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GABA, the main inhibitory transmitter in adulthood, early in postnatal development exerts a depolarizing and excitatory action. This
effect, which results from a high intracellular chloride concentration ([Cl �]i ), promotes neuronal growth and synaptogenesis. During the
second postnatal week, the developmental regulated expression of the cation-chloride cotransporter KCC2 accounts for the shift of GABA
from the depolarizing to the hyperpolarizing direction. Changes in chloride homeostasis associated with high [Cl �]i have been found in
several neurological disorders, including temporal lobe epilepsy. Here, we report that, in adult transgenic mice engineered to express
recombinant neutralizing anti-nerve growth factor antibodies (AD11 mice), GABA became depolarizing and excitatory. AD11 mice
exhibit a severe deficit of the cholinergic function associated with an age-dependent progressive neurodegenerative pathology resem-
bling that observed in Alzheimer patients. Thus, in hippocampal slices obtained from 6-month-old AD11 (but not wild-type) mice, the
GABAA agonist isoguvacine significantly increased the firing of CA1 principal cells and, at the network level, the frequency of multiunit
activity recorded with extracellular electrodes. In addition, in AD11 mice, the reversal of GABAA-mediated postsynaptic currents and of
GABA-evoked single-channel currents were positive with respect to the resting membrane potential as estimated in perforated patch and
cell attached recordings, respectively. Real-time quantitative reverse transcription-PCR and immunocytochemical experiments revealed
a reduced expression of mRNA encoding for Kcc2 and of the respective protein. This novel mechanism may represent a homeostatic
response that counterbalances within the hippocampal network the Alzheimer-like neurodegenerative pathology found in AD11 mice.

Introduction
GABA, the main inhibitory transmitter in the adult CNS, at early
developmental stages depolarizes and excites target cells through
an outwardly directed flux of chloride (Ben-Ari et al., 1989;
Cherubini et al., 1991; Ben-Ari, 2002). The intracellular chloride
homeostasis is under control of two main Cl� cotransporters, the
NKCC1 and KCC2 that enhance and lower high intracellular
chloride concentration ([Cl�]i), respectively (Blaesse et al.,
2009). Because of the low expression of the KCC2 extruder at
birth, chloride accumulates inside the neuron via NKCC1. The
developmentally regulated expression of KCC2 toward the end of
the first postnatal week is responsible for the shift of GABA from
the depolarizing to the hyperpolarizing direction (Rivera et al.,
1999). The depolarizing action of GABA enables the induction of

correlated network activity known to exert a critical control on
the structural and functional refinement of synaptic connections
(Kasyanov et al., 2004; Ben-Ari et al., 2007; Mohajerani et al.,
2007).

Here we show that adult transgenic mice, engineered to ex-
press recombinant neutralizing anti-nerve growth factor (NGF)
antibodies (AD11 mice) (Capsoni et al., 2000a; Ruberti et al.,
2000), exhibit an alteration of chloride homeostasis in the hip-
pocampus, which leads to a depolarizing shift of GABA from the
hyperpolarizing to the depolarizing direction.

Chronic NGF deprivation in this model has been shown to
produce important deficits of the cholinergic function paralleled
with an age-dependent progressive neurodegenerative pathology
resembling that found in Alzheimer’s disease (AD) (Capsoni et
al., 2000a). Adult AD11 mice display a neurodegenerative pheno-
type characterized by impairment in retention and transfer of
spatial memory tasks associated with cholinergic atrophy, neuro-
nal loss, tau hyperphosphorylation and insolubility, abnormali-
ties of the neuronal cytoskeleton reminiscent of tangles (Capsoni et
al., 2000a), �-amyloid (A�) plaques from the mouse �-amyloid
precursor protein (APP) (Capsoni et al., 2002b), and deficit in
cortical synaptic plasticity (Pesavento et al., 2002). In a previous
study aimed at assessing the role of nicotine in long-term poten-
tiation at Schaffer collateral–CA1 synapses in hippocampal slices
from adult AD11 mice, we found that nicotine failed to boost
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synaptic plasticity when GABAergic transmission was blocked
with bicuculline or gabazine (Rosato-Siri et al., 2006), indicating
that GABAergic neurotransmission can “rescue” in these mice
nicotine-induced modulation of synaptic plasticity. Among the
possible mechanisms underlying these effects, we hypothesized a
rearrangement of the GABAergic circuit and a shift of GABA
from hyperpolarizing to depolarizing and excitatory. GABA-
induced depolarization would remove the magnesium block
from NMDA receptor channels, thus exerting a positive excita-
tory feedback on principal cells (Ben-Ari, 2002).

