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Abstract
The capacity to guarantee the proper excitatory/inhibitory balance is one of the most critical steps during early development
responsible for the correct brain organization, function, andplasticity. GABAergic neurons guide this process leading to the right
structural organization, brain circuitry, and neuronal firing. Here, we identified the ataxia telangiectasia mutated (ATM), a
serine/threonine protein kinase linked to DNA damage response, as crucial in regulating neurotransmission. We found that
reduced levels of ATM in the hippocampal neuronal cultures produce an excitatory/inhibitory unbalance toward inhibition as
indicated by the higher frequency of miniature inhibitory postsynaptic current events and an increased number of GABAergic
synapses. In vivo, the increased inhibition still persists and, even if a higher excitation is also present, a reduced neuronal
excitability is foundas indicated by the loweractionpotential frequency generated in response tohigh-current intensity stimuli.
Finally, we found an elevated extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation in heterozygous hippocampi
associated with lower expression levels of the ERK1/2 phosphatase PP1. Given that the neurodegenerative condition associated
with geneticmutations in theAtm gene, ataxia telangiectasia, presents a variable phenotypewith impairment in cognition, our
molecular findings provide a logical frame for a more clear comprehension of cognitive defects in the pathology, opening to
novel therapeutic strategies.
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Introduction
The maintenance of the balance between excitation and inhib-
ition is one of the most critical steps during early development
necessary to guarantee correct brain functions and properties
such as circuitry formation (Hensch and Fagiolini 2005; Gogolla
et al. 2009; Nakayama et al. 2012; Succol et al. 2012), activity-de-
pendent tuning of neuronal networks, and neuronal plasticity

(Harauzov et al. 2010; Sale et al. 2010; Maya-Vetencourt et al.
2012; Deidda et al. 2015). In particular, GABAergic expansion, pre-
ceding the glutamatergic input–output building (Khazipov et al.
2001), instructs neurons for all these purposes and for a fine
brain functioning.

Ataxia telangiectasia mutated (ATM) is a serine/threonine
protein kinase whose function has been principally associated
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with DNA damage response. Upon recruitment and activation by
DNA double-strand breaks, it phosphorylates several key pro-
teins, mostly tumor suppressors such as p53, CHK2, and H2AX,
that initiate activation of the DNA damage checkpoint, leading
to cell cycle arrest, DNA repair, and apoptosis (Khanna and
Jackson 2001; Aloj et al. 2012). Even if ATM roles during cell
division have been largely addressed, a large body of evidence
clearly demonstrated new functions of ATM also in adult neu-
rons, suggesting the lack of a complete understanding of ATM
functions. As an example, ATM+/− and ATM−/− cells are still cap-
able of guaranteeing DNA repair mechanisms even if through
more time-consuming pathways (Herrup et al. 2013). In addition,
many abnormalities have been described in ATM−/− neuronal
stem cells (Allen et al. 2001), including defective proliferation
and differentiation along the neuronal lineage, thus suggesting
that ATM plays a role in adult neurogenesis. Also, a number of
observations indicate that ATM-deficient cells are hypersensitive
to oxidative stress-inducing agents (hydrogen peroxide) and that
radical scavengers can alleviate this sensitivity (Lee et al. 2006).
Finally, some studies demonstrated a possible role of ATM at
the synapse formed by cerebellar granule cells, as suggested by
its interaction with β-adaptin in synaptic vesicles (Lim et al.
1998). Finally, ATM kinase has been found to form a complex
with 2 synaptic vesicle proteins, VAMP2 and synapsin I, indicat-
ing a possible contribution of ATM in the synaptic vesicles release
at cortical synapses (Li et al. 2009) and suggesting that the ab-
sence of the protein can be responsible for the generation of
neuronal dysfunctions.

Consistently, the neurodegenerative condition associated
with geneticmutations in theAtm (A-Tmutated) gene, the ataxia
telangiectasia (A-T), displays besides cerebellar atrophy, immune
dysfunctions (Chun and Gatti 2004), genomic instability, predis-
position to cancer (Chun and Gatti 2004; Aloj et al. 2012), and cog-
nitive impairments, such as speech defects and abnormalities, in
late learning that do not originate exclusively from cerebellum. In
fact, by using positron emission tomography, a reduced neuronal
metabolism has been described not only in the cerebellum but
also in the hippocampus (as well as in other deep brain struc-
tures) in heterozygous A-T patients (Volkow et al. 2014). Thus,
ATM may impact brain functions through distinct mechanisms
both in different brain regions and in diverse cell populations.
To directly address these new and unclear aspects of ATM in
adult neurons and supported by the observations that cognitive
noncerebellar defects occur in milder form of A-T with residual
ATM kinase activity (Borghesani et al. 2000), we investigated
whether and at which extent reduction in ATM levels impacts
hippocampal function. We found that 50% levels of ATM in hip-
pocampal neuronal cultures produce an excitatory/inhibitory
unbalance toward inhibition as indicated by the higher fre-
quency of inhibitory postsynaptic current (IPSC) miniature
events, the increased number of GABAergic inhibitory synapses,
and amore precocious development of the inhibitory system (i.e.,
excitatory to inhibitory GABA switch) as observed in both chronic
and acute reduction of the protein. These rearrangements seem
to result from a process involving the extracellular signal-regu-
lated kinase 1/2 (P-ERK 1/2), protein phosphatase 1 (PP1) phos-
phatase, and the calcium-dependent protease calpain. In vivo,
we found the development of amore complex phenotype charac-
terized by lower excitability, despite the occurrence of both high-
er GABAergic and glutamatergic neurotransmission. These data
identify novel functions of ATM in neurons and lay the basics
for a more clear comprehension of cognitive defects occurring
in A-T.

