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Nicotinic mechanisms acting on the hippocampus influence attention, learning, and memory and constitute a significant therapeutic
target for many neurodegenerative, neurological, and psychiatric disorders. Here, we report that brain-derived neurotrophic factor
(BDNF) (1–100 ng/ml), a member of the neurotrophin gene family, rapidly decreases �7 nicotinic acetylcholine receptor responses in
interneurons of the hippocampal CA1 stratum radiatum. Such effect is dependent on the activation of the TrkB receptor and involves the
actin cytoskeleton; noteworthy, it is compromised when the extracellular levels of the endogenous neuromodulator adenosine are
reduced with adenosine deaminase (1 U/ml) or when adenosine A2A receptors are blocked with SCH 58261 (2-(2-furanyl)-7-(2-
phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine) (100 nM). The intracellular application of U73122 (1-
[6[[(17�)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1H-pyrrole-2,5-dione) (5 �M), a broad-spectrum inhibitor of phospho-
lipase C, or GF 109203X (bisindolylmaleimide I) (2 �M), a general inhibitor of protein kinase C isoforms, blocks BDNF-induced inhibition
of �7 nicotinic acetylcholine receptor function. Moreover, in conditions of simultaneous intracellular dialysis of the fast Ca 2� chelator
BAPTA (10 mM) and removal of extracellular Ca 2� ions, the inhibitory action of BDNF is further prevented. The present findings disclose
a novel target for rapid actions of BDNF that might play important roles on synaptic transmission and plasticity in the brain.
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Introduction
Neuronal nicotinic acetylcholine receptors (nAChRs) are widely
expressed in the brain and have been implicated in a variety of
behaviors and neuropathologies. The homopentameric �7 sub-
type of nAChR, in particular, has determinant actions in the hip-
pocampus by supplying calcium signals that depolarize cells and
influence several calcium-dependent events, including transmit-
ter release and plasticity (Gray et al., 1996; Alkondon et al., 1997;
Radcliffe and Dani, 1998; Ji et al., 2001). In agreement, it has been
suggested that the decline, disruption, or alterations of �7
nAChR function might be involved in Alzheimer’s disease (Guan
et al., 2000; Wang et al., 2000), in auditory gating deficits associ-
ated with schizophrenia (Freedman et al., 1994), and in juvenile
myoclonic epilepsy (Elmslie et al., 1997). Because of the high
relative permeability of �7 nAChRs to calcium, which inclusively

exceeds that of NMDA receptors (Bertrand et al., 1993; Seguela et
al., 1993), �7 nAChR-mediated responses must be precisely con-
trolled and multiple signaling pathways must converge on their
regulation. Recent evidences suggest a link between the
neurotrophin-gene family member brain-derived neurotrophic
factor (BDNF) and �7 nAChRs in hippocampal interneurons, in
which BDNF leads to an increase in �7 nAChR number and
clustering over a time course of several hours to days (Kawai et al.,
2002; Massey et al., 2006). Despite the initial description of BDNF
as a trophic molecule of the CNS with important long-term func-
tions on neuronal survival, differentiation, and neurite out-
growth (Thoenen, 1991), this neurotrophin has emerged as an
acute modulator of neuronal function (Kang and Schuman,
1995; Korte et al., 1995; Figurov et al., 1996; Patterson et al., 1996)
because of the actions of downstream intracellular kinases and
effector proteins triggered immediately after BDNF binding to
TrkB receptors (for review, see Poo, 2001). In this regard, we
hypothesized that BDNF might drive acute changes in �7
nAChR-mediated responses that are required for a precise and
rapid modulation of synaptic properties. Our results show that
BDNF, acting on the tyrosine kinase TrkB receptor, induces a
rapid decrease of �7 nAChR-mediated responses in hippocampal
interneurons of the CA1 stratum radiatum. We also demonstrate
that such inhibitory effect of BDNF involves the actin cytoskele-
ton and occurs through the activation of the phospholipase C
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(PLC)/protein kinase C (PKC) pathway, requiring Ca 2� ions as a
cofactor.

Materials and Methods
All experiments were in accordance with European Community and
National Institutes of Health guidelines for animal care and use. Animals
were maintained on a 12 h light/dark cycle and were provided food and
water ad libitum.

