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Functional specialization of different PI3K isoforms for 
the control of neuronal architecture, synaptic plasticity, 
and cognition 
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Neuronal connectivity and activity-dependent synaptic plasticity are fundamental properties that support brain 
function and cognitive performance. Phosphatidylinositol 3-kinase (PI3K) intracellular signaling controls multi-
ple mechanisms mediating neuronal growth, synaptic structure, and plasticity. However, it is still unclear how 
these pleiotropic functions are integrated at molecular and cellular levels. To address this issue, we used neuron- 
specific virally delivered Cre expression to delete either p110α or p110β (the two major catalytic isoforms of type 
I PI3K) from the hippocampus of adult mice. We found that dendritic and postsynaptic structures are almost 
exclusively supported by p110α activity, whereas p110β controls neurotransmitter release and metabotropic 
glutamate receptor–dependent long-term depression at the presynaptic terminal. In addition to these separate 
functions, p110α and p110β jointly contribute to N-methyl-D-aspartate receptor–dependent postsynaptic long- 
term potentiation. This molecular and functional specialization is reflected in different proteomes controlled by 
each isoform and in distinct behavioral alterations for learning/memory and sociability in mice lacking p110α 
or p110β. 

Copyright © 2022  

The Authors, some  

rights reserved;  

exclusive licensee  

American Association  

for the Advancement  

of Science. No claim to  

original U.S. Government  

Works. Distributed  

under a Creative  

Commons Attribution  

License 4.0 (CC BY).   

INTRODUCTION 
The experience-dependent modification of synaptic connections, 
known as synaptic plasticity, is considered the cellular basis for 
learning and memory (1, 2). The molecular mechanisms mediating 
these synaptic changes are still being elucidated, but it is becoming 
increasingly clear that neurons recruit common intracellular traf-
ficking machinery and signaling pathways for these highly special-
ized processes. In particular, it is intriguing that synaptic plasticity 
and cellular growth/survival often rely on common signaling 
drivers (3). This is best exemplified by phosphatidylinositol 3- 
kinase (PI3K)/phosphatase and tensin homolog (PTEN) signaling: 
While PI3K activity is generally associated with synaptic potentia-
tion and cellular growth, PTEN is linked to synaptic depression and 
growth restriction (4–11). However, this relation is far from univo-
cal. Thus, it is well established that signaling through PI3Ks is a key 
mechanism mediating long-term potentiation (LTP) induced by N- 
methyl-D-aspartate (NMDA) receptors (NMDARs) (12–16). 
However, PI3K has also been associated with long-term depression 

(LTD), most consistently when induced by metabotropic glutamate 
receptors (mGluRs) (17–19) and by NMDARs (20, 21). Together 
with these established roles in synaptic plasticity, the PI3K 
pathway drives neuronal growth and structural plasticity during 
synaptogenesis and neuronal development, exerting direct effects 
on dendritic complexity, spine number, and shape (22–29). 

These pleiotropic (and sometimes antagonistic) effects driven by 
PI3K activity are possibly related to the molecular diversity of 
PI3Ks. Class IA PI3Ks are heterodimers consisting of a regulatory 
subunit (usually p85α or p85β) and a catalytic subunit ( p110α, 
p110β, or p110δ) that catalyzes the production of phosphatidylino-
sitol 3,4,5-trisphosphate (PIP3) in response to ligand stimulation 
(30, 31). Some isoform-specific functions of PI3Ks are starting to 
be uncovered by means of gene-targeting approaches and from 
genetic data on human pathologies (32–35). Nevertheless, at this 
moment, the specific roles of individual PI3K isoforms in synaptic 
plasticity and neuronal morphology are largely unknown, as all 
PI3K isoforms are expressed in the brain, particularly in neurons. 
This is not only an academic issue. The knowledge of specific 
PI3K isoforms engaged for distinct neuronal functions will not 
only help to understand the regulatory mechanisms involved but 
may also provide more specific targets for certain pathological 
conditions. 

Among class IA PI3K catalytic subunits, p110α and p110β are 
ubiquitously expressed, and their absence results in embryonic le-
thality (36, 37). In neurons, these isoforms are well expressed 
throughout life. Therefore, we hypothesized that p110α and 
p110β isoforms could have nonredundant roles in mature 
neurons regarding neuronal architecture, synaptic plasticity, and ul-
timately cognitive function. To bypass embryonic lethality, we have 
used a conditional and region-restricted gene-targeting approach, 
in combination with proteomic, imaging, electrophysiological, 
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and behavioral assays. On the basis of these experiments, we now 
report that neuronal ablation of p110α or p110β differentially 
affects protein expression profiles, suggesting that both isoforms 
have separate functions in neurons. p110α and p110β have different 
roles in synapse and dendritic maintenance, basal synaptic trans-
mission, and synaptic plasticity. Last, mice lacking p110α or 
p110β in the adult hippocampus exhibit distinct behavioral pheno-
types in memory and social behavior. 

RESULTS 
Proteomic analyses of mice lacking neuronal p110α or 
p110β evidence differential cellular processes controlled 
by the two isoforms 
As mentioned above, PI3K signaling controls a variety of neuronal 
functions, including cell survival, neural circuit development, and 
synaptic plasticity (12–15, 17, 26). To get some insight into poten-
tially different functions of the catalytic isoforms p110α and p110β, 
we used a gene-targeting approach using Cre-lox recombination. To 
bypass the embryonic lethality of the complete knockout of PIK3CA 
and PIK3CB genes (36, 37), we bilaterally injected adeno-associated 
viruses (AAVs) expressing Cre recombinase under the calcium/cal-
modulin-dependent protein kinase IIα (CaMKIIα) promoter 
(AAV5-CaMKIIα-mCherry-Cre) into the hippocampus of adult 
p110αflox/flox and p110βflox/flox mice (fig. S1A). Four weeks after in-
jection, Cre was expressed mainly in neurons along the whole sep-
totemporal axis of the hippocampus (38) with around 90% 
infection efficiency in dorsal and ventral CA1 neurons (fig. S1, B 
to E). As expected, the resulting neuronal p110α and p110β knock-
out mice (p110αnKO and p110βnKO, respectively) displayed a selec-
tive reduction in the p110α and p110β protein levels of more than 
50% (fig. S2, A and B). To note, the knockout efficiency is not ex-
pected to be 100% as p110α and p110β are ubiquitously expressed 
and are expected to be present in glial cells and cerebral vasculature 
(39, 40). In both cases, downstream targets of the PI3K pathway 
seemed to be mostly unaltered (except for S6 expression in 
p110αnKO; fig. S2, C to E). 

To start investigating the cellular programs that may be specifi-
cally affected by p110α or p110β deficiency, we performed tandem 
mass tagging (TMT)–based quantitative proteomic analysis to iden-
tify hippocampal proteins whose levels were altered in p110αnKO 

and p110βnKO mice (Fig. 1 and fig. S3). Of the total of 7888 proteins 
identified, we found 1710 differentially expressed proteins (DEPs) 
between our three experimental conditions (p110αnKO, p110βnKO, 
and wild-type mice infected with the same AAV; three animals per 
genotype). From these, 1040 DEPs arise from comparing p110βnKO 

versus p110αnKO proteomic profiles, 395 correspond to p110αnKO 

versus control, and 275 correspond to p110βnKO versus control 
(Fig. 1A and data S1). Some of these DEPs are unique to each com-
parison, and others are common as depicted by the numbers on the 
intersections of the Venn diagram. Pairwise comparison of DEPs 
across individual animals (Fig. 1B) showed high correlation coeffi-
cients in the replicates from both p110αnKO and p110βnKO, indicat-
ing high reproducibility among the three replicates (and substantial 
differences across the three groups). p110αnKO, p110βnKO, and 
control replicates clustered together by hierarchical clustering of 
all DEPs (Fig. 1C). Gene Ontology (GO) enrichment analysis for 
the proteins comprising each cluster identified as the top GO bio-
logical processes: actin filament organization, translation, cellular 

localization, adenosine 5′-triphosphate (ATP) synthesis–coupled 
proton transport, cytoskeleton organization, and nervous system 
development (Fig. 1C). For most of the clusters (except for ATP 
synthesis), lack of p110α and p110β had opposite effects. The 
absence of p110α on pyramidal neurons seems to down-regulate 
actin cytoskeleton and translation-related proteins while promoting 
an increase in proteins involved in cellular localization and nervous 
system development. Conversely, deletion of p110β most notably 
decreased expression of proteins related to cellular localization 
and neuronal system development. 

To further explore the cellular processes and pathways most af-
fected by the absence of p110α and p110β, we performed an enrich-
ment analysis (Fig. 1D). From the comparison of the 1040 DEPs 
between p110αnKO and p110βnKO, we found several categories in 
both biological and cellular components that exhibited marked 
changes between PI3K isoforms. Notably, the most remarkable dif-
ferences were found in actin cytoskeleton and organization and fil-
ament polymerization, dendrite development and synapse 
organization, as well as postsynaptic and dendritic components. 
In addition, we found several presynaptic proteins (synaptic 
vesicle glycoprotein 2B [SV2B] and vesicle-associated membrane 
protein 7 [VAMP7]) up-regulated in p110βnKO and postsynaptic 
and structural proteins (PSD95, CaMKIIα, AMPA receptor 
subunit 2 [GluA2], α–actinin-1, and microtubule-associated 
protein 2 [MAP2]) down-regulated in p110αnKO (Fig. 1E). These 
results already point out to p110α and p110β as important (and dif-
fering) master regulators of synaptic and neuronal structure. 

Last, the differential expression profiles caused by neuronal de-
letion of p110α and p110β were further evaluated by Western blot 
(fig. S4). We found that AMPA receptor (AMPAR) and NMDAR 
subunits were significantly decreased in hippocampal lysates from 
both p110αnKO and p110βnKO. The phosphorylation of cofilin was 
significantly increased solely in the case of p110αnKO, reinforcing 
the link between p110α and the actin cytoskeleton. In addition, 
the levels of the Ca2+/calmodulin-dependent phosphatase calci-
neurin (CaN) and the phosphorylation of αCaMKII were specifi-
cally affected by p110β deletion on pyramidal neurons. Therefore, 
together, these changes suggest that p110α and p110β isoforms 
might play differential roles in synaptic function and intracellular 
signaling. 