Results
Enhanced Inhibitory Transmission in ATM+/−

Hippocampal Cultured Neurons

We stained hippocampal cultured neurons with specific anti-
bodies against ATM, the neuronal marker NeuN, and the inhibi-
tory neurons (anti-GAD) to evaluate the possible preferential
localization/expression of ATM in post-mitotic cells. As indicated
in Supplementary Figure 1, we found a ubiquitously localization
of ATM in the adult neuronal populations aswell as in astrocytes.
To evaluate electrophysiological features of neurons with
reduced ATM protein levels, we prepared hippocampal cultures
from ATM+/+ and ATM+/− embryos, which express 50% of the
protein levels in the hippocampus (see Supplementary Fig. 1B).
Glutamatergic and GABAergic miniature excitatory and inhibi-
tory postsynaptic currents (mEPSCs and mIPSCs) were recorded
by patch-clamp in the presence of 1 μM tetrodotoxin (TTX) from
13 to 15 days in vitro (DIV) cultured hippocampal neurons estab-
lished from ATM+/+ and ATM+/− embryos (Fig. 1A). Whereas no
significant differences in mEPSC frequency (freq) were detected
[freq: wild type (wt) = 2.8 ± 0.2 Hz (20 neurons) vs. heterozygous
(het) = 2.3 ± 0.1 Hz (29 neurons); t-test: P = 0.1; Fig. 1B; number of
coverslips = 5 for group], increased frequency of mIPSCs was re-
corded fromATM+/− (het) neuronswith respect to thewt [freq: wt
= 1.0 ± 0.1 Hz (21 neurons) vs. het = 1.46 ± 0.09 Hz (27 neurons); t-
test: P = 0.013; Fig. 1B; number of coverslips = 4 for group], thus in-
dicating the possible occurrence of an unbalance between excita-
tion and inhibition in het hippocampal cells. A detailed analysis
ofmIPSCs fromATM+/− neurons showed the lack of differences in
amplitude, decay time, and quantal charge (see Supplementary
Fig. 1C), suggesting selective alterationsmediatedby theATM loss
at the presynaptic level. Measurement of inhibition/excitation
(I/E) ratio analyzed in individual cells confirmed an enhanced
inhibitory tone in hippocampal ATM+/− neurons with respect
to their wt counterpart (wt = 0.42 ± 0.07 vs. het = 0.77 ± 0.08;
t-test: P = 0.001; Fig. 1C). Furthermore, hypertonic sucrose solu-
tion (Fig. 1D) delivery indicated an increased charge transferred
at the inhibitory synapse (Fig. 1Ea). This would be consistent
with a higher number of inhibitory vesicles released at the
heterozygous hippocampal synapses with respect to their wt
counterpart (normalized number of vesicles, wt = 1.0 ± 0.2 vs.
het = 2.2 ± 0.3; t-test: P = 0.038; Fig. 1Eb), without, however, exclud-
ing increased probability of release. Chronic delivery (from DIV
6 to 11) of low doses of the GABA receptor inhibitor, bicuculline
(5 µM), did not produce changes in synaptic vesicle accumulation
in wt neurons [Fig. 1Ec,d, wt = 1.0 ± 0.1 (n = 10) vs. wt post-
bicuculline = 0.9 ± 0.2 (n = 11); t-test: 0.59], but was effective in
rescuing the higher number of inhibitory vesicles as evaluated
in het cultures [Fig. 1Ec,d, het = 1.0 ± 0.2 (n = 8) vs. het post-
bicuculline = 0.5 ± 0.1 (n = 9), t-test: P = 0.046; normalized value
with respect to the het number of vesicles]. Conversely, the incre-
ment in mIPSC frequency found in heterozygous neurons with
respect to wt remained unmodified after bicuculline treatment
[mIPSC frequency (Hz)—data not shown: wt = 1.0 ± 0.1 vs. wt
post-bicuculline = 1.0 ± 0.2; t-test: 0.65; het = 1.3 ± 0.3 Hz vs. het
post-bicuculline = 1.6 ± 0.2 Hz, t-test: P = 0.43], suggesting the
coincidence of multiple mechanisms associated with ATM
deficiency. In addition, immunocytochemical experiments in
15 DIV het cultured neurons showed a higher mean fluorescence
intensity of synaptic puncta positive for the vesicular GABA
transporter vGAT occurring in the absence of changes in the ves-
icular glutamate transporter vGLUT-positive puncta (Fig. 1F,
vGlut: wt = 192.7 ± 2.7 vs. het = 194.1 ± 0.5, t-test: P > 0.05; vGAT:
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wt = 148.7 ± 2 vs. het = 164.5 ± 5.9; t-test: P = 0.022). In parallel, we
observed an increased number of vGAT-positive puncta per
unit length of isolated parent dendrite chosen by positive tubulin
immunoreactivity (Fig. 1G, wt = 3 coverslips prepared from 3 dif-
ferent embryos vs. het = 4 coverslips prepared from 4 different
embryos; number of vGAT-positive puncta/µm: wt = 0.46 ± 0.01

vs. het = 0.58 ± 0.02; t-test: P = 0.005), thus suggesting that ATM
deficiency leads to increased density of inhibitory synapses.
The same analysis performed at excitatory synapses did not
show any difference in the density of vGlut-positive puncta per
µm of parent dendrites from wt and het neurons, supporting
the hypothesis of an unbalance between the GABAergic and