Chemicals. 6-Cyano-2,3-dihydroxy-7-nitro-quinoxaline (CNQX),
2-amino-5-phosphonovalerate (APV), bicuculline methochloride, te-
trodotoxin citrate (TTX), 2-(2-furanyl)-7-(2-phenylethyl)-7H-
pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (SCH 58261),
1-[6[[(17�)-3-methoxyestra-1,3,5(10)-trien-17-yl]amino]hexyl]-1 H-
pyrrole-2,5-dione (U73122), 4-amino-5-(4-chlorophenyl)-7-(t-
butyl)pyrazolo[3,4-d]pyrimidine (PP2), and bisindolylmaleimide I (GF
109203X) were from Tocris Bioscience. Acetylcholine chloride (ACh),
choline chloride (Ch), methyllycaconitine citrate (MLA), dihydro-�-
erythroidine hydrobromide (dh�e), phorbol-12,13-didecanoate (PDD),
N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline-sulfonamide (H-
89), cytochalasin D (Cyt D), and gramicidin were from Sigma.
�-Bungarotoxin (�-BT) and K252a were obtained from Merck Bio-
sciences. Adenosine deaminase (ADA) was provided by Roche Applied
Science in a 200 U/ml stock solution in 50% glycerol (v/v) and 10 mM

potassium phosphate, pH � 6. BDNF was kindly provided by Regeneron
Pharmaceuticals in a 1.0 mg/ml stock solution in 150 mM NaCl, 10 mM

sodium phosphate buffer, and 0.004% Tween 20. Inactivated BDNF (HI-
BDNF) was prepared by heating aliquots to 100°C for 30 min. ACh (0.5
M), Ch (0.5 M), TTX (1 mM), APV (25 mM), MLA (10 mM), �-BT (20
mM), H-89 (1 mM), and dh�e (10 mM) were prepared as stock solution in
water. CNQX (100 mM), bicuculline (100 mM), SCH 58261 (5 mM),
K252a (1 mM), PP2 (20 mM), U73122 (5 mM), GF 109203X (1 mM), PDD
(1 mM), Cyt D (5 mM), and gramicidin (100 mg/ml) were prepared as a
stock solution in DMSO. The percentage of vehicle (DMSO) in each
experiment did not exceed 0.1%. Stock solutions were aliquoted and
stored at �20°C, except for BDNF, which was stored at �80°C, and
aqueous dilutions of these stock solutions were made freshly before the
experiment.

Tissue preparation. The procedures were identical to those described
previously (Diogenes et al., 2004). Transverse hippocampal slices (300
�m thick) from 3- to 4-week-old male Wistar rats (Harlan Interfauna
Iberica) were cut in an ice-cold solution containing the following (in
mM): 110 sucrose, 2.5 KCl, 0.5 CaCl2, 7 MgCl2, 25 NaHCO3, 1.25
NaH2PO4, and 10 glucose, pH 7.4 (bubbled with 95% O2/5% CO2).
Slices were then incubated in artificial CSF containing 124 mM NaCl, 3
mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 1 mM MgSO4, 2 mM

CaCl2, and 10 mM glucose, pH 7.4, equilibrated with 95% O2/5% CO2 at
35°C for 30 min and afterward maintained at room temperature (22–
24°C) for at least 1 h before use.

Electrophysiology. Whole-cell recordings were obtained from inter-
neurons located at the CA1 stratum radiatum and at the border of the
strata radiatum and lacunosum moleculare (see Fig. 1). Interneurons
were visualized with an upright microscope (Zeiss Axioskop 2FS)
equipped with infrared video microscopy and differential interference
contrast optics. Cells were held at a membrane potential of �70 mV, and
recordings were performed at room temperature (22–24°C). The inter-
nal solution consisted of the following (in mM): 125 potassium gluconate,
11 KCl, 0.1 CaCl2, 2 MgCl2, 1 EGTA, 10 HEPES, 2 NaATP, 0.3 NaGTP,
and 10 Tris phosphocretatine, pH 7.3 adjusted with KOH, 280 –290
mOsm. In some experiments (when indicated), K252a (200 nM), U73122
(5 �M), PP2 (100 nM), or GF 109203X (2 �M) dissolved in DMSO (0.1%)
were included in the internal solution; matching controls were per-
formed with an equal percentage of DMSO in the intracellular solution.
For perforated-patch recordings, gramicidin was diluted in the filling
solution to a final concentration of 100 �g/ml. The tip of the electrode
was filled with gramicidin-free pipette solution. Pipettes resistances were
5–7 M�. Series resistance was measured by the instantaneous current
response to a �1 mV step with the pipette capacitance cancelled.

�7 nAChR-mediated currents were evoked using a pressure ejection
system (PicoPump PV820; World Precision Instruments). A patch pi-

pette containing ACh (1 mM) or Ch (10 mM) was positioned near the cell
bodies, and pulses of pressure were applied (single 30 ms puffs, 5–10 psi,
applied at 3 min intervals). Stable baselines of 30 min, at least, were
obtained before starting each trial. Nicotinic responses were recorded
using a EPC7 amplifier (List Biologic), filtered at 10 and 3 kHz through a
three-pole Bessel filter and digitized at 5 kHz with WinLTP software
(Anderson and Collingridge, 2007).

All recordings were performed in the presence of TTX (1 �M), CNQX
(25 �M), APV (10 �M), and bicuculline (20 �M).

Experiments were rejected if the superfusion of hippocampal slices
with the selective �7 nAChR antagonists MLA (10 nM) or �-BTx (100
nM) failed to completely block �7 nAChR-mediated currents at the end
of the trials.

