoom factor and 
488-nm and 561-nm lasers in combination with ZenBlue 3.2 
software. For Fluorescence Recovery After Photobleaching 
(FRAP) experiments, individual spines were bleached for 
2 s at maximal laser intensity. Recovery of fluorescence in 
the spine was monitored up to 60 s after photobleaching. 
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