Materials and Methods
Anti-NGF AD11 mouse model. AD11 anti-NGF transgenic mice (Ruberti
et al., 2000) express a recombinant version of the monoclonal antibody
(mAb) �D11 that specifically recognizes and neutralizes NGF (Cattaneo
et al., 1988; Covaceuszach et al., 2008). These mice were derived by
linking the variable regions of light and heavy chains of the anti-NGF
mAb �D11 to human � and �1 constant regions, yielding the chimeric
human/rat antibody �D11 (Ruberti et al., 1993), whose expression is
transcriptionally driven by the human cytomegalovirus (CMV) early re-
gion promoter (Ruberti et al., 2000). Colonies of homozygous mice
transgenic for the light chain gene only (CMV–VK �D11) or the heavy
chain only (CMV–VH �D11) (VH11 mice) were established. Double
transgenic anti-NGF AD11 mice were obtained by crossing single trans-
genic CMV–VK �D11 and CMV–VH �D11 mice. Each AD11 was indi-
vidually tested by transgene genotyping (for VH and VK transgenes) and
by measuring the level of chimeric rat/human anti-NGF antibodies in the
serum, as described previously (Ruberti et al., 2000). In the group of
6-month-old AD11 mice used for the experiments, the serum antibody
level varied between 20 and 176 ng/ml. The AD11 mice were subdivided
into two groups: group I, with “low” antibody levels, �90 ng/ml (n �
21), and group II, with antibodies levels �90 ng/ml (n � 18). Experi-
ments were performed from group II of animals (AD11 in the following),
unless otherwise indicated. In wild-type (WT) animals (6 months old),
antibody levels ranged between 2.8 and 4 ng/ml (3.5 � 0.2; n � 7).

The mRNA for the VH and VK antibody chains was also determined in
each AD11 by quantitative reverse transcription (qRT)-PCR with the
following primers, specific for the �D11 variable region antibody chains:
VH sense, AACAACAATGTGAAC; VH antisense, GGAGTGGATGG-
GAGGAGTC; probe, GGAAGAG; VK sense, AGCAGAAGCCAGG-
GAAATCT; VK antisense, TACCTTGCATACTGGGGTCC; probe,
CAGCTCCT.

Mice were kept under a 12 h dark/light cycle, with food and water ad
libitum. All experiments were performed in accordance with the Euro-
pean Community Council Directive of November 24, 1986 (86/609EEC)
and were approved by the local authority veterinary service. All efforts
were made to minimize animal suffering and to reduce the number of
animals used.

Hippocampal slice preparation. Hippocampal slices from 6-month-old
WT (strain B6SJL/F1) and AD11 transgenic mice were prepared accord-
ing to the method described previously (Rosato-Siri et al., 2006). Briefly,
animals were decapitated after being anesthetized with an intraperitoneal
injection of urethane (2 g/kg). The brain was quickly removed from the
skull and placed in ice-cold artificial CSF (ACSF) containing the follow-
ing (in mM): 215 sucrose, 3.5 KCl, 1.2 NaH2PO4, 25 NaHCO3, 1.3 MgCl2,
2 CaCl2, and 25 glucose (saturated with 95% O2 and 5% CO2), pH
7.3–7.4. Transverse hippocampal slices (300 – 400 �m thick) were cut
with a Vibratome (VT 1000 S) and maintained at room temperature in
ACSF containing 130 mM NaCl instead of sucrose and bubbled with 95%
O2 and 5% CO2. After incubation for at least 1 h, an individual slice was
transferred to a submerged recording chamber and continuously super-
fused at 33–34°C with oxygenated ACSF at a rate of 4 –5 ml/min.

Electrophysiological recordings and data analysis. Spontaneous AMPA-
mediated EPSCs (sEPSCs) were recorded in the whole-cell configuration
of the patch-clamp technique from CA1 pyramidal cells held at �70 mV,
close to the equilibrium potential for GABA (EGABA of �69 mV), using
the Axopatch 1D amplifier (Molecular Devices). Neurons were visual-
ized using an upright microscope equipped with differential interference

contrast optics and infrared video camera. Patch electrodes were pulled
from borosilicate glass capillaries (Hingelberg) and were filled with an
intracellular solution containing the following (in mM): 125 Cs-
methanesulphonate, 10 CsCl, 10 HEPES, 0.3 EGTA, 2 MgATP, 0.3
NaGTP, and 5 QX-314 [2(triethylamino)-N-(2,6-dimethylphenyl) acet-
amine], pH adjusted to 7.2 with CsOH. The resistance of the pipettes was
4 – 6 M�. The whole-cell capacitance was fully compensated, and the
series resistance (10 –20 M�) was compensated at 75– 80%. The stability
of the patch was checked by repetitively monitoring the input and series
resistance during the experiment. Cells exhibiting �15% changes in se-
ries resistance were excluded from the analysis. Membrane potential was
corrected for the liquid junction potential of �10 mV.

In some experiments, GABA-mediated postsynaptic currents (GPSCs)
were evoked in the presence of 6,7-dinitroquinoxaline-2,3-dione
(DNQX) (20 �M) and D-2-amino-5-phosphonopentanoate (D-AP-5)
(50 �M) via bipolar twisted NiCr-insulated electrodes (controlled via a
stimulus isolation unit; Digitimer), positioned near the afferent fibers at
the frequency of 0.05 Hz. To measure the reversal of GPSCs (EGPSCs), we
used the gramicidin perforated patch (Kyrozis and Reichling, 1995), which
preserves the anionic conditions of the recorded cells. In this case, the
pipette solution contained the following: 140 mM KCl, 1 mM MgCl2, 10
mM HEPES, 4 mM MgATP, 0.5 mM EGTA, and 80 �g/ml gramicidin D
(purchased from Sigma). A 20 mg/ml stock of gramicidin in dimethyl-
sulphoxide (DMSO) was prepared freshly (�2 h before recording) and
sonicated. This was diluted with gramicidin-free solution, sonicated
again for 20 –30 s, and centrifuged. To facilitate the cell-attached forma-
tion, patch pipettes were dipped into, filled with a gramicidin-free solu-
tion by applying a negative pressure for 20 –30 s, and then backfilled with
a gramicidin-containing solution (seal resistance, �3 G�). After
�30 – 40 min from cell-attached formation, series resistance decreased
and stabilized �30 M�. The perforated patch condition was constantly
monitored, and, in the case of membrane rupture, recording was discon-
tinued. In fact, because of the high intracellular [Cl �], the break of the
membrane was associated with a clear change in membrane capacitance
and a shift of EGPSPs near 0 mV (Tyzio et al., 2007). At the end of the
experiments, bath application of gabazine (10 �M) completely abolished
the evoked responses, confirming that they were mediated by GABAA