Loss of p110α but not p110β impairs dendritic and spine 
maintenance in hippocampal pyramidal neurons 
Our previous proteomic data clearly pointed to proteins linked to 
the actin cytoskeleton, particularly in mice lacking p110α. There-
fore, we evaluated whether the absence of p110α or p110β leads 
to structural or morphological hippocampal alterations. We first an-
alyzed the hippocampal volume of p110αnKO and p110βnKO by ex 
vivo magnetic resonance imaging approximately 1 month after hip-
pocampal AAV delivery (Fig. 2, A to E, and fig. S5). Both p110αnKO 

and p110βnKO mice displayed a significant reduction in hippocam-
pal volume (Fig. 2, A to D), although this reduction was signifi-
cantly more pronounced in p110αnKO as compared to p110βnKO 

mice (33.8 ± 3.4% of hippocampal volume loss in p110αnKO 

versus 16.4 ± 2.7% in p110βnKO; Fig. 2E). To note, neither the 
volume of the hemispheres nor the cortex was altered in 
p110αnKO or p110βnKO mice, supporting the specificity of the hip-
pocampal AAV delivery ( fig. S5, C, D, H, and I). These results 
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suggest that the p110α isoform plays a major role in maintaining 
proper brain growth and size, particularly as compared to p110β. 

Previous studies have suggested that the PI3K pathway is impor-
tant for both dendritic arborization and synaptogenesis (23, 26). 
Therefore, we hypothesized that the reductions we observed in hip-
pocampal volume could be due to neuronal atrophy. To explore this 

possibility, p110αnKO and p110βnKO mice were infected for 24 hours 
with a green fluorescent protein (GFP) Sindbis virus to reveal CA1 
neuronal morphology (Fig. 2, F and G). As shown in Fig. 2 (H and 
I), p110α removal caused a marked decrease in dendritic complexity 
(as determined by Sholl analysis) and in the total length of both 
basal and apical dendrites when compared to control mice. A 

Fig. 1. Proteomic analysis of mice 
lacking neuronal p110α or p110β. 
(A) Venn diagram of DEPs for all 
possible comparisons. (B) Similarity 
matrix showing pairwise distances 
between samples, measured by 
Pearson correlation. (C) Unsupervised 
hierarchical clustering based on Eu-
clidean distances for the 1710 DEPs. 
Colors represent row-scaled expres-
sion values (green, low expression; 
magenta, high expression). Seven 
protein clusters were identified on 
the basis of their expression pattern, 
and GO biological process enrich-
ment analysis was performed on 
each cluster. GO biological process 
terms are annotated for each cluster 
(left cluster panel), and the inter-
secting proteins from the dataset are 
highlighted with the same color code 
(right cluster panel). Clusters are also 
represented by sample expression 
levels in the panel below the 
heatmap. (D) GO enrichment analysis 
of the DEPs (|Zq| > 1.2 and P < 0.05) 
for p110β versus p110α (left plot) and 
for p110α and p110β versus control 
(right plot). For both plots, GO bio-
logical process and cell components 
are plotted against the adjusted P 
value by Benjamini-Hochberg false 
discovery rate (FDR) correction (PFDR). 
Dotted lines represent significance 
threshold (PFDR < 0.01, |log10(PFDR-

)| > 2) for all GO terms, and the size of 
the points represents the number of 
intersecting genes between the 
dataset and the GO biological 
process or the GO cell component. 
Sign on the x axis represents up- or 
down-regulation. n = 3 mice per 
group. (E) Volcano plots of DEPs 
(|Zq| > 1.2 and P < 0.05) comparing 
p110αnKO versus control (left), 
p110βnKO versus control (center), and 
p110βnKO versus p110αnKO (right). 
Each point represents the average 
fold change of one protein and the P 
value for that comparison. Dashed 
lines represent significance thresh-
olds [|Zq| > 1.2 and –log10(P) > 1.3]. 
Sign on the x axis represents up- or 
down-regulation. Names and out-
lined points represent top differen-
tially up- or down-regulated proteins. 

Sánchez-Castillo et al., Sci. Adv. 8, eabq8109 (2022) 23 November 2022                                                                                                                                  3 of 20  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org on N

ovem
ber 25, 2022



Fig. 2. Differential contribution of p110α and p110β to hippocampal size and neuronal morphology. (A and B) Representative coronal sections of ex vivo magnetic 
resonance imaging from the brain of p110αnKO and p110βnKO mice after AAV-CaMKII-Cre hippocampal infection. (C and D) Hippocampal volume quantification for the 
right and the left hemisphere in p110αnKO and p110βnKO mice and their respective controls. Statistical significance was calculated by two-way repeated-measures analysis 
of variance (ANOVA) [(C) F(1,7) = 30.24, P = 0.0009; (D) F(1,6) = 8.205, P = 0.03] with Bonferroni’s posttest (***P < 0.005 and *P < 0.05). ns, not significant. (E) Comparison 
between the hippocampal volume (right and left hemispheres for each mouse are displayed together) of p110αnKO and p110βnKO mice. Statistical significance was cal-
culated by two-way ANOVA [F(1,30) = 8.449, P = 0.007] with Tukey’s posttest (***P < 0.005, *P < 0.05, and #P < 0.05). p110αflox/flox: vehicle, n = 4; p110αnKO, n = 5. p110βflox/ 

flox: vehicle, n = 5; p110βnKO, n = 3. (F and G) Merged representative images of CA1 green fluorescent protein (GFP)–expressing neurons from p110αflox/flox and p110βflox/flox 

mice for all conditions (saline and AAV injected). After AAV infection, mice were superinfected with a Sindbis GFP virus. Scale bars, 100 μm. (H and J) Sholl analysis 
depicting the mean number of intersections along the dendritic tree for uninfected (control) and AAV-infected CA1 pyramidal neurons from p110αnKO and p110βnKO 

mice. Representative images of neurons traced for each condition are also shown. Statistical significance was calculated by two-way repeated-measures ANOVA 
[p110αnKO: F(30,990) = 6.598, P < 0.0001; p110βnKO: F(30,780) = 2.534, P < 0.0001] with Bonferroni’s posttest (*P < 0.05). (I and K) Quantification of the total dendritic 
length for apical and basal dendrites for p110αnKO and p110βnKO mice. n = 14 to 20 neurons from at least three mice per condition. (L and M) Whole-cell membrane 
capacitance of AAV-infected ( p110αnKO and p110βnKO) and uninfected (control) CA1 pyramidal neurons from acute hippocampal slices. Data were compared by Mann- 
Whitney test (*P < 0.05, ***P < 0.005, and ****P < 0.0001). p110αflox/flox: vehicle, n = 21; p110αnKO, n = 18 neurons. p110βflox/flox: vehicle, n = 23; p110βnKO, n = 22 neurons, 
from four mice per condition. Data are displayed as means ± SEM. 
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slight decrease in dendritic branching was also found upon p110β 
deletion in apical dendrites (Fig. 2, J and K), although it was much 
less pronounced than in p110α-deleted neurons. As a complemen-
tary approach, we measured whole-cell membrane capacitance from 
patch-clamp electrophysiological recordings in acute hippocampal 
slices as an indicator of total cell surface (Fig. 2, L and M). In agree-
ment with our morphological analysis, whole-cell membrane capac-
itance was strongly reduced in neurons from p110αnKO mice but 
showed no differences in p110βnKO neurons when compared to 
controls. Therefore, these combined results reinforce the notion 
that p110α activity is specifically required for the maintenance of 
proper dendritic and neuronal architecture. 

We then analyzed spine density and morphology from GFP-ex-
pressing neurons in p110αnKO and p110βnKO mice. p110α deletion 
also promoted a marked reduction in spine density, which remained 
unaltered in the absence of p110β (Fig. 3, A and B). Remaining 
spines from p110αnKO mice were wider and had larger head area 
as compared to control mice (Fig. 3, C, D, and G; and fig. S6, A 
and B), without changes in spine length (fig. S6C). In contrast, 
the absence of p110β had a very minor (although statistically signif-
icant) reduction of the spine head area (Fig. 3, E, F, and H) without 
changes in spine width or length (fig. S6, D to F). Next, we evaluated 
synaptic structure in more detail in the CA1 region of the hippo-
campus (stratum radiatum) by performing electron microscopy 
imaging of synapses in p110αnKO and p110βnKO. As shown in 
Fig. 3 (I to L), compared to controls, spines from p110αnKO 

neurons had longer and thicker postsynaptic densities. In contrast, 
the length and thickness of postsynaptic densities from p110βnKO 

mice were not altered, as compared to controls (fig. S7). 
Together, these results evidence that absence of p110α leads to a 

marked remodeling of neuronal and synaptic morphology, with a 
major retraction of dendritic arborization and loss of spines, 
which is accompanied by an enlargement of remaining postsynaptic 
structures. These changes are much more modest in p110βnKO 

neurons, indicating that PI3K-dependent regulation of neuronal 
morphology and postsynaptic structure is mainly mediated by the 
p110α isoform. 

Absence of p110α and p110β causes an accumulation of 
vesicles at the presynaptic terminals 
The electron microscopy analysis presented above also allowed us to 
investigate potential alterations at presynaptic terminals in neurons 
lacking p110α or p110β. As shown in Fig. 4 (A to F), both p110αnKO 

and p110βnKO neurons showed a marked increase (about threefold) 
in the number of synaptic vesicles per synapse, as compared to 
neurons from control mice. These vesicles spread throughout 
larger distances from the synaptic cleft, as shown in the cumulative 
distributions in Fig. 4G. To get further insight into the potential 
functional relevance of this vesicle accumulation, we then quanti-
fied synaptic vesicle density in close proximity (100 nm) to the syn-
aptic membrane as a morphological approximation to the pool of 
readily releasable vesicles (41). In this case, we observed a statisti-
cally significant increase (about twofold) in vesicle density for 
p110βnKO neurons, while there were no differences in p110αnKO 

neurons, as compared to their controls (Fig. 4H). The difference 
in synaptic vesicle density in this region was also statistically differ-
ent between p110αnKO and p110βnKO conditions. To note, these 
measurements are expressed as vesicle density, therefore normaliz-
ing for differences in the length of the synaptic membrane. On the 

other hand, the diameter of the presynaptic vesicles was not altered 
in p110αnKO or p110βnKO neurons (Fig. 4, I to J). Overall, these anal-
yses support a more prominent role at the presynaptic terminal for 
p110β, as compared to p110α. 