Figure 1. (A) Representative traces of mIPSCs and mEPSCs recorded in DIV 13–14 mouse cultured neurons obtained from ATM+/+ and ATM+/− embryos. (B) Analysis of

excitatory and inhibitory frequency from cultured neurons. (C) I/E ratio from het and wt cultured neurons clearly indicates the predominance of inhibitory events. (D)

Representative inhibitory responses after sucrose stimulation in DIV 15 cultures. (Ea–d) Evaluation of charge transferred by hypertonic sucrose experiments (a) and

quantification of inhibitory synaptic vesicle in het neurons versus wt (b) or in wt (c) and het (d) neurons post-bicuculline treatment. (F) Left: immunocytochemical

images of neurons labeled against α-vGAT and α-vGlut-1 antibody. Right: analysis of α-vGAT and α-vGlut intensity fluorescence from ATM+/+ (WT) and ATM+/− (HET)

neurons. (G) Immunocytochemical experiments performed in wt and het cultured neurons showing (left) vGAT-positive puncta (red) per unit length of dendrite (blue;

β−tubulin-positive filament) and corresponding quantitative analysis or vGlut-1-positive puncta (green) per unit length of dendrite.

Figure 2. (A) Calcium imaging responses to acute GABA administration (100 µM) in DIV 6 cultured hippocampal neuron from wt and het embryos and percentage of

responding neurons (202 versus 250 cells) analyzed from wt and het cultured neurons; note that the different gray-scale lines indicate 3 distinctive representative

calcium transients in wt neurons responding to GABA stimulus. (B) Western blotting and analyzed data of P14 and P40 hippocampal tissues showing the augmented

KCC2 signal. (C) Evaluation of NKK1 signal in P14 animals.
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Glutamatergic functional synapses in cultured neurons expres-
sing half ATM kinase (Fig. 1G, wt = 3 coverslips prepared from 3
different embryos vs. het = 4 coverslips prepared from 4 different
embryos; number of vGlut-1-positive puncta/µm: wt = 0.32 ± 0.01
vs. het = 0.35 ± 0.02, t-test: P = 0.23).

Altered GABA Switch in ATM+/− Neuronal Networks

We then investigated whether the development of GABAergic
inhibitory function was accelerated in ATM+/− neurons by inves-
tigating the so-called GABA switch in hippocampal het cells.
Single cell Ca2+ imaging was then employed to monitor GABA-
evoked Ca2+ influx to determine whether GABA action is excita-
tory or inhibitory (van den Pol et al. 1996). It is described that at
5–6 DIV, about 60% of neurons still respond to GABA (100 µM)
with calcium transients (i.e., GABA depolarizing action; Sun
et al. 2013). Whereas these data were fully confirmed in wt cul-
tures (wt responding = 58.2 ± 4%), only 37 ± 4% of ATM+/− neurons
responded to GABA with calcium transients (t-test: P = 0.014;
Fig. 2A; number of coverslips: wt = 8 vs. het = 9 corresponding to
8 and 9 different embryos). These data indicate a precocious
GABA switch associated with ATM heterozygosity. Since KCC2
is responsible for GABA switch (Lu et al. 1999), we investigated
the KCC2 immunoreaction by western blotting experiments.
KCC2 is the neuron-specific K+–Cl− co-transporter that constitu-
tes the main extruder of Cl− in mature neurons (Rivera et al.
1999). It is expressed at low levels in immature cells, causing
cell depolarization upon GABA stimulation (Ben-Ari et al. 1989;
Cherubini et al. 1991) and its increment during development is
associated with the final hyperpolarizing effects of GABA
(GABA switch; Lu et al. 1999). To evaluate the possible occurrence
of alterations in KCC2 levels, we looked at the KCC2 signal in the
hippocampal tissues by western blotting in the 2 different devel-
opmental aged mice P13 and P40. As shown in Figure 2B, we
found a higher KCC2 expression in the het phenotype with
respect to the wt one, thus supporting the hypothesis that half
ATM results in a more precocious GABAergic development
mediated by higher KCC2 levels [Chudotvorova et al. 2005; nor-
malized value, P13—Fig. 2B, left: wt = 0.98 ± 0.05 (n = 5) vs. het =
1.50 ± 0.09 (n = 9), t-test: P = 0.034; P40—Fig. 2B, right: wt = 1.0 ± 0.1

(n = 3) vs. het = 1.25 ± 0.05 (n = 9), t-test: P = 0.027]. Also, western
blotting experiments performed on only male P13 mice revealed
the same differences in the KCC2 expression [normalized value,
P13—wt = 1 (n = 3) vs. het = 1.3 ± 0.1 (n = 4)]. Since KCC2 expression
is inversely associatedwithNKCC1 expression, we also evaluated
NKCC1 expression and found a reduction of NKCC1 signal in P13
het hippocampiwith respect to thewt [Fig. 2C; wt = 1.0 ± 0.2 (n = 4)
vs. het = 0.5 ± 0.1 (n = 9), t-test: P = 0.034]. NKCC1was undetectable
in our P40 hippocampal tissues from both het and wt samples,
in accordance with the downregulation of protein expression
during the brain development.