receptors.
To study the effects of isoguvacine on cell firing, cell-attached record-

ings were used. In this case, the patch pipette was filled with ACSF.
Isoguvacine was applied from a puff pipette (intrapipette concentration
of isoguvacine, 100 �M dissolved in ACSF) positioned close the patched
neurons via a pneumatic PicoPump [PV820 (World Precision Instru-
ments); pulse duration, 0.5–1 s; pressure, 2– 6 psi].

Single-channel recordings were achieved in cell-attached mode.
For GABAA single-channel events, patch pipettes were filled with
solution containing the following: 120 mM NaCl, 5 mM KCl, 20 mM

tetraethylammonium-Cl, 5 mM 4-aminopyridine, 0.1 mM CaCl2, 10
mM MgCl2, 10 mM glucose, 10 mM HEPES emisodium salt, and 3 �M

GABA.
The resting membrane potential (RMP) of CA1 pyramidal neurons

was calculated from the reversal potential of NMDA-induced single-
channel currents evoked in cell-attached configuration. In these experi-
ments, patch pipettes contained nominally Mg 2�-free ACSF with
NMDA (10 �M) and glycine (1 �M). For single-channel recordings, patch
pipette resistance was 10 –12 M�. Analysis of single-channel current
versus potential ( I–V) relationship was achieved using Clampfit 10.1
software (Molecular Devices). The extrapolated reversal potential of
single-channel recordings was estimated by fitting the I–V plots with
linear regression. Data were sampled at 30 kHz with an analog-to-digital
converter (Digidata 1322; Molecular Devices), filtered with a cutoff fre-
quency of 1 kHz, and analyzed offline with Clampfit 10 (Molecular De-
vices). Single-channel experiments were sampled at 50 kHz and filtered
at a cutoff frequency of 2 kHz.

For recording of multiple unit activities (MUAs), micropipettes (re-
sistance, �3 M�), filled with ACSF, were positioned near the pyramidal
layer of the CA1 hippocampal region. MUAs were amplified using a
DAM-800 differential amplifier (World Precision Instruments), low-
pass filtered at 1 kHz, digitized at 10 kHz (Digidata 1200; Molecular
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Devices), acquired with WinLTP software package (courtesy of W. W.
Anderson, Bristol University, Bristol, UK), and analyzed offline using
Clampfit 10.1 software (Molecular Devices).

Data are expressed as mean�SEM. Statistical comparison was performed
using Student’s t test (paired or unpaired) or using the Wilcoxon’s signed
rank test, as appropriate. p � 0.05 was taken as significant.

Drugs. SR-95531 [2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)
pyridazinium bromide] (gabazine), DNQX, NMDA, GABA, D-AP-5,
bumetanide, and isoguvacine were purchased from Tocris Bioscience.
Stock solutions were made in distilled water or DMSO, divided into
aliquots, and frozen at �20°C. Drugs were applied in the bath by gravity
via a three-way tap system, by changing the superfusion solution to one
differing only in its content of drug(s). The ratio of flow rate to bath
volume ensured complete exchange within 2 min.

RNA isolation and real-time qRT-PCR. For qRT-PCR experiments,
total RNA was extracted from all hippocampus, the medial septum, and
the diagonal band of Broca of the basal forebrain. For mRNA analysis by
real-time qRT-PCR, three AD11 and three age-matched control mice
were used. Hippocampus and basal forebrain of the right hemisphere
were dissected from the brains of freshly killed mice. All the tissue sam-
ples were stored in RNAlater (Qiagen). To control experimental variabil-
ity connected to the circadian rhythms or stress condition induced by the
laboratory environment, the animals were always killed at the same time
during the day, without keeping cage mates in the laboratory. Total RNA
was isolated from these brain areas, using Trizol (Invitrogen) and DNase, by
Qiagen columns. RNA quantity was determined on a NanoDrop UV-VIS.
Only samples with an absorbance ratio in the range 1.8 � OD260/OD280 �
2.0 were selected. Quality of RNA samples was checked for integrity with the
Agilent BioAnalyzer 2100 (Agilent RNA 6000 nano kit): samples with an
RNA Integrity Number index lower than 8.0 were discarded.