p110α and p110β control basal synaptic transmission in 
opposite directions 
Our morphological data indicate that p110α and p110β are differ-
entially required for maintaining proper neuronal morphology at 
both postsynaptic and presynaptic level. To evaluate the functional 
impact of these morphological observations, we first evaluated basal 
synaptic transmission by extracellular recordings of Schaffer collat-
eral–CA1 synapses from acute hippocampal slices of p110αnKO and 
p110βnKO mice (see Fig. 5A for experimental configuration). Field 
excitatory postsynaptic potentials (fEPSPs) were measured in re-
sponse to increasing stimulus intensities to generate input/output 
curves. We found that the genetic deletion of p110α and p110β 
caused opposite effects on basal synaptic transmission. Thus, 
slices from p110αnKO mice displayed a decrease in synaptic respons-
es (Fig. 5B), whereas the absence of p110β produced an enhance-
ment of synaptic transmission (Fig. 5C). None of these 
manipulations altered the excitability of the Schaffer collateral 
axons, as determined by presynaptic fiber volley amplitude (fig. 
S8, A and B). We did not find any differences in the ratio of 
AMPAR to NMDAR responses in whole-cell voltage-clamp record-
ings of CA1 neurons from p110α and p110β mice (Fig. 5, D and E), 
suggesting that AMPAR- and NMDAR-mediated synaptic trans-
missions were altered to the same extent in p110αnKO and 
p110βnKO CA1 neurons. Next, as a measurement of presynaptic 
function, we evaluated the paired-pulse ratio (PPR) of fEPSPs in 
hippocampal CA1 pyramidal neurons in response to two consecu-
tive stimulations (50 ms apart). When p110α was removed, PPR re-
mained similar to control slices (Fig. 5F), while PPR was 
significantly reduced in p110βnKO slices (Fig. 5G). These results 
suggest that the absence of p110β produces an increased probability 
of glutamate release. These results are in good agreement with the 
enhanced synaptic transmission in p110β-lacking slices (Fig. 5C) 
and may also fit with the accumulation of neurotransmitter vesicles 
in close proximity to the presynaptic membrane, as observed in our 
morphological analysis (Fig. 4H). Incidentally, the decreased basal 
transmission in p110α-lacking slices is also consistent with the 
marked reduction in spine density in these animals (Fig. 3A). 
Overall, this initial electrophysiological characterization reinforces 
the notion of a prevalent role of the p110β isoform in presynaptic 
mechanisms, while the p110α isoform would exert its actions on 
neuronal architecture and postsynaptic structure. 

p110α and p110β control different forms of synaptic 
plasticity 
We next examined the contribution of p110α and p110β to two 
forms of synaptic plasticity that have been shown to require PI3K 
activity, namely, NMDAR-dependent LTP and mGluR-dependent 
LTD (12–18, 42). LTP was induced by theta-burst stimulation 
(TBS) and mGluR-LTD by paired-pulse low-frequency stimulation 
in the presence of D,L-2-amino-5-phosphonovaleric acid (APV; 
NMDAR antagonist), in acute hippocampal slices from p110αnKO 

and p110βnKO mice. We found that the absence of both p110α 
and p110β significantly impaired LTP expression when compared 
to their respective control mice (Fig. 6, A and B). In contrast, 
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Fig. 3. p110α is required to maintain synaptic density and postsynaptic morphology in CA1 neurons. (A and B) Quantification of spine density from CA1 neuron 
dendrites from p110αnKO (A) and p110βnKO (B) and their respective saline control mice. Representative confocal images of GFP dendrites are shown in the left side of each 
graph. Scale bars, 2 μm. Statistical differences between conditions were assessed by Mann-Whitney test: (A) ****P < 0.0001 versus control and (B) P = 0.314 versus control. 
p110αflox/flox: vehicle, n = 54; p110αnKO, n = 24 dendrites. p110βflox/flox: vehicle, n = 40; p110βnKO, n = 47 dendrites, from five mice per condition. (C to F) Quantification of 
mean spine head area and cumulative distributions from neurons of p110αnKO (C and D) and p110βnKO (E and F) mice. Data were analyzed by Mann-Whitney test: (C) 
****P < 0.0001 versus control and (E) *P < 0.05 versus control. p110αflox/flox: vehicle, n = 1422; p110αnKO, n = 792 spines. p110βflox/flox: vehicle, n = 1503; p110βnKO, n = 1457 
spines, from three mice per condition. (G and H) Representative spines for the quantifications shown in (C) to (F). Scale bars, 0.5 μm. (I and J) Representative electron 
micrograph examples from CA1 stratum radiatum of control and p110αnKO mice. Higher-magnification pictures from representative synapses are shown in (J), with draw-
ings indicating calculation of postsynaptic density (PSD) length and thickness. Arrowheads in pink indicate examples of PSDs. Scale bars, 1 μm (I) and 0.2 μm (J). (K and L) 
Cumulative frequency distributions (left) and scatter dot plots (right) for PSD length (K) and PSD thickness (L) in control and p110αnKO synapses. Data were compared by 
Mann-Whitney test (****P < 0.0001 versus control). Number of synapses on each experiment (control and p110αnKO, three mice per condition): n = 250 and 336 (PSD 
length) and n = 60 and 144 (PSD thickness). Data are shown as means + SEM. 
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mGluR-LTD was selectively abolished in slices from p110βnKO mice 
(Fig. 6, C and D), indicating the specific requirement of the p110β 
isoform for mGluR-LTD. In addition, neither p110α nor p110β 
were required for NMDAR-dependent LTD (fig. S8, C and D), in 
agreement with previous studies (20). 

To bypass potential effects of the semichronic genetic deletion of 
p110α or p110β, we used the isoform-specific inhibitors A66 and 
TGX221 (43, 44) to pharmacologically suppress the catalytic activity 
from the p110α and p110β isoforms, respectively, in a more acute 
manner (Fig. 7) (to note, bath application of PI3K inhibitors is not 
restricted to neurons, as it is the case with the p110αnKO or 
p110βnKO mice). We chose the concentrations of 2.5 μM for A66 

and 0.5 μM for TGX221 based on their effect on PI3K pathway ac-
tivation, as reported by phosphorylation of Akt (pAkt) at Thr308 

(Fig. 7, A and B). Similar to our previous results with acute slices 
from p110αnKO and p110βnKO mice, we did not find any differences 
in AMPAR/NMDAR ratios from A66-, TGX221-, and vehicle- 
treated slices (Fig. 7C). NMDAR-dependent LTP was evaluated 
under whole-cell voltage-clamp configuration by pairing presynap-
tic stimulation of Schaffer collaterals (3 Hz) with postsynaptic depo-
larization (0 mV) of CA1 neurons (45–47). Under this 
configuration, LTP was abolished in A66-treated slices. On the 
other hand, TGX221 appeared to reduce the extent of synaptic po-
tentiation, although the effect was not statistically significant (Fig. 7, 

Fig. 4. Lack of p110α or p110β results in an accumulation of presynaptic vesicles. (A and B) Representative electron micrograph examples from CA1 stratum radiatum 
of p110αnKO (A) and p110βnKO (B) and their respective controls. Dotted lines depict the area within 100 nm of the synaptic cleft that was used for quantification in (H). Scale 
bars, 0.1 μm. (C to F) Cumulative distributions and scatter plots for the number of vesicles per presynaptic terminal in p110αnKO (C and D) and p110βnKO (E and F). 
****P < 0.0001 versus control mice from Mann-Whitney test. Number of synapses: control, n = 249; p110αnKO, n = 347; control, n = 213; p110βnKO, n = 283. (G) Cumulative 
frequency distribution of the vesicle distance to the synaptic cleft. ****P < 0.0001 from Kolmogorov-Smirnov test (arrows depict Kolmogorov-Smirnov statistic). Number of 
synaptic vesicles: 466 (control p110α, from 40 presynaptic terminals), 1302 (p110αnKO, from 30 presynaptic terminals), 690 (control p110β, from 40 presynaptic terminals), 
and 1080 (p110βnKO, from 20 presynaptic terminals). (H) Bar plots for the vesicle density within 100 nm from the synaptic cleft. ****P < 0.0001 versus control from Mann- 
Whitney test. Number of synapses on each experiment (two mice per condition): n = 45 and 42 (control p110α and p110αnKO) and n = 44 and 37 (control p110β and 
p110βnKO). (I and J) Frequency histograms of synaptic vesicle size from p110α (I) (purple area) and p110β (J) (red area) knockout neurons and their respective controls 
(gray lines). Vesicle size was measured from electron microscopy pictures where the active zone membrane was clearly visible. p110αflox/flox: vehicle, n = 99; p110αnKO: 
n = 134 synapses. p110βflox/flox: vehicle n = 50; p110βnKO: n = 109 synapses. Three mice per condition for the AAV infections and one or two mice for the vehicle. 
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D and E). mGluR LTD was also carried out under whole-cell 
voltage-clamp configuration with low-frequency paired pulses of 
Schaffer collaterals. In this case, the p110β inhibitor (TGX221) 
completely abolished mGluR-LTD expression, whereas the p110α 
inhibitor (A66) did not have any effect (Fig. 7, F and G). Therefore, 
these results with pharmacological inhibition of p110α and p110β 
isoforms essentially reproduce those obtained with p110αnKO and 
p110βnKO mice, supporting the interpretation of a selective require-
ment of p110β for mGluR LTD and pointing to a joint contribution 
of p110α and p110β to LTP ( perhaps with a preferential role 
of p110α). 

Presynaptic or postsynaptic loci of action for p110α and 
p110β during synaptic plasticity 
The combination of our proteomic and morphological data, togeth-
er with the specific effect of p110β in paired-pulse facilitation, sug-
gests that p110α and p110β could be exerting their synaptic 
functions differentially at the pre- or postsynaptic compartments. 

To further explore this possibility, we restricted the AAV- 
CaMKII-Cre injections on p110α and p110β floxed mice to the 
CA1 hippocampal region (Fig. 8, A and B). This strategy allowed 
us to specifically remove p110α or p110β from postsynaptic CA1 
neurons and explore whether specific changes in basal transmission 
and synaptic plasticity are still present. Deletion of p110α in CA1 
postsynaptic neurons significantly reduced basal transmission 
(Fig. 8C), blocked NMDAR-dependent LTP (Fig. 8E), and did not 
alter PPR (Fig. 8D) or fiber volley amplitude (fig. S8E), similar to 
the results obtained with whole hippocampal infection (Figs. 5 and 
6). These results strongly suggest that the synaptic locus of action of 
p110α is confined within the postsynaptic compartment. 