Higher ERK1/2 Phosphorylation and Reduced PP1
Phosphatase expression

Since previous studies revealed a clear link between phosphoryl-
ation of ERK1/2 and KCC2 expression through the rapid Egr4-
dependent activation of the KCC2b promoter (Ludwig et al.
2011), we quantified the levels of phosphorylated ERK1/2 (active
ERK1/2) in the hippocampi of P13 and P40 ATM+/− mice. We
found a significant increase in the levels of phosphorylated
ERK1/2 in P13 and P40 ATM+/− hippocampi [P13: wt = 1.0 ± 0.1
(n = 6) vs. het = 1.7 ± 0.2 (n = 15), t-test: P = 0.011; P40: wt = 0.9 ± 0.2
(n = 3) vs. het = 4.5 ± 0.7 (n = 5), t-test = 0.001; Fig. 3A,B]. In P40
mice (where the strongest ERK phosphorylation was detected),
the higher ERK1/2 phosphorylation was not associated with
higher levels of total ERK1/2 [Fig. 3B, wt = 1.00 ± 0.01 (n = 2) vs. het
= 1.1 ± 0.1 (n = 4)], thus demonstrating that reduced ATM is asso-
ciated specifically with a pronounced increment of ERK1/2 phos-
phorylation. To define the molecular mechanisms underlying
the enhanced ERK1/2 phosphorylation in ATM+/− hippocampi,
we focused on the protein phosphatases acting on P-ERK1/2, cal-
cineurin A, and the PP1. Western blotting analysis revealed no
significant differences in calcineurin A levels in ATM+/− hippo-
campi between both experimental groups (see Supplementary
Fig. 2), indicating that the higher levels of phospho-ERK in
ATM+/− mice could not be secondary to alterations of calcineurin
A levels.

Conversely, PP1 levels were found significantly lower in both
P13 and P40 ATM+/− hippocampi [P13: wt = 1.0 ± 0.2 (n = 6) vs.

Figure 3. (A and B) Biochemical experiments carried out in P13 and P40wt and hetmice showing the higher phosphorylation of ERK 1/2 in ATM-depleted hippocampi with

respect to the total ERK expression. (C and D) PP1 and calpain signals revealed by western blotting in young and adult tissues and corresponding quantification.
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het = 0.3 ± 0.1 (n = 9), t-test: P = 0.015; P40: wt = 1.0 ± 0.1 (n = 6) vs.
het = 0.5 ± 0.1 (n = 7), t-test: P = 0.040; Fig. 3C], suggesting thathigh-
er P-ERK levels could be associated with lower levels of PP1 phos-
phatase. This could be possibly due to a positive interaction
between ATM and PP1, making PP1more unstable in the absence
of ATM. In line with this finding, a recent report demonstrated a
direct ATM-dependent activation of PP1 (Guo et al. 2007), thus
supporting this possiblemechanism in theATM+/−mousemodel.

Furthermore, given that KCC2 has been identified as a new
target of calpain (Chamma et al. 2013; Shiloh 2006) and since cal-
pain seems to display a higher proteolytic activity in GABAergic
neurons (Grumelli et al. 2008), we analyzed calpain levels in
ATM+/− hippocampi by western blotting. Although calpain levels
resulted highly variable in tissues explanted from P13 wt mice, a
significant reduction in P40 ATM+/− hippocampi was detected
[P13: wt = 1.0 ± 0.1 (n = 4) vs. het = 0.7 ± 0.1 (n = 9), t-test: P = 0.3;
P40: wt = 1.00 ± 0.07 (n = 7) vs. het = 0.3 ± 0.1 (n = 9); t-test = 0.004;
Fig. 3D], suggesting that this mechanism could contribute to
the altered levels of KCC2 in ATM+/− mice. Altogether, these re-
sults indicate that halved levels of ATM are associated with en-
hanced ERK activation, and point out that reduced levels of PP1
and calpainmay be at the origin of this process. These alterations
may eventually impact the Egr4 transcription factor activation.

Acute Downregulation of ATM by Specific siRNA
Produces the Same Functional Modifications Occurring in
Constitutively ATM-Depleted Neurons

Todirectly link changes inATMexpressionwith alterations in the
GABAergic neurotransmission and to exclude the involvement of
functional/anatomical rearrangements in ATM het neurons
during development, acute protein downregulation by siRNAs
was carried out in rat cultured hippocampal neurons and

electrophysiological recordings were performed. Eight DIV neu-
rons were transfected and examined 3–4 days later. Around 20–
30% reduction in ATM signal was measured by western blotting
experiments (Fig. 4A), thus ensuring a good amount of residual
ATM. Analysis of mIPSCs and mEPSCs revealed alterations in ex-
citatory/inhibitory unbalance similar to those already detected in
het neurons. Indeed, enhancedmIPSC, but notmEPSC, frequency
(Fig. 4B, scramb = 0.7 ± 0.1 Hz; siRNA = 1.6 ± 0.1 Hz; t-test: P < 0.001;
n = 26 vs. 24 neurons patched) was detected in siRNA-treated
cells, whereas no difference was observed in mIPSC amplitude
(scramb = 1.0 ± 0.1 Hz; siRNA = 1.1 ± 0.1 Hz; t-test: P > 0.05;
amplitude: scramb = 15.1 ± 0.6 pA vs. siRNA = 17.2 ± 1.1 pA, t-test:
P > 0.05). Furthermore, immunocytochemical experiments
carried out to evaluate vGAT/vGlut ratio in siRNA-treated neu-
rons revealed the occurrence of a shift in favor of vGAT-immuno-
positive synaptic puncta in ATM-depleted neurons with respect
to scrambled-treated controls (Fig. 4C, scramb = 0.44 ± 0.03 vs.
siRNA = 0.8 ± 0.1; t-test: P = 0.03; n = 2 coverslips analyzed for
each group). Finally, reduction of ATM at earlier developmental
stages produced the same anticipated GABAergic functional de-
velopment as revealed by Ca2+ imaging experiments conducted
on DIV 6 neurons transfected at DIV 2 (Fig. 4D, % of responding
neurons: scramb = 61.3 ± 5.4; siRNA = 42.2 ± 5.4; t-test: P = 0.017,
number of total neurons scramb = 100, siRNA = 155, from 3 differ-
ent coverslips/group). Altogether, these data indicate that also
acute reduction of ATM impacts on the normal neuronal develop-
ment by producing a potentiated/anticipated GABAergic tone.