For qRT-PCR, each RNA sample was subjected to the two-step Ap-
plied Biosystems 7900HT Micro Fluidic Card protocol. The first-strand
cDNA template was synthesized from 500 ng of total RNA using random
primers and Superscript III reverse transcriptase (Invitrogen) in a final
volume of 100 �l. The micro fluid cards were run in the following PCR
program: 50°C for 2 min, 94.5°C for 10 min and 40 cycles of 97°C for 30 s,
followed by 59.7°C for 1 min. To measure the quantity of a given RNA
species, the threshold cycles (Ct) were monitored by the Applied Biosys-
tems 7900HT Fast Real-Time PCR System. For quantification of gene
expression changes, the 		Ct method was used to calculate relative fold
changes normalized against the housekeeping gene ribosomal RNA 18S.
Each data point is obtained from three AD11 and three age-matched
control mice. Error bars are computed according to the SEM and the
error propagation. The one-tailed t test, assuming equal variances, was
used to select significant expression values. The F test was used to check
the assumption of equal variances in AD11 and control mice. Statistical
tests were performed using the R package. Genes, Ct values, and Applied
Biosystems Assay ID used for qRT-PCR are listed in supplemental data
(Table S1, available at www.jneurosci.org as supplemental material).

Immunohistochemistry. Immunohistochemistry for KCC2 was per-
formed on brains from 6-month-old AD11 mice and age-matched con-
trol mice (n � 6 for each genotype). Briefly, mice were anesthetized with
a 2% solution of 3,3,3-tribromethanol (1 ml/25 g body weight) and per-
fused with ice-cold PBS followed by 4% paraformaldehyde/PBS. After
postfixation in the same paraformaldehyde solution and cryoprotection
in 30% sucrose, brains were sectioned and processed for immunohisto-
chemistry using the anti-KCC2 antibody (1:100; Millipore Corporation),
followed by a biotinylated anti-rabbit antibody (1:100; Vector Laborato-
ries) and by chromogenic reaction using 3,3-diaminobenzidine HCl
(Sigma-Aldrich), as described previously (Capsoni et al., 2009).

The intensity of the labeling was quantified using a Nikon 90i micro-
scope connected to a video camera and the image analysis program NIS-
Elements (Nikon Instruments). Briefly, an intensity threshold was
manually set up to detect, against the background and in fixed light
conditions, all labeled pixels in control mice. After measuring, the same
threshold was applied to AD11 mice sections. A mean of four sections per
animal was analyzed on randomly chosen CA1 fields, using a 40
 mi-
croscope objective.

Glutamate decarboxylase 65 (GAD65) immunoreactivity and its colo-
calization with �-amyloid was analyzed using, as primary antibodies,
rabbit anti-GAD65 (1:100; Millipore Corporation) and the monoclonal
antibody mAb 6E10 (1:100; Covance), respectively. The reaction was
developed using the fluorescein/Oregon Green goat-conjugated Alex
Fluor anti-rabbit and the cyanine 3-like donkey Alexa Fluor anti-mouse
(Invitrogen).

Results
GABAergic signaling was studied in hippocampal slices obtained
from 6-month-old anti-NGF AD11 mice and age-matched con-
trols (WT). The levels of anti-NGF antibodies in AD11 mice are
undetectable at birth, become readily detectable at approximately
postnatal day 45 (P45), and stay high thereafter (Capsoni et al.,
2000b; Ruberti et al., 2000). For this reason, AD11 mice are de-
velopmentally normal at birth, unlike NGF�/� knock-out mice
(Crowley et al., 1994), which die in the first postnatal weeks as a
result of severe developmental defects. The first signs of NGF
deprivation-induced deficits are observed from P45 onward,
concomitantly with the rise in anti-NGF antibody expression.
The age of 6 months was chosen for these experiments because, at
this age, the chronic exposure to anti-NGF antibodies has in-
duced a neurodegeneration that is not yet fully blown and is still
fully reversible by NGF (Capsoni et al., 2002a; De Rosa et al.,
2005). Also, the previous study, from which the present one orig-
inated, was performed in 6-month-old AD11 mice (Rosato-Siri
et al., 2006).

Previous work has shown that serum levels of anti-NGF anti-
bodies reflect antibody levels in the brain. In adult AD11 mice, a
certain degree of inter-individual variability in serum antibody
levels is present. In the sample of 6-month-old AD11 mice used
for this study, the serum antibody levels varied between 20 and
176 ng/ml. This does not affect the overall neurodegenerative
phenotype, as assessed by neuropathological endpoints (data not
shown), but it may affect electrophysiological measurements at
the single-cell level. For this reason, we arbitrarily divided
6-month-old AD11 animals into two groups: group I, with low
antibody levels, �90 ng/ml, and group II, with antibodies levels
�90 ng/ml. Experiments were performed from group II animals
(AD11 in the following), unless otherwise indicated.

Cell-attached recordings, which affect neither the membrane
potential nor the [Cl�]i, were used to study the functional prop-
erties of GABAergic signaling in CA1 principal cells in hippocam-
pal slices obtained from AD11 mice and age-matched controls
(WT). Application of the GABAA agonist isoguvacine from a
puff pipette positioned close to the recorded neuron reduced
cell firing in WT animals (from 0.39 � 0.1 to 0.27 � 0.09 Hz;
seven slices from four different animals; p � 0.05) (Fig. 1, top)
and consistently increased the firing in AD11 mice (group II)
(firing frequency varied from 0.19 � 0.06 to 2.6 � 1.5 Hz;
eight slices from five different animals; p � 0.05) (Fig. 1, mid-
dle). Because no differences in isoguvacine-induced increase
in firing rate between AD11 male and female were detected,
data were pooled together.