On the other hand, p110β-specific deletion from postsynaptic 
CA1 neurons no longer altered basal synaptic transmission 
(Fig. 8F) or PPR (Fig. 8G), in contrast with the results obtained 
with the full p110βnKO (Fig. 5, C and G). These results suggest 
that these parameters are controlled by p110β at the presynaptic 
compartment. To note, fiber volley amplitude was not affected by 

Fig. 5. Neuronal p110α and p110β isoforms have different effects on basal transmission. (A) Experimental configuration for extracellular field recordings in acute 
slices. DG, dentate gyrus. (B and C) Input-output curves of the extracellular fEPSPs from p110αnKO (B) and p110βnKO (C) slices evoked at different stimulation intensities. 
p110αnKO: n = 16 slices from five mice; two-way repeated-measures ANOVA, F(8,200) = 4.177, P = 0.0001. p110βnKO: n = 18 to 16 slices from five mice; two-way repeated- 
measures ANOVA, F(8,256) = 5.97, P < 0.0001. Bonferroni’s posttest (*P < 0.05; **P < 0.01; ***P < 0.005). Representative traces from one experiment for each condition are 
depicted on the right. Scale bar, 0.5 mV, 10 ms. (D and E) Bar graph of the ratio of AMPAR- to NMDAR-mediated excitatory postsynaptic currents (EPSCs) in CA1 pyramidal 
neurons from p110αnKO and p110βnKO mice recorded on whole-cell voltage clamp configuration. AMPAR responses were measured at −60 mV and NMDAR responses at 
+40 mV, 60 ms after stimulation of the Schaffer collaterals. p110αflox/flox: control, n = 14; p110αnKO, n = 16 cells. p110βflox/flox: control, n = 10; p110βnKO, n = 14 cells from 
three mice per condition. Representative traces are shown on the right of each graph. Scale bars, 50 pA, 40 ms. No statistically significant differences were observed by 
two-tailed nonparametric Mann-Whitney test. (F and G) Average values of PPRs from fEPSP recordings from p110αnKO (F) and p110βnKO (G) slices with 50-ms interstimulus 
interval. Individual values for each condition are displayed as a dot plot. p110αflox/flox: vehicle, n = 13; p110αnKO, n = 12 slices. p110βflox/flox: vehicle, n = 19; p110βnKO, n = 16 
slices from more than four mice per condition. Representative traces for each condition are shown on the right of each panel. Statistical differences between conditions 
were assessed with Mann-Whitney test (***P < 0.001). Wilcoxon matched-pairs signed-rank test was used to assess significant paired-pulse facilitation (##P < 0.01 
and ###P < 0.005). 
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removal of p110β from postsynaptic CA1 neurons (fig. S8F), similar 
to the result obtained with the full p110βnKO. LTP was still impaired 
when p110β was removed specifically from CA1 neurons (Fig. 8H), 
suggesting that p110β is required at the postsynaptic compartment 
for its contribution to LTP. mGluR-LTD was completely preserved 
in postsynaptic p110β knockout neurons, as compared to control 
mice, both from extracellular fEPSP recordings (Fig. 8I) and from 
whole-cell recordings from individual CA1 knockout (infected) 
neurons (Fig. 8J). Together, these results point to a dual role of 
p110β: acting at the presynaptic terminal to control neurotransmit-
ter release and to mediate mGluR-LTD while contributing to 
NMDAR-dependent LTP at the postsynaptic compartment. 

Neuronal deletion of p110α or p110β in the adult 
hippocampus causes specific behavioral abnormalities 
Given the specific contribution of p110α and p110β isoforms to syn-
aptic plasticity and neuronal architecture, we lastly evaluated 
whether deletion of neuronal p110α and p110β has cognitive con-
sequences in vivo. To this end, 4 weeks after hippocampal infection 
with AAV-CaMKII-mCherry-Cre, p110αnKO, p110βnKO mice, and 
their respective controls were tested for different behaviors, 
ranging from anxiety to memory and social behavior. 

Spontaneous locomotor activity was evaluated in the open field 
test (see representative mouse trajectories in Fig. 9A). Both 
p110αnKO and p110βnKO mice showed higher locomotor activity 
than control mice, which was reflected in longer distances traveled 
(Fig. 9, B and C), faster movement (fig. S9, A and B), and reduced 
immobility times (Fig. 9, D and E), as compared to control mice. 
The hyperlocomotion phenotype was qualitatively different 
between p110αnKO and p110βnKO mice. Thus, p110αnKO mice 
were hyperactive but showed habituation to the novel environment 
(reduction in locomotor activity over time) in the first few minutes 
(Fig. 9F). In contrast, p110βnKO mice continued being hyperactive 
for the whole duration of the test, suggesting a defective habituation 
when p110β was removed (Fig. 9G). The open field arena was also 
used to investigate basal anxiety levels (see definition of experimen-
tal zones in fig. S9C). We observed that the hyperlocomotion of 
both p110αnKO and p110βnKO mice preferentially occurred at the 
periphery of the arena, where they traveled significantly longer dis-
tances (fig. S9, D and E) and spent longer time (fig. S9, F and G) 
than control mice. On the other hand, a more detailed analysis re-
vealed an increase in exploratory activity for both p110αnKO and 
p110βnKO mice in the borders of the arena, specifically rearing 
and olfactory investigation of the borders (fig. S9, H and I). 

Fig. 6. Neuronal p110α and p110β isoforms are differentially required for synaptic plasticity. (A and B) Time course of NMDAR-dependent LTP induced by TBS in 
p110αnKO (A) and p110βnKO (B) slices and their respective control mice. Wilcoxon statistical test was used to evaluate LTP expression with respect to baseline (#P < 0.05; ##P 
< 0.01; ###P < 0.005). Right: Bar graphs showing the average change in fEPSP slope from the last 5 min of the recording. Statistical differences between conditions were 
assessed with Mann-Whitney test (*P < 0.05; **P < 0.01). p110αflox/flox: vehicle, n = 13; p110αnKO, n = 12 slices. p110βflox/flox: vehicle, n = 19; p110βnKO, n = 16 slices from 
more than four mice per condition. Representative traces are shown above the graphs. (C and D) Time course of mGluR-dependent LTD induced by paired-pulse low- 
frequency stimulation (PP LFS) in the presence of APV in p110αnKO (C) and p110βnKO slices (D) and their respective control mice. Right: Bar graphs showing the average 
fEPSP slope from the last 5 min of recording. Wilcoxon statistical test was used to evaluate LTD expression with respect to baseline (##P < 0.01; ###P < 0.005). Statistical 
differences between conditions were assessed with Mann-Whitney test (**P < 0.01). p110αflox/flox: vehicle, n = 13; p110αnKO, n = 12 slices. p110βflox/flox: vehicle, n = 19; 
p110βnKO, n = 16 slices from more than four mice per condition. Representative traces are shown above the graphs. For all panels, data are presented as means ± SEM. 
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Fig. 7. Effect of pharmacological inhibition of p110α and p110β on basal transmission and synaptic plasticity. (A) Quantification of the phospho/total ratio for 
Akt(Thr308) [ pAkt(Thr308)/tAkt] from Western blots of whole extracts from organotypic slice cultures treated overnight with different concentrations of the p110α-selec-
tive inhibitor (A66) or the p110β-selective inhibitor (TGX221), the nonselective PI3K inhibitor (10 μM LY294002), or an inhibitor mix (0.5 μM A66, 0.1 μM TGX221, and 0.02 
μM CAL101-p110δ–selective inhibitor). Statistical differences were assessed by Kruskal-Wallis nonparametric test and Dunn’s multiple comparison test (*P < 0.05, 
***P < 0.001, and ****P < 0.0001). (B) Representative images of Western blots. MW, molecular weight. (C) AMPAR/NMDAR ratios from slices treated as indicated. 
n = 15 [dimethyl sulfoxide (DMSO)], 14 (A66), 15 (TGX221) cells from n > 4 rats per condition. (D and F) Time course of normalized AMPAR-mediated EPSCs from baseline 
and after induction of NMDAR-dependent LTP (D) or mGluR-LTD (F). Representative traces before induction (1; thin lines) and for the last 5 min of the time course (2; thick 
lines) are depicted above the time course. Vertical gray shading indicates the induction protocol. (E and G) Summary bar plot of average EPSC amplitude for each cell from 
the last 5 min of recording. Wilcoxon matched-pairs signed-rank test (#) was used to assess statistically significant potentiation. Mann-Whitney test (*) was used to 
evaluate significant differences between conditions. **P < 0.01, ***P < 0.001, #P< 0.05, ##P < 0.01, and ###P < 0.001. For all panels, data are presented as means ± SEM. 
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The increase in locomotion at the periphery of the open field 
could suggest an increased anxiety. Therefore, we next tested 
p110αnKO and p110βnKO mice in the elevated plus maze as a more 
direct assay to evaluate anxiety. However, using this test, we did not 
find any significant difference between control and p110αnKO or 
p110βnKO mice in traveled distance (fig. S10A), time spent (fig. 
S10B), or number of visits (fig. S10C) to open or closed arms. 

Therefore, according to this assay and the increase in exploratory 
activity in the open field, deletion of p110α or p110β isoforms 
does not appear to produce anxiogenic effects. 

We next evaluated working memory in p110αnKO or p110βnKO 

mice with the alternation test in the Y-maze. In this task, while ex-
ploring the maze, control mice typically alternated between the 
three arms and avoided repetitions of two arms (see schematic 

Fig. 8. Synaptic function and plastic-
ity after postsynaptic removal of 
p110α or p110β. (A and B) Represen-
tative images of CA1-infected hippo-
campus, as identified from mCherry 
fluorescence, and experimental confi-
guration for extracellular fEPSP and 
whole-cell EPSC recordings. Scale bars, 
500 μm (A) and 50 μm (B). (C and F) 
Input-output curves of fEPSP slopes 
versus stimulation intensity. (C) Control, 
n = 11; p110αnKO, n = 14 slices from four 
mice; two-way repeated-measures 
ANOVA, F(8,124) = 2.845, P = 0.005. (F) 
Control, n = 30; p110βnKO, n = 17 slices 
from more than five mice; two-way re-
peated-measures ANOVA, ns. Bonferro-
ni’s posttest (*P < 0.05 and **P < 0.01). 
Representative traces are depicted on 
the right of the plots. (D and G) Quan-
tification of PPRs of fEPSPs. Represen-
tative traces are shown above the plots. 
(D) Control, n = 15; p110αnKO, n = 11. (G) 
Control, n = 19; p110βnKO, n = 11 slices 
from more than five mice. (E, H, and I) 
Time course of normalized fEPSP re-
sponses from baseline and after induc-
tion of NMDAR-dependent LTP (E and 
H) or mGluR-dependent LTD (I), on 
p110αnKO (E) or p110βnKO (H and I) 
slices. Representative traces before in-
duction (1; thin lines) and from the last 5 
min of the time course (2; thick lines) are 
depicted above the time course. Right: 
Summary bar plot of fEPSP slope from 
the last 5 min of recording. (J) Similar to 
(I) but with whole-cell voltage-clamp 
recordings of EPSCs from individual CA1 
neurons expressing Cre-mCherry. For all 
panels, statistical differences between 
conditions were assessed with Mann- 
Whitney test (*). Wilcoxon matched- 
pairs signed-rank test (#) was used to 
assess statistically significant paired- 
pulse facilitation (D and G), potentiation 
(E and H), and depression (I and J). 
*P < 0.05, ***P < 0.001, #P < 0.05, 
##P < 0.01, ###P < 0.005; ####P < 0.001. 
n: number of slices (C to I) or number of 
individual cells (J). Bars represent 
means ± SEM. 
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cartoon for the test in Fig. 9H). In contrast, both p110αnKO and 
p110βnKO mice showed a marked reduction in the number of alter-
nations, which may be indicative of impaired working memory or 
behavioral flexibility (Fig. 9, I and J) (48). 