Functional Changes in ATM+/− Mouse Hippocampus

Finally, in order to investigate whether and at which extent the
unbalanced neurotransmission found in cultures is detectable
also in vivo, we recorded hippocampal activity in slices from

Figure 4. (A) Evaluation of acute downregulation of ATM expression by specific siRNA with biochemistry; 10 days after the siRNA treatment, the ATM signal was found

comparable with respect to the scrambled one. (B) Analyses of mEPSC and mIPSC frequency have been evaluated in DIV 12–13 hippocampal rat neurons 4–5 days after

siRNA delivery. (C) Immunocytochemical experiments carried out in siRNA-treated neurons to evaluate vGAT/vGlut ratio. (D) Calcium imaging responses to acute GABA

administration (100 µM) in DIV 7 cultured rat hippocampal neuron transfected at DIV 2 and quantification of the responding neurons.
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postnatal day 40 (P40) wt and ATM+/− mice. Analysis of passive
membrane properties in CA1 pyramidal neurons such as resting
membrane potential, capacitance, input resistance, and I/V
relationship indicated the lack of differences between the 2 ex-
perimental groups (see Supplementary Fig. 3). In line with
these data collected in cultured neurons, a significant increase
in mIPSC frequency (wt = 1.4 ± 0.1 Hz vs. het = 2.3 ± 0.3 Hz, t-test:
P = 0.029; Fig. 5Aa,b) was found in ATM het mice. However,
analysis of excitatoryminiature activity from hippocampal slices
revealed a concomitant higher frequency of glutamatergic events
(Fig. 5Ba,b,mEPSCs: wt = 0.33 ± 0.06 Hz vs. het = 0.8 ± 0.1 Hz, t-test:
P = 0.022) in the absence of changes in the amplitude, minis area,
and decay time of both inhibitory and excitatory minis (Fig. 5Ac–
e,Bc–e). Thus, in order to assess how the reduction of ATM could
impact active neuronal properties, we assessed the intrinsic

excitability in wt and het neurons by whole-cell current-clamp
recordings from P40 mice (Fig. 5Ca). When depolarizing current
stimuli were applied to evaluate action potential (AP) firing prop-
erties, a comparable behavior in terms of AP threshold and min-
imum current intensity (MCI) to generate an AP was found
between het and wt neurons as indicated in Figure 5Cb,c
(AP threshold: wt =−48.6 ± 1.6 mV vs. het =−47.6 ± 1.6 mV; t-test:
P = 0.64; MCI to AP: wt = 56.6 ± 6.7 pA vs. het = 68.7 ± 1.2 pA; t-test:
P = 0.35). Interestingly, a reduction in firing frequency/current
injection relationship was found in ATM+/− slices as indicated
by the lower mean number of spikes fired for each current amp-
litude with increased current injection (AP frequency at 140 pA:
wt = 17.1 ± 1.1 Hz vs. het = 11.9 ± 1.7 Hz; t-test: P = 0.015; Fig. 5Cd,
e). Altogether, these results indicate that hippocampal pyramidal
neurons from heterozygous animals are less excitable than wt

Figure 5. (A) (a) Electrophysiology of hippocampal brain slices showing mIPSCs and corresponding quantification of frequency in Hz (b). Note that amplitude (c), quantal

charge (d), and decay time (e) remain unchanged in the 2 groups as well as what found in het cultured cells. (Ba–e) Representative traces and corresponding quantification

of in vivo slice electrophysiology assessed to evaluate excitatory basal transmission (mEPSCs) as done for mIPSCs. (C) (a) Analysis of pyramidal intrinsic excitability

properties by whole-cell current-clamp recordings from hippocampal slices in P40 male mice. (b–e) Evaluation of AP threshold, MCI to generate an action potential

and increasing current stimuli with associated frequency response. All these recordings have been carried out from hippocampal slices ofmale P40WTand HET animals.
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counterparts even in the presence of comparable passive
properties.

Finally, to complete the in vivo characterization of ATM+/−

hippocampal features, we analyzed the expression of inhibitory
synaptic proteins such as vGAT during the hippocampal develop-
ment. vGAT western blotting signal collected from P14 and
P40 mouse hippocampus revealed comparable levels of the pro-
tein at both ages [see Supplementary Fig. 4A, P14 normalized
value: wt = 1.00 ± 0.05 (n = 7) vs. het = 1.2 ± 0.1 (n = 9); P40 mice: wt
= 1.00 ± 0.04 (n = 8) vs. het = 1.2 ± 0.1 (n = 9)]. Analysis of vGAT
signal in the cerebellum and P40 and P120 het mice showed no
differences with respect to the corresponding wt littermates
(see Supplementary Fig. 4B). Interestingly, evaluation of vGAT
expression in the cerebellum at earlier developmental stages
(P13) revealed higher levels of the inhibitorymarker in het tissues
with respect to the wt counterpart (see Supplementary Fig. 4C),
indicating a transient vGAT upregulation in developing cerebel-
lum of ATM het mice. Thus, these data indicate the occurrence
of pathological changes in the inhibitory system during the
early phases of development, whichmay sustain altered network
activity in adult. Therefore, halved levels of ATM, by affecting
the brain inhibitory component during development, impact
hippocampal functioning both in vitro and in vivo.