Interestingly, in group I AD11 mice, isoguvacine slightly de-
creased the firing (in three cells from two animals, firing fre-
quency was 0.35 � 0.21 and 0.3 � 0.18 Hz, before and after
isoguvacine, respectively) (Fig. 1, bottom), indicating that
isoguvacine-induced increase in firing rate in group II AD11 mice
was indeed related to a more effective neutralization of endoge-
nous NGF, with higher levels of recombinant antibodies.

The excitatory effect of isoguvacine on cell firing was pre-
vented by the GABAA receptor antagonists gabazine (10 �M) or
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bicuculline (10 �M), indicating that this
effect was dependent on the activation of
GABAA receptors (data not shown).

In another set of experiments from dif-
ferent animals, extracellular recordings
were used to test whether, at the network
level, isoguvacine was able to modify
MUA. Extracellular signals were filtered
to pass action potentials. As shown in the
example of Figure 2, A and C, in WT ani-
mals, application of isoguvacine (100 �M)
in the bath induced a significant reduction
in the frequency of MUA with a loss
of higher-amplitude events. Overall, in
seven slices (from four different animals),
a reduction in frequency from 22.1 � 5.1
to 10.3 � 2.8 Hz was found. This led to a
shift to the left of the cumulative prob-
ability amplitude distribution plot ( p �
0.001, Wilcoxon’s signed rank test).
These effects were probably related to
isoguvacine-induced membrane hyper-
polarization and associated increase in
membrane conductance. In contrast, in
group II AD11 mice, isoguvacine signifi-
cantly enhanced the frequency (but not
the amplitude) of MUA from 16.3 � 5.6
to 32.8 � 8.7 Hz (six slices from four dif-
ferent animals), an effect that was pre-
vented by bicuculline. A shift to the right
of the cumulative probability frequency
plot was obtained ( p � 0.001, Wilcoxon’s
signed rank test) (Fig. 2B,D). In control,
differences in the frequency of MUA be-
tween WT and AD11 mice were not sig-
nificant ( p � 0.15). These results strongly
suggest that, in chronically NGF-deprived
animals, GABA exerts a depolarizing and
excitatory action.

To further assess the contribution of
the depolarizing and excitatory action of
GABA to network activity, sEPSCs were
recorded in whole-cell patch-clamp ex-
periments from WT and AD11 mice at
�70 mV, which in our experimental con-
ditions corresponds to the equilibrium
potential for GABA (EGABA). Bath applica-
tion of bicuculline paradoxically reduced the frequency (but not the
amplitude) of sEPSCs in AD11 mice, whereas it was ineffective in
WT animals (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material).

To verify whether changes in GABAergic signaling were asso-
ciated with possible modifications in the density of GABAergic
terminals, immunolabeling experiments against GAD65, the syn-
thetic enzyme for GABA, were performed. A higher number of
GAD65-immunopositive puncta was found, by immunohisto-
chemistry, in the stratum radiatum of the AD11 hippocampus
than of the hippocampus of control mice (supplemental Fig. S2D
vs A, available at www.jneurosci.org as supplemental material).
AD11 mice showed a higher intensity and number of GAD65
puncta, which appeared to be also enlarged (supplemental Fig.
S2D, available at www.jneurosci.org as supplemental material).
Interestingly, in the AD11 stratum radiatum, the GAD65-

positive puncta colocalized with A� peptide (supplemental Fig.
S2E,F, available at www.jneurosci.org as supplemental material),
whereas GAD65-labeled structures in the hippocampus of con-
trol mice did not show �-amyloid positivity (supplemental Fig.
S2B,C, available at www.jneurosci.org as supplemental mate-
rial). The increased GAD65 immunoreactivity might suggest an
increased GABAergic input to the CA1 than WT mice, although
the colocalization of GAD65 with A� peptide suggests that these
terminals are dystrophic.

As reported in a previous study, similar frequency and am-
plitude values of spontaneous action-potential-dependent
(sGPSCs) and -independent (mini-GPSCs) GPSCs were found
in principal cells of WT and AD11 mice (Rosato-Siri et al.,
2006). Therefore, it seems likely that, in AD11 mice, the loss of
NGF does not affect the release of GABA from stratum radia-
tum interneurons.

Figure 1. In AD11 mice, pressure application of the GABAA receptor agonist isoguvacine increases the firing rate of hippocampal
CA1 principal cells. Responses of CA1 pyramidal cells (recorded in cell-attached mode) to pressure application of isoguvacine (100
�M, arrows), in WT animals (top trace), in AD11 mice with high levels of NGF antibodies (group II, middle trace), and in AD11 mice
with low levels of NGF antibodies (group I, bottom trace).
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The binding of GABA to GABAA re-
ceptors opens chloride-permeable chan-
nels. The resulting trans-membrane
current can either depolarize or hyperpo-
larize the membrane according to EGABA

and to the RMP of the cell. Positive values
of the driving force (EGABA–RMP) deter-
mine the depolarizing action of this neu-
rotransmitter. Therefore, perforated patch
recordings (to preserve the intracellular
chloride gradient) were performed in
voltage-clamp mode to analyze the rever-
sal of GABAA-mediated postsynaptic cur-
rents (EGPSCs) in WT and AD11 mice.
GPSCs were evoked in the presence of
DNQX (20 �M) and D-AP-5 (50 �M). As
shown in Figure 3, the reversal of GPSCs
was �77.3 � 4.3 mV (n � 8) and �41.5 �
4.1 mV (n � 13) in WT and AD11, respec-
tively (Fig. 3 A, B). The EGPSCs values
obtained from AD11 mice were positive
with respect to the resting membrane
potentials and were significantly differ-
ent from those detected in WT animals
( p � 0.001) (Fig. 3C). The driving force
for GABA (EGPSCs–RMP) was negative in
WT (�17.7 � 4.5 mV) and positive
(20.1 � 4.9 mV; p � 0.001) in AD11 mice
(Fig. 3D).