Next, we tested mice for spatial and episodic memory using the 
novel object location (NOL; fig. S11A) and novel object recognition 
(NOR; Fig. 10A) tests (NOLT and NORT, respectively). In the NOL 
task, both p110αnKO and p110βnKO mice displayed normal spatial 
learning compared to control mice (fig. S11, B and C), as indicated 
from the preference to explore the object located in a new location. 
In contrast, in the NORT, we found that while control and 
p110αnKO mice preferentially explored the novel object (Fig. 10B), 
p110βnKO mice failed to discriminate the novel versus the familiar 
object (Fig. 10C). This is reflected in the time exploring the new 
versus the familiar object and is quantified by the recognition 
index (Fig. 10, B and C). These results suggest that p110β, but not 
p110α, is required for object recognition memory. In addition, both 
p110αnKO and p110βnKO mice displayed normal habituation after 
object reexposure, as compared to their saline-injected controls 
(fig. S11, D to F). 

Last, we evaluated whether the absence of p110α or p110β alters 
social behavior. For that purpose, we used the three-chamber soci-
ability and social novelty tests (see Fig. 10D for a schematic 

representation of these assays) (49). In the sociability task, while 
control mice spent more time exploring a stranger mouse (S1) com-
pared to an inanimate object (O), both p110αnKO and p110βnKO 

spent similar times interacting with the mouse and the inanimate 
object; this was reflected in a reduction of the social preference 
index (Fig. 10, E and F). Next, in the social novelty test, control 
mice spent more time interacting with a stranger mouse (S2) than 
with the familiar one (S1). In contrast, both p110αnKO and 
p110βnKO mice displayed a lack of preference for interaction with 
either mouse (Fig. 10, G and H), which was more evident (and stat-
istically different from control) in the case of p110βnKO. Therefore, 
these results suggest that removal of p110α or p110β impairs social 
behavior, both at the level of social preference and social memory. 

DISCUSSION 
In this work, using a gene deletion approach in the hippocampus of 
adult mice, we have been able to ascribe specific functions to the 
major catalytic isoforms of type I PI3K, p110α, and p110β, with 
respect to neuronal structure, synaptic plasticity, and cognitive per-
formance. This information sheds light into how PI3K activity me-
diates apparently antagonistic functions, such as mGluR-dependent 
synaptic depression and NMDAR-dependent synaptic potentiation. 

Fig. 9. Open field and Y-maze tests on p110αnKO and p110βnKO animals. (A to G) Mice were tested in the open field for exploring locomotor behavior. Mice were 
placed individually in the center of an open field arena (40 cm by 40 cm by 40 cm) and allowed to habituate and freely explore the area for 7 min. (A) Representative paths 
of ambulation from p110αnKO (top), p110βnKO (bottom), and their respective controls for the entire duration of the test. Periphery, inner, and center zones are also shown 
in orange, gray, and white, respectively. (B and C) Quantification of the total traveled distance for the entire duration of the test for p110α (B) and p110β (C) floxed mice. (D 
and E) Quantification of the mean time that mice spend immobile in the arena for p110α (D) and p110β (E) floxed mice. (F and G) Quantification of the mean traveled 
distance in time segments of 1 min for p110α (F) and p110β (G) floxed mice. Mann-Whitney test was used to assess statistical differences between p110αnKO or p110βnKO 

and controls (*P < 0.05). p110αflox/flox: vehicle, n = 8; p110αnKO, n = 9. p110βflox/flox: vehicle, n = 13; p110βnKO, n = 15. (H) Experimental scheme of the spontaneous al-
ternation task that is performed on a Y-shaped maze. Mice are placed on the center region of the maze; the arm entrance order is recorded, and then the spontaneous 
alternation percentage is calculated. (I and J) Spontaneous alternation percentages from p110αnKO (I) and p110βnKO (J) and their respective controls. Statistical analysis 
between conditions was performed with Mann-Whitney test (***P < 0.001 and *P < 0.05). p110αflox/flox: control, n = 12; p110αnKO, n = 12. p110βflox/flox: control, n = 16; 
p110βnKO, n = 8. 
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Fig. 10. Novel object recognition and sociability tests on p110αnKO and p110βnKO animals. (A) Diagram of the NOR test. (B and C) Left graph: Exploration time of 
novel and familiar objects for p110α (B) and p110β (C) floxed mice. Statistical significance according to two-way repeated-measures ANOVA [F(1,14) = 5.636, P = 0.036; 
Bonferroni’s posttest: **P < 0.01, *P < 0.05]. Recognition index for p110α (B) and p110β (C) floxed mice. Wilcoxon statistical test was used to assay discrimination 
(#P < 0.05), and data between groups was analyzed by two-tailed Mann-Whitney test (*P < 0.05). p110αflox/flox: vehicle, n = 8; p110αnKO, n = 8. p110βflox/flox: vehicle, 
n = 9; p110βnKO, n = 13. (D) Schematic representation of the three-chamber social interaction task for the sociability (left) and for the social novelty (right) tests. (E 
and F) Exploration time for the subject (S1) versus the object (O), for p110αnKO [(E) left graph; two-way repeated-measures ANOVA, F(1,25) = 14.65, P = 0.0008] and 
p110βnKO (F) left graph; two-way repeated-measures ANOVA, F(1,25) = 7.836, P = 0.01). Bonferroni’s posttest, #P < 0.05. Right graphs: Social index ( percentage of 
time exploring the subject over the total exploration time) for p110αnKO (E) and p110βnKO (F) mice. Wilcoxon statistical test was used to assay social preference 
(#P < 0.05). (G and H) Exploration time of a novel (S2) versus a familiar (S1) mouse for p110αnKO [(G) left graph; two-way repeated-measures ANOVA, F(1,24) = 23.87, 
P < 0.0001] and p110βnKO [(H) left graph; two-way repeated-measures ANOVA, F(1,23) = 31.11, P < 0.0001] mice. Bonferroni’s posttest: *P < 0.05; **P < 0.01. Right graphs: 
Social novelty index ( percentage of time exploring the novel mouse over the total exploration time) for p110αnKO (G) and p110βnKO (H) mice. Wilcoxon statistical test was 
used to assay social novelty preference (#P < 0.05). p110αflox/flox: vehicle, n = 13; p110αnKO, n = 14. p110βflox/flox: vehicle, n = 13; p110βnKO, n = 14. 
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In addition, this study helps to clarify previously conflicting evi-
dence for pre- or postsynaptic roles of PI3K during synaptic plastic-
ity by establishing different loci of action for the different PI3K 
isoforms. We believe that this knowledge will be key to (i) under-
stand the molecular mechanisms mediating the multiple actions 
of PI3K and (ii) define specific potential targets for pathological al-
terations of the PI3K/PTEN pathway, in cases such as autism, schiz-
ophrenia, or different forms of intellectual disability (6, 50–53). 

We show here that genetic deletion of p110α has a most pro-
found effect disrupting neuronal and synaptic architecture. Using 
independent electrophysiological and morphological approaches, 
we report a marked decrease in neuron size, loss of dendritic com-
plexity, and reduced number of synapses in p110αnKO neurons. This 
combined loss of dendritic length and synapse number is likely re-
sponsible for the reduced basal transmission in these neurons and 
the loss of cytoskeletal and synaptic proteins observed in the prote-
omic analysis. It is interesting that the size of the remaining synaps-
es in p110αnKO neurons was significantly larger than in control 
neurons. This effect could be a consequence of a preferential loss 
of small synapses, or, alternatively, it may reflect a compensatory 
mechanism to preserve a certain level of synaptic drive in the face 
of a marked reduction in synapse number. The latter interpretation 
seems more likely, as the increase in synapse size was observed 
throughout the whole distribution of synapses, including large syn-
apses [for example, the maximum area of the spine head, postsyn-
aptic density (PSD) length, and PSD thickness all increased roughly 
by 50% in p110αnKO neurons]. Incidentally, this result would also be 
consistent with the impairment we observed in NMDAR-depen-
dent LTP since larger synapses in p110αnKO neurons may be less 
plastic if they cannot be further potentiated. This interpretation is 
also backed-up by the increase in the levels of phosphorylated 
GluA1 receptors and cofilin. In addition, neurons were fully 
mature (1-month-old mice) when the genetic manipulation was ex-
ecuted. Therefore, these results imply that continuous PI3K activity 
provided by p110α is necessary for the maintenance of these den-
dritic and synaptic structures. 