Discussion
In this study, we demonstrate that alterations in ATM levels are
responsible for pronounced and anticipated GABAergic develop-
ment and function. Since GABA transmission is strongly linked to
the correct brain development and plasticity, this study lays
basics for both a more clear comprehension of mechanisms
associated with brain development and of molecular alterations
possibly involved in cognitive alterations described in A-T. This
study provides a rationale for the defects described in the milder
forms of A-T characterized by residual amounts of functional
ATM and associated with later onset, slower progression of
symptoms, and by cognitive defects such as late learning and
altered speech proprieties, introducing a novel potential target
for emerging therapeutic approaches. This study supports previ-
ous evidence that the pleiotropic phenotype found in A-T
patients may be ascribed in part to tissue- and age-specific regu-
lation of diverse pathways in vivo. Indeed, by exploring the fully
uninvestigated hippocampal role of ATM during brain develop-
ment using the heterozygous mouse model of A-T, we show
the occurrence of a clear changing in the neuronal networks
developing in the presence of chronic and acute reduced levels
of ATM. This alteration, which has been clearly revealed by elec-
trophysiological and biochemical experiments, is consistentwith
studies highlighting inhibition as a pathological rearrangement
responsible, in general, for impaired neuronal development
(Tyzio et al. 2006, 2014; Gogolla et al. 2009) or altered circuitry
formation (Di Cristo 2007; Antonucci et al. 2012) and abnormal
neuronal plasticity (Hensch 2005; Di Cristo 2007; Harauzov et al.
2010; Sale et al. 2010; Maya-Vetencourt et al. 2012; Succol et al.
2012; Deidda et al. 2015). In particular, whereas a clear excita-
tory/inhibitory unbalance develops in hippocampal neuronal
cultures, a more complex phenotype is generated in vivo. Al-
though in the presence of both higher mEPSCs and mIPSCs,
adult heterozygous animals show reduced excitability, as indi-
cated by the reduced AP frequency generated in response
to high-current intensity stimuli. We hypothesize that this
decreased neuronal excitability could result from possible com-
pensatory mechanisms likely stemming from enhanced activity
of the GABAergic transmission or by the higher K+ current

flowing through KCC2, which we found to be expressed at higher
levels in het animals. Finally, it has been also described that an
overall enhancement of GABAergic transmission, in the presence
of a higherminiature excitatory activity, can still sustain a reduc-
tion in intrinsic excitability (He et al. 2010). On the other hand, the
neurotransmitter GABA acting as a trophic factor in many as-
pects of neural development, including cell proliferation, neur-
onal migration, dendrite arborization, synapse formation, and
activity-dependent neural circuit development (Ben-Ari 2002;
Owens and Kriegstein 2002; Akerman and Cline 2007), can also
mediate the increment in excitatory synaptic transmission that
we found by whole-cell recordings in slice. In this context, it
could be also interesting to evaluate if thismore pronounced GA-
BAergic inhibition leads to altered neuronal response induced by
excitatory/convulsant stimuli, in vivo (i.e., the kainic acid-in-
duced excitability). However, further studies are needed to better
clarify cellularmechanisms associatedwith the increased excita-
tory events found by in vivo analysis of mEPSCs.

In addition, our results demonstrate that the enhanced inhib-
ition is present not only in the hippocampus but also at early
stages of cerebellar development, thus extending the main data
found in the hippocampus to other brain structures. The mech-
anism we propose here concerns the unbalance of phosphoryl-
ation/dephosphorylation processes involving protein kinases
and phosphatase. In a previous study, decreased Ca++ and Na+

currents were detected by electrophysiological experiments on
Purkinje cells in the A-Tmousemodel, which was not associated
with any neuronal loss and neurodegeneration (Chiesa et al.
2000). To explain their results, the authors proposed the involve-
ment of ATM in the phosphorylation/phosphatase cycle acting
on Ca++ channels. Indeed, since the “function of Ca++ channels
is greatly dependent on their state of phosphorylation, it is pos-
sible that the lack of ATM leads to an imbalance of phosphoryl-
ation processes involving protein kinases and/or phosphatases
acting directly on Ca++ channels” (Chiesa et al. 2000). Our study
explores this hypothesis in detail and provides results supporting
in part this possible explanation.

We evaluated the reduction of phosphate activity on P-ERK
mediated by the PP1 since recent findings demonstrated a direct
ATM-dependent activation of PP1 (Guo et al. 2007). It has been de-
monstrated that endogenous PP1 catalytic subunits (PP1C)
strongly coimmunoprecipitates with ERK1/2 when stimulated
by IGF1 treatment. Since IGF-1/IGF1R levels are downregulated
in skeletal muscle of ATM+/− mouse (Ching et al. 2013), probably
weaker interactions between PP1 and ERK1/2 occur, thus result-
ing in higher levels of P-ERK. Finally,we cannot exclude also a dir-
ect contribution of PP1 to the GABAergic system since it has been
demonstrated that it controls GABA receptor clusterization by
regulating gephyrin dephosphorylation state (Bausen et al. 2010).

Previous studies demonstrated at hippocampal synapses a
link between enhanced ERK1/2 phosphorylation, higher GABAer-
gic release, and altered learning/neuronal functioning (Cui et al.
2008). Also, increased ERK1/2 activation has been demonstrated
to occur via activation of the transcription factor Egr1, which be-
longs to the Egr-transcription factor family (Luo et al. 2008), thus
supporting the hypothesis that the increased ERK phosphoryl-
ation found in ATM-deficient cells can affect the GABAergic de-
velopment and synaptogenesis.