To see whether accumulation of chlo-
ride inside the cell via the cation-chloride
cotransporter NKCC1 was responsible for
the depolarizing action of GABA, slices
from AD11 mice (n � 6; four animals)
were incubated for 30 –50 min with bu-
metanide (10 �M), a selective inhibitor of
NKCC1 (Dzhala et al., 2005; Sipilä et al.,
2006). In all cells tested, bumetanide
caused a shift of EGPSCs toward more neg-
ative values (more negative with respect to
the RMP). On average, in six cells, EGPSCs

was �61 � 4 mV (a value significantly
different from that obtained in the ab-
sence of bumetanide; p � 0.05) (Fig.
3A–D, gray symbols), indicating that, in
these cells, NKCC1 was regularly ex-
pressed and functional.

Although perforated patch experi-
ments have revealed differences in EGPSCs

between WT and AD11 mice, this tech-
nique may introduce some errors (Tyzio
et al., 2003). To overcome this problem,
we carefully measured EGABA and Vm in
both WT and AD11 mice with non-
invasive cell-attached recordings. Single
NMDA channels were used as voltage sen-
sors to measure Vm (concentration of
NMDA into the patch pipette was 10 �M).
The rationale is that currents through
NMDA channels reverse near 0 mV and
therefore at the pipette potential (Vp)
equal to Vm. Figure 4A shows an example
of single-channel NMDA currents at two

Figure 2. Changes in the effects of isoguvacine on MUA recorded from WT and AD11 mice. A, A brief application of
isoguvacine in the bath to hippocampal slices from WT animals reduced the frequency of MUA and eliminated higher-
amplitude events in a reversible manner. B, In group II AD11 mice, isoguvacine increased the frequency of MUA, an effect
that was blocked by bicuculline (10 �M). C, D, Amplitude and frequency probability distribution plots obtained from WT
(C; n � 7) and AD11 (D; n � 6) mice in the absence (open circles) or presence (filled circles) of isoguvacine. Differences in
amplitude (WT) and frequency (AD11) obtained in the presence of isoguvacine were significantly different from controls
( p � 0.001, Wilcoxon’s signed rank test).

Figure 3. EGPSCs is more positive in AD11 than in WT mice. A, Perforated patch recordings of cells in hippocampal slices from WT
(white), AD11 (black), and AD11 exposed to bumetanide (gray). GPSCs were evoked by local stimulation of GABAergic interneurons
in the presence of DNQX (20 �M) and D-AP-5 (50 �M). B, Synaptic currents (IGPSCs) shown in A are plotted versus membrane
potentials (Vm). C, Individual RMPs and EGPSCs values in WT (n � 15; white), AD11 (n � 20; black), and AD11 exposed to
bumetanide (n � 6; gray) slices. Larger symbols on the left and right refer to mean � SEM values. D, Plot of the driving force for
GABAA(EGABA–Vm) in individual experiments from WT (white), AD11 (black), and AD11 exposed to bumetanide (gray) slices. Larger
symbols are mean � SEM values. **p � 0.001.
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different Vp. The extrapolated reversal po-
tential obtained in five cells by plotting
the mean amplitude of single-channel
NMDA currents versus different values of
Vp was �75.3 mV in WT and �76.2 mV
in AD11 mice (n � 6) (Fig. 4B). EGABA

was estimated in cell-attached recordings
of single GABAA channels, which affect
neither EGABA nor Vm (concentration of
GABA into the pipette was 3 �M). Single-
channel currents reversed polarity at �76
mV in WT (n � 8) and at �56 mV in
AD11 (n � 10), respectively (these two
values correspond to [Cl�]i values of
�9.6 and �20.3 mM in WT and AD11,
respectively) (Fig. 4C,D).

These results indicate that, in adult
AD11 mice, the driving force for GABA is
depolarizing. The more depolarizing po-
tential measured with the perforated
patch observed in both transgenic and
WT animals can be at least in part attrib-
utable to a short-circuit effect of the leak
through the contact between the pipette
and the membrane (Tyzio et al., 2003).

In a recent study from immature neo-
cortical neurons (Rheims et al., 2008), the
depolarizing and excitatory action of
GABA was found to be associated with modifications in intrinsic
excitability (Vm and spike threshold) of deep layer neurons. This
combined action led to spontaneous coherent network-driven
oscillations. To see whether similar changes occur in AD11 mice,
we measured spike threshold in WT and AD11 mice. No signifi-
cant differences in Vm (see Figs. 3, 4) and spike threshold were
detected between the two groups of animals (the mean spike
threshold value was 42 � 0.7 and 44 � 0.5 mV in WT and AD11
mice, respectively; p � 0.06; n � 5 each; data not shown), indi-
cating that, in adult NGF-deprived mice, the excitatory action of
GABA is not associated with changes in intrinsic neuronal
excitability.