In the case of the p110β, we have found a dual role depending on 
the synaptic compartment. Thus, at the postsynaptic terminal, 
p110β contributes to NMDAR-dependent LTP, together with 
p110α. In addition, at the presynaptic terminal, p110β specifically 
limits glutamate release and mediates mGluR-LTD. These results 
fit previous observations linking increased p110β expression and 
enhanced mGluR-dependent LTD in the pathophysiology of 
Fragile X syndrome (19, 54, 55). Nevertheless, our results provide 
furthermechanistic information on mGluR-LTD and its locus of ex-
pression. Both presynaptic reduction in glutamate release (56–60) 
and postsynaptic removal of AMPARs (61–63) have been shown 
to occur during mGluR-LTD. Both types of mechanisms for synap-
tic depression are possibly concurrent, and their prevalence may 
change during postnatal development (64). It is also well established 
that PI3K activity is required for synaptic depression during 
mGluR-LTD (17–19). The insight we are providing here is that 
the involvement of PI3K in this form of plasticity is exclusively pre-
synaptic (for CA3-to-CA1 synapses), is mediated by p110β, and is 
caused by a sustained decrease in neurotransmitter release. Further 
work will be required to determine how p110β regulates presynaptic 
glutamate release. This regulation may occur at the level of vesicle 
exocytosis. Thus, plasma membrane phosphatidylinositol 4,5-bi-
sphosphate (PIP2) (the substrate for PIP3 synthesis by PI3K) has 

been shown to be essential for secretion in hippocampal neurons, 
and increasing levels of this phosphoinositide have been observed 
upon electrical stimulation (65). Therefore, p110β may inhibit neu-
rotransmitter release by reducing PIP2 levels at the presynaptic 
membrane. Pharmacological inhibition of PI3K with LY294002 
elicits a transient increase in both PIP2 and exocytosis in chromaffin 
cells, implying that controlling PIP2 levels on the plasma membrane 
could directly regulate exocytosis (66). On the other hand, p110β 
has previously been shown to promote autophagy (67) through its 
connection with the endocytic effector Rab5 (68). This mechanism 
may also link with presynaptic function, as neuronal autophagy 
reduces presynaptic release by limiting axonal endoplasmic reticu-
lum calcium stores (69). A reduction in neuronal autophagy and 
protein turnover may also explain the accumulation of presynaptic 
vesicles (electron microscopy) and up-regulation of presynaptic 
proteins (proteomics) we have observed in the absence of p110β. 
Irrespective of the detailed mechanisms, these results have revealed 
a distinct molecular specialization of PI3K synaptic activities, with 
p110α in charge of postsynaptic structural maintenance and p110β 
limiting presynaptic vesicle release. To note, these specialized func-
tions are described for excitatory CA3 to CA1 synapses. We cannot 
rule out that these PI3K isoforms play different roles in inhibitory 
neurons. Alternatively, it is also worth considering that similar mo-
lecular actions may result in different functional outcomes if the 
presynaptic and postsynaptic parameters of the neuron are differ-
ent, as it is the case across multiple neuronal types. 

Dysfunctions in neuronal communication are widely considered 
the underlying cause of many psychiatric and neurological diseases. 
The distinct but partially overlapping functions of p110α and p110β 
described here allow us to underscore specific cognitive alterations 
associated with different molecular and synaptic changes. Genetic 
deletion of either p110α or p110β isoform in the hippocampus pro-
duced hyperlocomotion (open field test). However, these pheno-
types were qualitatively different with respect to the habituation 
component. Thus, p110βnKO mice were not able to habituate to 
the novel environment in the time window we monitored. This 
lack of habituation may also be related to the failure to discriminate 
between novel and familiar objects in p110βnKO mice (NORT). 
mGluR-LTD has been linked to sensory adaptation and novelty rec-
ognition (70), brain processes that are thought to be defective in 
neuropsychiatric disorders (71). We now propose that these deficits 
may be related to a failure to depress presynaptic function in the 
absence of p110β. In contrast, the hyperlocomotion and enhanced 
object exploration of p110αnKO mice did not preclude habituation 
to the novel environment and conversely resulted in enhanced novel 
object discrimination. In a sense, it is remarkable that behavioral 
performance was fairly preserved in these memory tests (NOR 
and NOL) despite the profound reduction in synaptic connectivity 
observed in these animals. Other behavioral aspects were similarly 
impaired in p110αnKO and p110βnKO, such as working memory (Y- 
maze test) and social interactions (both social recognition and social 
novelty). It is tempting to speculate that these deficits may be related 
to the impairment of LTP, which was observed in the absence of 
either p110α or p110β. 

In summary, this work provides a genetic dissection of the mo-
lecular specialization of the PI3K pathway for the control of mor-
phological and functional properties of neurons, as well as for 
proper synaptic communication in the mature brain. This special-
ization may be relevant for cognitive functions in the context of 
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neurodevelopmental and psychiatric diseases and could pave the 
way for new therapeutic strategies in these neurological disorders. 

MATERIALS AND METHODS 
General experimental design 
The objective of this study is to analyze the role of p110α and p110β 
in specific neuronal and cognitive functions. To this end, we have 
deleted the corresponding gene from p110αflox/flox or p110βflox/flox 

transgenic mice by expressing the Cre recombinase in hippocampal 
neurons of adult animals using AAVs. One month after infection, 
animals are subject to behavioral assays, and acute hippocampal 
slices are prepared for electrophysiological, biochemical, and mi-
croscopy experiments. 

Reagents 
DL-AP5 and picrotoxin were purchased from Sigma-Aldrich. PI3K 
isoform–specific inhibitors A66, TGX221, and CAL101 were pur-
chased form APExBIO. The antibody against p110α was generated 
in M.G.’s laboratory. Other primary antibodies were GluA1 
(Abcam, ab31232), p110β (Abcam, ab151549), glyceraldehyde-3- 
phosphate dehydrogenase (Abcam, ab8245), pAKT(Thr308) (Cell 
Signaling Technology, 2965), pAKT(Ser473) (Cell Signaling Tech-
nology, 4060), tAKT (Cell Signaling Technology, 9272 and 2920), 
mGluR5 (Millipore, AB5675), actin (Millipore, MAB1501R), 
GluA2 (NeuroMab, 75-002), PSD95 (Thermo Fisher Scientific, 
MA1-046), mCherry (GeneTex, GTX59788), SAP102 (Stressgen, 
VAM-PS006), CaMKII (Sigma-Aldrich, c6974), GluN1 (Millipore, 
05-432), GluN2A (Millipore, 07-632), and GluN2B (NeuroMab, 
75-097). 

Proteomics 
Three mice for each condition (C57/BL6, p110αlox/lox, and p110βlox/ 

lox, infected in vivo with the AAV5-CaMKII-Cre-mCherry virus) 
were anesthetized and quickly decapitated once they were irrespon-
sive to tail and foot pinches. The brains were rapidly removed and 
submerged in Ca2+-free ice-cold dissection solution [10 mM D- 
glucose, 4 mM KCl, 26 mM NaHCO3, 233.7 mM sucrose, 5 mM 
MgCl2, and 0.001% (w/v) phenol red as a pH indicator] previously 
saturated with carbogen (5% CO2 and 95% O2). Then, hippocampi 
were dissected and briefly washed on 1× ice-cold phosphate-buff-
ered saline (137 mM NaCl, 2.68 mM KCl, 8.1 mM Na2HPO4, and 
1.47 mM KH2PO4 with pH adjusted to 7.4) containing protease and 
phosphatase inhibitor cocktails (cOmplete Mini EDTA-free and 
phosSTOP, Roche) before being coarsely homogenized by cutting 
the tissue with sharp scissors, transferred to 2-ml vials prefilled 
with 200-μm zirconium beads (SPEX SamplePrep, 2302-200AW), 
and snap-frozen in dry ice. Hippocampus protein extracts 
samples were prepared in lysis buffer [50 mM tris-HCl–2% SDS 
(pH 8.5) and 10 mM tris-(2-carboxyethyl)phosphine] containing 
protease and phosphatase inhibitor cocktails (cOmplete Mini 
EDTA-free and phosSTOP, Roche). Peptides were quantified 
using TMT isobaric labeling, and labeled peptides were analyzed 
by liquid chromatography tandem mass spectrometry using a C- 
18 reversed-phase nano-column coupled to an Orbitrap Q Exactive 
HF mass spectrometer (Thermo Fisher Scientific) as described (72). 
For peptide identification, all spectra were analyzed with Proteome 
Discoverer (version 2.1.0.81, Thermo Fisher Scientific) using 
SEQUEST-HT. For database searching at the UniProt mouse 

database (September 2018; 53,780 entries), the parameters were se-
lected as follows: trypsin digestion with two maximum missed 
cleavage sites, precursor and fragment mass tolerances of 2 and 
0.02 Da, respectively, carbamidomethyl cysteine and TMT modifi-
cations at N terminus and Lys residues as fixed modifications, and 
methionine oxidation and Ser, Thr, and Tyr phosphorylation as 
dynamic modifications. Quantification of identified peptides was 
performed using the probability ratio method (73), and false discov-
ery rate (FDR) was calculated using inverted databases and the 
refined method (74), with an additional filtering for a precursor 
mass tolerance of 15 parts per million (75). Statistical analysis of 
quantitative data for differential protein quantitation was per-
formed with the in-house software SanXoT (76) using the WSPP 
statistical model previously described (77). In this model, protein 
and peptide log2 ratios are expressed as standardized variables, 
i.e., in units of SD according to their estimated variances (Zq 
values for protein quantification). Differences in protein abundance 
were estimated by the comparison of the compared groups’ Zq. A 
cutoff of ±1.2 or higher for Zq values and a P < 0.05 was used for the 
statistically significant identification of DEPs between the three ex-
perimental conditions. For functional analysis of the quantified 
proteins, identification of coordinated proteome changes and func-
tional categories were performed using the Systems Biology Trian-
gle algorithm (78) for the analysis of coordinated protein responses 
in high-throughput quantitative proteomics experiments. Posterior 
bioinformatic analysis was performed using the web-based tool G- 
profiler (Benjamini-Hochberg FDR correction threshold of 0.01) 
and RStudio with custom-made scripts using the packages: PCA-
tools v 2.1.22, pheatmap v 1.0.12, and corrplot v0.84. Principal com-
ponents analysis and unsupervised hierarchical clustering from the 
total proteome were used to visualize sample clustering and 
variability. 

Animals and ethics statement 
For the organotypic hippocampal cultured slices, we used Wistar 
rats of both genders. These animals were housed in standard 
cages with ad libitum access to food and water under a 12:12 
hour dark-light cycle in humidity- and temperature-controlled 
rooms. The rest of the experiments were performed using adult 
mice (6 to 8 months). All mice used were housed in standard 
cages (maximum of five animals per cage) in humidity- and temper-
ature-controlled rooms. Autoventilated racks contained individual-
ly ventilated animal cages with absolute filters. Irradiated standard 
safe diet and autoclaved water were available ad libitum. 

p110αflox/flox is a transgenic mouse line with the 18th and 19th 
exons of the PIK3CA gene flanked by two LoxP sequences. 
p110βflox/flox is a transgenic mouse line with the 21st and 22nd 
exons of the PIK3CB gene flanked by two LoxP sequences. These 
mice were contributed by M.G.’s laboratory. Transgenesis proce-
dures to generate these mice were previously described (39, 79). 
Their genetic background is C57BL/6J (the Jackson Laboratory). 
Genotyping was carried out by polymerase chain reaction using 
the following primers: p110αflox/flox, GGATGCGGTCTTTATTGTC 
(FE1) and TGGCATGCTGCCGAATTG (FE4); p110βflox/flox, AGT-
GAACGCTATGCATCACACCAGC (b3) and AAGTACAAA-
CATCCAAGCAA (b98). All biosafety procedures and animal 
experimental protocols were approved by the Ethical Committee 
from the Consejo Superior de Investigaciones Científicas, in strict 
accordance with Spanish (RD 53/2013, 32/2007) and E.U. 
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guidelines set out in the European Community Council Directives 
(2010/63/EU and 86/609/EEC). 