Overall, our data demonstrating a new function of ATM in
neurons individuate a possible target for the pharmacological
treatment of cognitive disabilities associated with mild forms
of A-T. Although further investigations need to be carried out to
better individuate the precise molecular interactors involved in
this process and the best pharmacological cocktail to rescue the
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pathological phenotype, this study unveils an unexpected role of
ATM as a protein kinase responsible, possibly through regulation
of P-ERK signaling, for the correct development of the inhibitory
network and maintenance of neuronal transmission.

Experimental Procedures
Animals

All the experimental procedures followed the guidelines estab-
lished by the Italian Council on Animal Care and were approved
by the Italian Government decree No. 27/2010 (see Supplemen-
tary Material) and the Italian Legislation (L.D. no 26/2014). All ef-
forts were made to minimize the number of animals used and
their sufferings.

Cell Cultures

Hippocampal neurons were established from E20 to P0 het or wt
littermate C57BL/6 mice as described previously (Menna et al.
2009). For siRNA experiments, rat primary hippocampal neurons
have been used starting from E18 pregnant animals.

Genotyping

Genotyping of ATM was performed on extracted tail DNA using
polymerase chain reaction techniques. After genomic extraction,
carried out using the Laird protocol (Laird et al. 1991), 3 μL final vo-
lumes of DNAwere mixed in 7 μL of master mix (GoTAq Promega),
0.75 µL of oligonucleotides, and 3.75 µL of MilliQ water. The DNA
was amplified using a thermo cycler (Biorad, Hercules, CA, USA).

Cell Culture Electrophysiology

Whole-cell, patch-clamp recordings were obtained from 13 to 14
DIV neuronswith anAxopatch 200B amplifier and the pClamp-10
software (Axon Instruments, Foster City, CA, USA). Recordings
were performed in the voltage-clamp mode. Currents were
sampled at 2 kHz and filtered at 2–5 kHz. External solution
[Krebs’–Ringer’s–HEPES (KRH)] had the following composition
(inmM): 125NaCl, 5 KCl, 1.2MgSO4, 1.2 KH2PO4, 2 CaCl2, 6 glucose,
and 25 HEPES–NaOH, pH 7.4. mEPSCs and mIPSCs were recorded
in the presence of 1 µM TTX. Recording pipettes were fabricated
from capillary glass (World Precision Instruments) using a two-
stage puller (Narishige, Tokyo, Japan) and had tip resistances of
3–5 M when filled with the intracellular solution of the following
composition (in mM): 130 K-gluconate (or Cs-gluconate for IPSCs
andmEPSCs), 10 KCl, 1 EGTA, 10 HEPES, 2 MgCl2, 4 MgATP, and 0.3
Tris-GTP. Neurons were held at −70 or + 10 mV to identify, re-
spectively, excitatory or inhibitory miniature events. Recordings
were performed at room temperature. Bicuculline (5 µM) had
been added in themedium of 7 and 10 DIV primary neuronal cul-
tures and recordings performed 3days later the last drug delivery.
Offline analyses of mEPSCs and mIPSCs have been performed
using Clampfit- pClamp-10 software and events had to exceed
a threshold of 2 times the SD of the baseline noise.

Immunocytochemical Staining

Immunofluorescence staining was carried out using the follow-
ing antibodies: mouse anti-VAMP (1 : 500), guinea pig anti-vGAT
(1 : 500), rabbit anti-vGLUT1 (1 : 500), and rabbit anti-β-tubulin
(1 : 80), all of them from Synaptic System. Secondary antibodies
were conjugated with Alexa-488, Alexa-555, or Alexa-633 fluoro-
phores (Invitrogen, San Diego, CA, USA). Images were acquired
using an Leica SPE confocal microscope with ×60 objective. For
the analysis of v-GAT density per µm of dendrite stack, images

have been acquired and the Z-projection maximal mean inten-
sity values have been obtained. The number of vGAT-positive
puncta has been counted after the detection of an appropriate
threshold which was set to 2.5‐fold the level of background fluor-
escence referring to diffuse fluorescence within dendritic shafts.
Fluorescence image processing and analyses were performed
with ImageJ Software (National Institutes of Health). For the ana-
lysis, vGAT- and vGlut-1-positive puncta per unit length of iso-
lated parent dendrite have been chosen by positive tubulin
immunoreactivity. Field per field, isolated dendritic branches
have been analyzed in segments of about 30 µm and in total, 250
dendritic segments have been analyzed in wt cultures and 300 in
het culturedneurons.We estimated a number of 100 cells counted
per genotyping for both vGAT and VGlut-1 puncta density.

Western Blotting

Homogenates frommouse hippocampal tissues (both P13–14 and
P40 female +male animals) were separated by electrophoresis,
blotted on nitrocellulose membrane, and analyzed by western
blotting by using: monoclonal antibodies against ATM (1 : 350,
Santa Crutz), rabbit anti-calnexin (1 : 2000, Sigma, as an internal
standard for protein quantification), mouse anti-β3-tubulin
(1 : 4000, Promega), rabbit anti-vGAT (1 : 1000, Synaptic System),
rabbit anti-KCC2 (1 : 700, Millipore), mouse anti-P-ERK (1 : 1000,
Sigma), rabbit anti-ERKtot (1 : 1000, Cell Signaling), rabbit anti-
calcineurin A (1 : 1000, Cell Signaling), rabbit anti-PP1 (1 : 1000,
Cell Signaling), and rabbit anti-calpain (1 : 1000, Cell Signaling).
Membranes were washed and reacted with HRP-conjugated
secondary antibodies (Jackson Laboratories) and developed by ECL
(Amersham, UK), or reactedwith fluorophor-conjugated secondary
antibodies (LI-COR Biosciences™ IRDye 800CWand IRDye 680RD™,
1 : 10 000). The corresponding fluorescence signal has been ac-
quired with CLx Odyssey (LI-COR Biosciences) and quantified
using Odyssey IR Technology by the software Image Studio 2.0.