In the developing hippocampus, the cation-chloride cotrans-
porter NKCC1 appears to be the main Cl� uptake mechanism
responsible for the depolarizing action of GABA (Rohrbough and
Spitzer, 1996; Plotkin et al., 1997; Fukuda et al., 1998; Sun and
Murali, 1999; Li et al., 2002; Yamada et al., 2004; Rivera et al.,
2005; Sipila et al., 2006; Blaesse et al., 2009). The developmental
increase in KCC2 expression, and in particular the KCC2b iso-
form, is responsible for the developmental increase in neuronal
Cl� extrusion and for the ontogenetic shift of GABA from the
depolarizing to the hyperpolarizing direction (Rivera et al., 1999;
Yamada et al., 2004). To correlate the observed depolarizing shift
in synaptic responses to GABA observed in AD11 mice with al-
terations in gene expression, experiments were undertaken to
evaluate the expression of selected mRNAs known to influence
chloride homeostasis in the hippocampus (Nkcc1 and Kcc2). We
also evaluated the expression of nicotine acetylcholine receptors
(nAChRs), because nicotinic cholinergic receptor activity has
been shown to drive maturation of GABAergic signaling (Liu et
al., 2006).

The expression of the cation-chloride cotransporters NKCC1
and KCC2 mRNAs (Slc12a2 and Slc12a5) and of the �3, �4, �7,
�2, and �4 subunits nAChRs (Chrna3, Chrna4, Chrna7, Chrnb2,
and Chrnb4) was comparatively evaluated by real-Time qRT-

PCR, in mRNA extracted from all hippocampus, the medial sep-
tum, and the diagonal band of Broca of the basal forebrain of
6-month-old AD11 mice (six mice, three AD11 and three age-
matched control mice). In accordance with electrophysiological
data supporting an alteration of chloride homeostasis, a signifi-
cant downregulation of the KCC2 mRNAs was found in the hip-
pocampus, whereas the expression of the chloride-importing
NKCC1 cotransporter was virtually unchanged (Fig. 5) (supple-
mental Table S1, available at www.jneurosci.org as supplemental
material).

In addition, a downregulation of all nicotinic receptor sub-
units (except the Chrna7 subunit, which was virtually un-
changed) was detected in the hippocampus. A downregulation of
nicotinic receptor subunits was also observed in the basal fore-
brain (with the exception of the �3 and �4 subunits, whose ex-
pression was increased) (Fig. 5) (supplemental Table S1, available
at www.jneurosci.org as supplemental material). It is likely that
the upregulation of �3 and �4 subunits reflects a compensatory

Figure 4. In AD11 mice, EGABA is more positive than Vm. A, Cell-attached recordings of single NMDA channels obtained at two
different pipette potentials in neurons from WT (open circles) and AD11 (filled circles) mice. B, Summary plot of single NMDA-
mediated currents (INMDA) versus pipette potentials (Vp) in six WT (open circles) and five AD11 (filled circles) neurons. Currents
through NMDA channels reversed at �75.3 mV in WT and at �76.2 mV in AD11. Assuming a reversal of NMDA currents equal to
0 mV, we estimated a mean resting membrane potential of �75 and �76 mV, respectively. C, Examples of cell-attached
recordings of GABA-induced single-channel currents obtained at two different pipette potentials in neurons from WT (open circles)
and AD11 (filled circles) mice. D, Summary plot of single GABA-mediated currents (IGABA) versus pipette potentials (Vp) in eight WT
(open circles) and 10 AD11 (filled circles) neurons. In WT mice, current reversed at �76 mV and in AD11 at �56 mV.

Figure 5. mRNA expression analysis of nicotinic receptors and cation-chloride cotransport-
ers, by real-time qRT-PCR. These experiments were performed in the basal forebrain and hip-
pocampus of six mice, three AD11 mice and three age-matched control mice at 6 months of age,
for selected genes: five subunits of the nicotinic cholinergic receptors (�3, �4, �7, �2, and �4)
and the cation-chloride cotransporters Nkcc1 and Kcc2. Error bars are computed according to
the SEM and error propagation. *p � 0.05, **p � 0.01, ***p � 0.001.

890 • J. Neurosci., January 20, 2010 • 30(3):885– 893 Lagostena et al. • NGF and Depolarizing Action of GABA



mechanism. The one-tailed t test, assuming equal variances, was
used to select significant expression values. The F test was used to
check the assumption of equal variances in AD11 and control
mice. Error bars are computed according to the SEM and error
propagation (Fig. 5).

The lower expression of KCC2 in the hippocampus of AD11
mice was confirmed at the protein level by immunohistochemis-
try. Indeed, a marked decrease of KCC2 expression was observed
in the hippocampus of AD11 mice (Fig. 6B), with respect to the
hippocampus of age-matched controls (Fig. 6A). The quantifica-
tion of the labeling intensity showed a value equal to 150 � 18
pixels for control mice and 4.0 � 0.3 pixels for AD11 mice. Thus,
a statistically significant difference in the expression level of
KCC2 protein exists between the two groups of mice ( p � 0.05,
paired t test) (Fig. 6A,B).