Stereotaxic in vivo microinjections of AAV and Sindbis virus 
AAV5-CaMKII-Cre-mCherry virus (serotype 5, 5.8 × 1012 viral par-
ticles/ml, Gene Therapy Vector Core at the University of North Ca-
rolina) was delivered to the hippocampus through two bilateral 
injections (650 nl each, 120 nl/min) in the dorsal [from bregma: an-
terior-posterior (AP), −1.8 mm; medial-lateral (ML), ±1.3 mm; 
dorsal-ventral (DV), −1.7 mm] and ventral (AP, −2.8 mm; ML, 
±2.4 mm; DV, −2 mm) regions. The 3- to 4-month-old animals 
were placed in the stereotaxic frame (Harvard Apparatus) over a 
heating pad and immobilized using blunt ear holders. Anesthesia 
was initiated and maintained by inhalation of 2% isoflurane in 
oxygen. Viral solution was infused using a Hamilton Neuros 
syringe (65460-02) inserted through small holes drilled into the 
skull and coupled to a micropump (120 nl/min; Quintessential Ster-
eotaxic Injector, Stoelting, 53311). After the infusion, the syringe 
was kept in place for 5 min and slowly withdrawn. After the 
closure of the wound, the animals received analgesia by subcutane-
ous injection of meloxicam (5 mg/kg of dose). For CA1-specific in-
jections, we used the same protocol, but we performed three 
bilateral injections (50 nl each, 50 nl/min): rostral (AP, −1.8 mm; 
ML, ±1.3 mm; DV, −1.6 mm), medial (AP, −2.3 mm; ML, ±1.7 
mm; DV, −1.7 mm), and caudal (AP, −2.8 mm; ML, ±2.6 mm; 
DV, −2 mm). The accuracy of the infection was confirmed after 1 
month by immunofluorescence using the expression of mCherry as 
the reporter. For neuron morphology experiments, injected mice 
were subjected to a second round of in vivo injections using the pre-
vious parameters to inject Sindbis viruses expressing GFP. Four 
weeks after infection, we observed Cre-expressing cells, which 
were distributed along the entire hippocampus. The rate of infec-
tion, as evaluated by colocalization with neuronal markers was 
89 ± 5.2% (N = 5) (38). 

Behavior 
Open field test 
This test was used to evaluate general locomotor activity and as a 
habituation phase to NOLT and NORT. Mice were placed individ-
ually in the center of an acrylic box (40 cm by 40 cm by 40 cm) with 
white opaque walls at ground level. The animals were allowed to 
explore the arena for 5 min while being recorded. Their behavior 
was tracked using ANY-maze software. 
NOLT, NORT, and reexposure test 
Assays were performed on 3- to 4-month-old mice 24 hours after 
the open field test, which was used as habituation phase for 
NOLT, NORT, and reexposure. In the first phase of the NORT, 
mice were placed in the open field arena containing two identical 
objects in terms of color, texture, and shape on two adjacent 
corners of the arena. Mice were allowed to explore the objects for 
7 min while being recorded. In the test phase of the NORT 
(3 hours later), one of the objects was switched for another one of 
similar dimensions and texture but different in color and shape. 
Then, mice were allowed to explore both objects for 7 min. The 
objects used were a pair of orange triangular prisms and a pair of 
blue pyramids. Both groups of objects were randomly assigned as 
familiar or novel among the subjects to ensure that they showed 
no preference for any of them. In the NOLT, the objects were a 
pair of white square prisms identical in shape, dimensions, and 

texture. During the familiarization phase, both objects were 
placed in two adjacent corners. In the test phase of the NOLT, the 
location of one of the objects was changed to the opposite corner. In 
the reexposure testing, after habituating in an empty box on day 1, 
mice were exposed to two novel objects on the following day (train-
ing) and then reexposed to the same objects 3 hours later (reexpo-
sure). Data were expressed as a percentage of reexploration 
(“reexposure”) relative to the initial exploration time (during “train-
ing”). In the NORT, NOLT, and reexposure, the arena and the 
objects were cleaned thoroughly with 70% ethanol in between 
phases to eliminate any olfactory cues. Behavior was recorded 
from a camera located above the arena, and the analysis was per-
formed manually in time segments of 1 min by an experimenter 
blinded to the treatment using the ANY-maze software. Exploration 
of the objects was defined as close contact sniffing (with the head 
pointed toward the object and within 2 cm of the object). We then 
calculated a discrimination index as the time spent exploring the 
relocated or novel object divided by the time exploring both objects. 
Social interaction and social memory test 
This task is used to evaluate social interaction in mice and their pref-
erence to establish social contact. The social memory task also relies 
on the mice’s innate preference for novelty. For this task, we used a 
three-chamber acrylic box with clear dividing walls that have a hole 
to give the testing mouse access to each chamber. This test consisted 
of three phases. On the first phase, wire cages were placed on the two 
outermost chambers allowing visual, auditory, olfactory, and 
minimal touch interaction. Mice were allowed to explore the 
arena for 5 min. For the second phase, the social interaction task 
was performed 24 hours later. An unfamiliar mouse was placed 
under the wire cage of one of the chambers (gender- and age- 
paired), and an inanimate object was placed on the opposite cage 
in an identical configuration. The unfamiliar mice had been habit-
uated to the wire cage for intervals of 15 min before the test. In the 
testing phase, the subject mouse was placed in the center chamber 
and allowed to freely explore all three chambers for 7 min. The test 
mouse was removed, and the third phase was immediately started 
after cleaning the arena and the wire cages thoroughly with 
ethanol 70% to eliminate any olfactory cues. For the third phase, 
the social memory task, the inanimate object was replaced by 
another unfamiliar mouse, and the test was performed exactly as 
in the second phase. Behavior was recorded from a camera 
located above the test box, and analysis was performed manually 
in time segments of 1 min. We measured number of visits to each 
chamber, time spent on each chamber, and exploration. Exploration 
of the targets was defined as close contact sniffing of the wire cage 
(with the head pointed toward the cage). Sitting or standing time on 
the wire cages was not quantified as exploration. We also calculated 
the discrimination index as the time exploring the subject versus the 
time exploring the subject and the object in the first phase and the 
time exploring the new subject versus the new and the familiar. 
Elevated plus maze test 
This test is widely accepted to test anxiety-like behavior (80). The 
apparatus consists of a plus-shaped maze elevated 45 cm from the 
ground and has two opposite positioned open arms with railing (5 
cm by 29.5 cm by 0.3 cm), two opposite closed arms (5 cm by 29.5 
cm by 15 cm), and a center area (5 cm by 5 cm). Mice were tested in 
a single trial by being placed in the center area and recorded from 
above for 5 min. To eliminate odor cues, the maze was thoroughly 
cleaned with 70% ethanol and allowed to dry in between subjects. 
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The analysis was performed in time segments of 1 min both man-
ually and using the ANY-maze software. 
Y-maze test 
The Y-maze test was performed to quantify spontaneous alternation 
and assess deficits or enhancements on spatial working memory. 
The apparatus consists of a Y-shaped maze with three identical en-
closed arms. Each arm was assigned a letter from A to C. To perform 
the test, we placed each mouse in the center of the maze and record-
ed a single trial of 5 min from above. To eliminate odor cues, the 
maze was thoroughly cleaned with 70% ethanol and allowed to 
dry in between subjects. The sequence of arm entrance was recorded 
manually, and an alternation is considered a consecutive entrance in 
all three arms. The spontaneous alternation percentage was calcu-
lated using the following equation: % spontaneous alterna-
tion = (number of alternations) × 100 / (total number of arm 
entrances − 2). 

Hippocampal slice preparation 
Organotypic cultured hippocampal slices 
Organotypic cultures were established from rat pups (5 to 7 days 
old) according to previously described procedures. Animals were 
anesthetized and quickly decapitated once they were irresponsive 
to tail and foot pinches. Whole brains were extracted and immersed 
in ice-cold dissection solution [10 mM glucose, 4 mM KCl, 26 mM 
NaHCO3, 233.7 mM sucrose, 5 mM MgCl2, and 1 mM CaCl2 with 
0.001% (w/v) phenol red as a pH indicator], previously saturated 
with carbogen (5% CO2 and 95% O2). Hippocampi were dissected 
under sterile conditions and placed over a tissue slicer (Stoelting 
Europe, 51425) to obtain 400-μm-thick slices. These slices were 
then transferred to porous nitrocellulose membranes (Merck Milli-
pore, PICM0RG50) on culture medium [0.8% (w/v) minimum es-
sential medium powder, 20% (v/v) horse serum, 1 mM L-glutamine, 
1 mM CaCl2, 2 mM MgSO4, insulin (1 mg/liter), 0.0012% (v/v) 
ascorbic acid, 30 mM Hepes, 13 mM D-glucose, and 5.2 mM 
NaHCO3] and maintained at 35.5°C and 5% CO2 for a minimum 
of 7 days and up to 15 days. The culture medium was replaced 
every 2 to 3 days. These slices were recorded in artificial cerebrospi-
nal fluid (aCSF) containing 119 mM NaCl, 2.5 mM KCl, 1 mM 
NaH2PO4, 11 mM glucose, 26 mM NaHCO3, 4 mM MgCl2, 4 
mM CaCl2, and osmolarity adjusted to 290 ± 5 mOsm. For electro-
physiological experiments in the presence of pharmacological in-
hibitors, 0.01% dimethyl sulfoxide (DMSO; vehicle), 2.5 μM A66, 
or 0.5 μM TGX221 in 0.01% DMSO were added to the culture 
medium for overnight treatment and reapplied 2 hours before the 
experiment. These inhibitors were also added to the aCSF during 
the recordings at the same concentrations. The identity of the phar-
macological inhibitors was coded so that the experiments could be 
performed blindly. 
Acute slices for field recordings 
Acute hippocampal slices were obtained from 4-month-old mice of 
both genders. Animals were anesthetized and quickly decapitated 
once they were irresponsive to tail and foot pinches. The brains 
were rapidly removed and submerged in Ca2+-free ice-cold dissec-
tion solution (10 mM D-glucose, 4 mM KCl, 26 mM NaHCO3, 233.7 
mM sucrose, 5 mM MgCl2, and 0.001% (w/v) phenol red as a pH 
indicator) previously saturated with carbogen (5% CO2 and 95% 
O2). Coronal slices (350 μm) were obtained by cutting the brain 
in the same solution with a vibratome (Leica, VT1200S) and left 
in carbogen-gassed aCSF (119 mM NaCl, 2.5 mM KCl, 1 mM 