Measurements regarding the chemoluminescence have been
carried out using ImageJ software 1.46r.

Calcium Imaging

Hippocampal cultures of 5–6 DIV were loaded with 5 µM Fura-2
pentacetoxymethylester in KRH for 30 min at 37 °C, washed in
the same solution, and transferred to the recording chamber of
an inverted microscope (Axiovert 100; Zeiss, Oberkochen, Ger-
many) equipped with a calcium imaging unit. After a period for
baseline acquisition, neurons were stimulated with GABA
100 µM and responses have been recorded. Fura-2 fluorescence
images were analyzed with TILLvision software (TILL Photonics).
After excitation at 340 and 380 nm wavelengths, emitted light
was acquired at 505 nm at a rate of 1–4 Hz. Temporal Ca++ inten-
sity profiles (expressed as F340/380 fluorescence ratio) were cal-
culated in discrete areas of interest from image sequences.
“Ratio changes” indicate the amplitude of peak Ca++ responses,
thus indicating the depolarizing GABA action.

Acute Downregulation of ATM Expression

Silencing of ATM was achieved via transfection of siRNA
duplexes against mouse Atm to achieve controlled ATM downre-
gulation in rat primary hippocampal neurons. The siRNA was
from Integrated DNA Technologies and the Atm sense strand
was 50-GGAGCAUGCUCUAAGGACATT-30. Primary cultures of
rat embryonic neuronswere transfectedwith siRNA plus Lipofec-
tamine 2000, in a first set of experiments at 8–9 DIV and in a
second set of experiments at 2DIV (in Ca++ imaging experiments).
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Samples were mainly collected in both experimental procedures
after 4–5 days.

Brain Slice and Electrophysiology

ATM+/+ and ATM+/− male mice were anesthetized in a chamber
saturated with chloroform and then decapitated. The brain was
rapidly removed and placed in an ice-cold solution containing
220 mM sucrose, 2 mM KCl, 1.3 mM NaH2PO4, 12 mM MgSO4,
0.2 mM CaCl2, 10 mM glucose, 2.6 mM NaHCO3 (pH 7.3, equili-
brated with 95% O2 and 5% CO2), and 3 mM kynurenic acid. Cor-
onal hippocampal slices (thickness, 300 μm) were prepared with
a vibratome VT1000 S (Leica) and then incubated first for 40 min
at 37 °C and then for 30 min at room temperature in artificial CSF
(ACSF), consisting of 126 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4,
1 mM MgSO4, 2 mM CaCl2, 10 mM glucose, and 26 mM NaHCO3

(pH 7.3, equilibrated with 95% O2 and 5% CO2).
Slices were transferred to a recording chamber perfused with

ACSF at a rate of approximately 2 mL/min and at room tempera-
ture. Whole-cell, patch-clamp electrophysiological recordings
were performed with a Multiclamp 700B amplifier (Axon CNS
Molecular Devices, USA) and using an infrared-differential inter-
ference contrast microscope. Patch microelectrodes (borosilicate
capillarieswith afilament and anouter diameter of 1.5 μm; Sutter
Instruments) were prepared with a four-step horizontal puller
(Sutter Instruments) and had a resistance of 3–5 MΩ.

mIPSCs and mEPSCs were recorded from CA1 pyramidal neu-
rons in voltage-clamp mode at a holding potential of −65 mV
with an internal solution containing (in mM) 140 CsCl, 2 MgCl2,
1 CaCl2, 10 EGTA, 10 HEPES–CsOH, 2 ATP (disodium salt) or 126
K-gluconate, 4 NaCl, 1 EGTA, 1 MgSO4, 0.5 CaCl2, 3 ATP (magne-
sium salt), 0.1 GTP (sodium salt), 10 glucose, and 10 HEPES–KOH
(pH 7.28; osmolarity adjusted to 280 mOsm), respectively. Access
resistance was between 10 and 20 MΩ; if it is changed by >20%
during the recording, the recording was discarded.

All the currents were recorded in the presence of lidocaine
(500 µM) to block voltage-gated sodium channels in the ACSF
and to prevent AP firing.

mIPSCs were recorded in the presence of kynurenic acid
(3 mM) to block excitatory transmission, whereas mEPSCs were
recorded in the presence of bicuculline (20 µM) to block GABAer-
gic component.

Current-clamp analysis was performedwith the same intern-
al solution used for mEPSC recordings. A series of current steps
(from −60 to 300 pA) were injected to induce APs (20-pA injection
current per step, duration of 1 s) in order to study passive and ac-
tive properties of the cell membrane.

Currents through the patch-clamp amplifier were filtered at
2 kHz and digitized at 20 kHz using the Clampex 10.1 software.
Analysis was performed offline with the Clampfit 10.1 software.

Reagents

TTX and bicuculline were from Tocris. Cs-gluconate, CsCl,
MgSO4, NaCl, KH2PO4, K-gluconate, EGTA, HEPES, MgATP, and
Tris-GTP were from Sigma-Aldrich.

Statistical Analysis

Unless otherwise stated, average data are expressed as mean ±
SEM. Data were analyzed by paired/unpaired Student’s t-test or,
in case of more than 2 experimental groups, by one-way analysis
of variance followed by post hocmultiple comparison tests using
Sigma Stat software. Datawere expressed asmeans ± SEM for the

number of cells (n). The differences were considered to be signifi-
cant, if P < 0.05 (indicated by an asterisk), P < 0.01 (double aster-
isks), P < 0.005 (triple asterisks).
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