Discussion
GABA, the main inhibitory transmitter in the brain, during post-
natal development or in particular conditions, including epilepsy
(Cohen et al., 2002; Huberfeld et al., 2007), axonal injury
(Nabekura et al., 2002), trauma (van den Pol et al., 1996), neuro-
pathic pain (Coull et al., 2005), and inflammatory hyperalgesia
and allodynia (Funk et al., 2008), becomes depolarizing and ex-
citatory. This effect depends on a reverse chloride gradient after
alterations in intracellular chloride homeostasis. This is mainly
controlled by the cation-chloride cotransporters KCC2 and
NKCC1, which play a key role in regulating the electrochemical
gradient required for the hyperpolarizing action of GABA
(Blaesse et al., 2009). Here, we demonstrate that the expression of
KCC2, the main chloride extruder selectively expressed in CNS
neurons, is under the influence of NGF. Thus, in adult AD11
mice, the depolarizing action of GABA was found to be related to
the level of anti-NGF antibodies present in the serum, indicating
that chronic NGF neutralization is a condition that allows switch-
ing on a genetic program, which recapitulates that occurring dur-
ing postnatal development. This would lead to a downregulation
of KCC2 expression and a shift of GABA from the hyperpolariz-
ing to the depolarizing direction. In the CNS, two functionally
distinct KCC2 isoforms, the KCC2a and KCC2b, have been char-
acterized (Uvarov et al., 2007). Although we do not know
whether, in AD11 mice, chronic NGF deprivation affects both
isoforms, the depolarizing and excitatory responses to GABA
found in the present experiments suggest that the KCC2b isoform
is downregulated.

The depolarizing effect of GABA was dependent on the posi-
tive value of the driving force for this neurotransmitter (the dif-
ference between EGABA and the resting membrane potential Vm)
as estimated in cell-attached recordings of single GABAA and

NMDA receptor channels, which affect neither EGABA nor Vm. In
AD11 mice, GABA action was not only depolarizing but also
excitatory because, at the network level (experiments with MUA)
or in cell-attached recordings, isoguvacine, a GABA agonist, was
able to increase cell firing. The excitatory effect of GABA at the
network level was further supported by the observation that bicu-
culline was able to paradoxically reduce the frequency of sponta-
neous action potential-dependent EPSCs. This effect may involve
a major reorganization of the GABAergic circuitry within the
hippocampal network. Thus, changes in GABAA-mediated sig-
naling at postsynaptic sites may occur in parallel with presynaptic
modifications of GABAergic innervation. In the present experi-
ments, the increased density of GAD-positive puncta on CA1
principal cells in the hippocampus from AD11 mice fully sup-
ports this assumption. However, structural changes were not ac-
companied with presynaptic modifications of GABA release, as
revealed by previous reported electrophysiological experiments
(Rosato-Siri et al., 2006). Although the reason for this discrep-
ancy is presently unknown, we cannot exclude the possibility that
amyloid A� peptide accumulation in close vicinity of GABAergic
terminals renders them not functional. A similar remodeling of
the inhibitory entorhinal– hippocampal circuit has been detected
in transgenic mice overexpressing a mutant form of human APP
(Palop et al., 2007). Although in this study the direction of GABA
signaling was not determined, APP transgenic mice exhibited
spontaneous nonconvulsive seizures activity. This is of inter-
est in view of the higher incidence of seizures in AD patients
with respect to age-matched reference population, an effect
that may contribute to cognitive deficits in AD (Amatniek et
al., 2006; Palop and Mucke, 2009). In AD11 mice, the occur-
rence of spontaneous seizures was never detected, although
their potential occurrence has been carefully monitored over
time, in a large number of animals in the colony (S. Capsoni
and A. Cattaneo, personal communication). However, whether
changes in GABAergic signaling and sprouting makes these ani-
mals more prone to experimentally induced seizures, it remains
to be elucidated.

It has been demonstrated recently that maturation of
GABAergic signaling is driven by endogenous nicotine cholin-
ergic activity (Liu et al., 2006). The mechanism is likely to involve
calcium influx through nAChRs. This would promote matura-
tion of the chloride gradient by increasing the expression of the
cation-chloride cotransporter KCC2, making the equilibrium
potential for chloride currents more negative. Interestingly, in
the present experiments, the reduced expression of Kcc2 mRNA
and protein was associated with a severe impairment of cholin-
ergic function not only in the hippocampus but also in the basal
forebrain cholinergic neurons. These neurons are known to crit-
ically depend on NGF for their survival and differentiation
(Hefti, 1986; Li et al., 1995; Molnar et al., 1998; Cattaneo et al.,
1999; Debeir et al., 1999) and previous studies from AD11 mice
have unveiled a selective loss of cholinergic neurons in the basal
forebrain (Capsoni et al., 2000a) associated with a severe deficit of
the cholinergic function (Rosato-Siri et al., 2006; Sola et al.,
2006). Therefore, it is likely that changes in GABAergic signaling
observed here are dependent on the severe deficit in nicotine
cholinergic activity induced by chronic NGF deprivation.

Whatever the mechanisms, it is clear from the present exper-
iments that NGF exerts a powerful direct or indirect (via
nAChRs) control on GABAergic signaling. GABAergic excitation
may at least in part counterbalance the progressive age-

Figure 6. KCC2 protein is downregulated in the hippocampus of the AD11 mice. Immuno-
histochemistry of the CA1–CA2 region of the hippocampus with anti-KCC2 antibodies show a
decreased labeling in AD11 mice (B), with respect to the hippocampus of age-matched control
mice (A). Scale bar, 100 �m.
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dependent Alzheimer-like neurodegenerative pathology charac-
teristic of adult AD11 mice, thus exerting a homeostatic control
on network activity.
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