NaH2PO4, 26 mM NaHCO3, 11 mM glucose, 1.2 mM MgCl2, 2.5 
mM CaCl2, and osmolarity adjusted to 290 mOsm) for 1 hour at 
32°C to recover. Past that time, the slices were maintained at 
25°C, and the recordings were performed in the same aCSF solution 
used for recovery. 
Acute slices for whole-cell recordings 
Slices were obtained as previously described (38). Briefly, animals 
were anesthetized, and once they became irresponsive to foot and 
tail pinches, they were intracardially perfused with cold-choline 
aCSF (92 mM choline chloride, 2.5 mM KCl, 1.2 mM NaH2PO4, 
30 mM NaHCO3, 20 mM Hepes, 25 mM glucose, 5 mM sodium 
ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 10 mM 
MgSO4, 0.5 mM CaCl2, and osmolarity adjusted to 
305 ± 5 mOsm and pH to 7.35). The brains were rapidly removed 
and placed in cold-choline aCSF. Coronal slices (350 μm) were ob-
tained by cutting the brain in cold-choline aCSF. Then, the slices 
were recovered for <10 min in warm-choline aCSF (32°C) and 
then transferred to Hepes holding aCSF (92 mM NaCl, 2.5 mM 
KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM Hepes, 25 mM 
glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM sodium 
pyruvate, 2 mM MgSO4, 2 mM CaCl2, and osmolarity adjusted to 
305 ± 5 mOsm and pH to 7.35) for 1 hour at 32°C. Past that time, the 
slices were maintained in recording aCSF (119 mM NaCl, 2.5 mM 
KCl, 1.2 mM NaH2PO4, 24 mM NaHCO3, 12.5 mM glucose, 2 mM 
MgSO4, 2 mM CaCl2, osmolarity adjusted to 305 ± 5 mOsm and pH 
to 7.35) at 30°C, and the electrophysiological recordings were per-
formed in the same solution. 

Electrophysiology 
Excitatory postsynaptic currents (EPSCs) and fEPSPs were recorded 
from CA1 pyramidal neurons with glass recording electrodes while 
stimulating Schaffer collateral fibers to evoke synaptic responses. 
During the recordings, the slices were placed in an immersion 
chamber constantly perfused with aCSF. The aCSF was continuous-
ly gassed with 5% CO2 and 95% O2, and its temperature was closely 
monitored and maintained at 29°C for whole-cell recordings and at 
25°C for all field recording experiments except for mGluR-LTD ex-
periments, which were performed at 30°C. For all experiments, 
aCSF was supplemented with 100 μM picrotoxin to block γ-amino-
butyric acid type A receptors. For mGluR-LTD, 100 μM DL-AP5 
was added to the aCSF to block NMDARs. Patch-clamp recording 
glass electrodes (4 to 8 MOhm) were composed of silver/silver chlo-
ride electrodes inserted in glass pipettes filled with intracellular sol-
ution (115 mM CsMeSO3, 20 mM CsCl, 10 mM Hepes, 2.5 mM 
MgCl2, 4 mM Na2-ATP, 0.4 mM Na-guanosine triphosphate, 10 
mM sodium phosphocreatine, 0.6 mM EGTA, 10 mM lidocaine 
N-ethyl bromide, and pH adjusted to 7.25 and osmolarity to 
290 ± 5 mOsm). In the case of field recordings, glass pipettes (0.5 
to 1 MOhm) were filled with the aCSF used as extracellular solution 
and placed in CA1 stratum radiatum. 

AMPAR-mediated responses were measured at −60 mV. 
NMDAR-mediated responses were measured at +40 mV at a 
point when AMPAR-mediated responses had fully decayed (65 
ms after stimulation). PPR experiments were performed with 50- 
ms interstimulus intervals. NMDAR-dependent LTP under 
whole-cell patch clamp was induced using a pairing protocol that 
consists of presynaptic stimulation at 3 Hz (300 pulses) coupled 
to postsynaptic depolarization to 0 mV. NMDAR-dependent LTP 
for field recordings was induced using a theta-burst protocol 
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composed of 10 trains of bursts (four pulses at 100 Hz with a 200- 
ms interval), and it was repeated for four cycles with 20-s intercycle 
interval. NMDAR-dependent LTD was induced using low-frequen-
cy (1 Hz, 900 pulses) presynaptic stimulation. mGluR-dependent 
LTD was induced using low-frequency (1 Hz, 900 pulses) presynap-
tic stimulation with paired pulses (50-ms interstimulus interval). 
Stimulation intensity was adjusted to 30% (for LTP and PPR) or 
70% (for LTD) of the maximum response. 

Data acquisition was carried out with MultiClamp 700 A/B am-
plifiers and pClamp software (Molecular Devices). Data analysis 
was performed using custom-made Excel (Microsoft) macros. 

Confocal fluorescence microscopy and morphometry 
Mice were anesthetized by isoflurane inhalation and intracardially 
perfused with phosphate buffer (PB) to wash the vascular system 
before injecting the fixative [4% paraformaldehyde in 0.1 M PB 
( pH 7.4)]. Brains were postfixed overnight by immersion in the 
same fixative solution at 4°C and then sequentially dehydrated in 
solutions containing 15 and 30% sucrose in PB at 4°C. Brains 
were cut in 100-μm coronal slices, stained with 4′,6-diamidino-2- 
phenylindole (DAPI; 1 μg/ml) for 5 min and mounted on adherent 
microscope slides (Thermo Fisher Scientific, 15438060) with 
ProLong Glass Antifade (Thermo Fisher Scientific, P-36982). Fluo-
rescence images for dendrite morphology were acquired as Z-stacks 
with a confocal inverted microscope (Zeiss, LSM800) using a 25× 
numerical aperture (NA) 0.8 Plan-Apochromat M27 oil immersion 
objective and 488- and 555-nm lasers. Z-stacks were reconstructed 
using Fiji v1.51 (average intensity projection), and the neuronal 
dendritic trees were two-dimensionally traced with the simple 
neurite tracer plug-in. The Sholl analysis was performed counting 
the number of intersections in 10-μm intervals from the soma as 
well as the total basal and apical dendritic length. Images for 
spine morphology were acquired as Z-stacks using a 63× NA 0.8 
Plan-Apochromat M27 oil immersion objective and a 488-nm 
laser. For deconvolution purposes, spine morphology images were 
acquired under an optimal calculated zoom of 3×, an XY pixel size 
of <43 nm, and a Z-step size of 130 nm. The stacks were processed 
after image acquisition with a three-dimensional deconvolution al-
gorithm using Huygens software (Huygens 19.10, SVI). Spine 
density was defined as the number of spines divided by the corre-
sponding dendritic length. 

Electron microscopy 
Mice were anesthetized by isoflurane inhalation and intracardiacally 
perfused with PB to wash the vascular system before injecting the 
fixative [4% paraformaldehyde and 2% glutaraldehyde in 0.1 
M PB (pH 7.4)]. Brains were left for 2 hours at room temperature 
and overnight at 4°C immersed in the same fixative solution. 
Coronal slices of 200 μm were obtained and postfixed in a 2% sol-
ution of osmium tetroxide in 0.1 M PB (1.5 hours at room temper-
ature). The slices were then washed and stained with 2% uranyl 
acetate in water (1 hour at room temperature in darkness), 
washed, dehydrated in increasing concentrations of ethanol, and 
embedded in Epon resin. Series of ultrathin sections of the CA1 
region of the hippocampus were collected and mounted on single 
oval slot copper/palladium grids. The sections were imaged on a 
JEM-1400Flash transmission electron microscope (JEOL) coupled 
to a complementary metal-oxide semiconductor Oneview camera 
(Gatan). The stratum radiatum proximal to the stratum pyramidale 

was imaged with a ×8000 magnification, and the PSD size, length, 
and number of vesicles were measured manually using Fiji v1.51. 

Western blotting 
Brains were extracted from four animals for each condition (control, 
p110αnKO, and p110βnKO). Hippocampi were dissected and homog-
enized in a glass-teflon potter on ice-cold buffer containing 20 mM 
Hepes, 0.1% NP-40, cOmplete mini EDTA-free, and phosSTOP and 
centrifuged at 13,000g for 10 min at 4°C. The supernatant processed 
on SDS–polyacrylamide gel electrophoresis and transferred to a pol-
yvinylidene difluoride membrane (Immoblot-P Millipore). After 
membrane blocking for 1 hour in 5% skim milk in Tris-buffered 
saline with 0.1% Tween 20, primary antibodies were incubated over-
night at 4°C in blocking solution. Membranes were washed in TBST 
and incubated for 1 hour in the corresponding secondary antibodies 
(peroxidase-conjugated anti-rabbit or anti-mouse; the Jackson Im-
munoResearch, 711-035-152 and 715-035-151). Detection was 
carried out by chemiluminescence (Immobilon Western, Millipore) 
using ImageQuant LAS 4000 mini biomolecular imager. 

Statistical analyses 
Unless otherwise indicated, results were represented as 
means ± SEM. For pairwise comparisons, P values were calculated 
according to two-tailed Mann-Whitney tests (for unpaired data) or 
Wilcoxon tests (for paired data). For multiple comparisons, we used 
two-way repeated-measures analysis of variance (ANOVA), fol-
lowed by Bonferroni’s post hoc analysis. The values for N, P, and 
the specific statistical test performed for each experiment are de-
scribed in the corresponding figure legend. A complete report of 
the statistical analysis of the proteomics data can be found above 
in the “Proteomics” section and in data S1. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S11 

Other Supplementary Material for this  
manuscript includes the following: 
Data S1  

View/request a protocol for this paper from Bio-protocol. 
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