Data analysis. Results are expressed as the mean � SEM of n experi-
ments. Statistical significance was assessed by a two-tailed Student’s t test
for the effect of BDNF versus control (absence of drugs) and with one-
way ANOVA followed by the Tukey–Kramer post hoc test for comparison
between multiple groups. Analyses were conducted with the Prism ver-
sion 4.00 for Windows (GraphPad Software).

Results
BDNF induces a rapid depression of �7
nAChR-mediated currents
The activity of �7 nAChRs was assessed through whole-cell
patch-clamp experiments by applying ACh (1 mM) or Ch (10
mM) onto the soma of interneurons located in the stratum radia-
tum and at the border of the strata radiatum/lacunosum-
moleculare of the CA1 hippocampal region. This procedure elic-
ited �7 nAChR-mediated whole-cell currents that were sensitive
to 10 nM MLA or 100 nM �-BTx (Fig. 1). To avoid potential
contaminating effects, fast glutamatergic transmission and fast
GABAergic transmission were routinely blocked with selective
antagonists, as were action potentials blocked with TTX.

We observed that the superfusion of BDNF (20 ng/ml) trig-
gered a rapid inhibition of �7 nAChR-mediated currents that
reached a plateau within �45 min. The basal amplitudes of nic-
otinic responses, measured 60 min after initiating the superfu-
sion of BDNF (20 ng/ml), were reduced in 24 of 32 cells tested by
31.6 � 6.6% (n � 24, p � 0.001) (Fig. 2A,B). A similar inhibition
(38.5 � 7.9%) was observed when patch-clamp experiments
were performed in gramicidin-perforated configuration (n � 3,
p � 0.05). The effect of BDNF was dependent on its final concen-
tration in the bath solution. As shown in Figure 2C, whereas 1
ng/ml BDNF attenuated �7 nAChR-mediated currents by 17.3 �
1.7% in 4 of 5 cells, 100 ng/ml BDNF decreased nicotinic re-
sponses by 33.5 � 4.9% in 9 of 14 trials, which was not signifi-
cantly different ( p � 0.05) from the effect produced by 20 ng/ml
in neither terms of magnitude nor the percentage of cells re-
sponding. The washout of BDNF (20 –100 ng/ml) was performed
in 14 experiments, six of which resulted in the recovery of nico-
tinic responses to near baseline values (97.4 � 2.0%) within
45.0 � 15.5 min (Fig. 2A,B). In the remaining eight cells, the
inhibitory effect of BDNF persisted for 1 h after the washout
period was initiated. Noteworthy, the success rate of recovery
during washout seemed to be correlated with the concentration
of BDNF tested. Although for 20 ng/ml BDNF currents returned
to baseline values in four of six experiments (	66.7%), that pro-
portion dropped to two of eight (25%) when 100 ng/ml BDNF
was used. This observation, together with the fact that BDNF is a
sticky molecule (Lu, 2003), suggests that the failure of �7
nAChR-mediated responses to recover might be attributable to
the impossibility of obtaining a complete tissue clearance of the
neurotrophin in some experiments. Superfusion of heat-
inactivated BDNF as a control for unspecific effects of BDNF did
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not modify the mean amplitude of the recorded currents in any of
the cells tested (n � 7) (Fig. 3D).

Inhibition of TrkB receptors impairs BDNF-induced
suppression of �7 nAChR-mediated currents
Binding of BDNF to tyrosine kinase TrkB receptors triggers the
autophosphorylation of tyrosine residues, which is required for
additional phosphorylation steps (Poo, 2001). To evaluate
whether the TrkB receptor was involved in the inhibitory action
of BDNF on �7 nAChRs, we studied the effect of this neurotro-
phin when the tyrosine kinase activity of Trk receptors family was
inhibited by addition of the alkaloid K252a (200 nM) (Knusel and
Hefti, 1992) to the intracellular solution. In these conditions, �7
nAChR-mediated currents were not modified by 20 –100 ng/ml
BDNF in any of the cells tested (n � 5, p � 0.05) (Fig. 3A).

Previous results from our laboratory suggest that neuro-
modulation by TrkB tyrosine kinase receptors is tightly depen-
dent on endogenous adenosine acting on A2A G-protein-coupled
receptors (Diogenes et al., 2004). Thus, we evaluated the effect of
BDNF (20 ng/ml) when the extracellular adenosine levels were
reduced with adenosine deaminase (1 U/ml) or under pharma-
cological blockade of adenosine A2A receptors with SCH 58261
(100 nM). Despite the observation that these drugs did not affect
nicotinic responses per se (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), their superfusion
in the bath solution prevented the inhibitory effects of BDNF in
all cells tested (n � 5– 6, p � 0.05) (Fig. 3B,D).

Taking into account that adenosine A2A receptors are usually
coupled to the cAMP–protein kinase A (PKA) signal transduc-
tion system and that PKA might play a role in the crosstalk be-
tween A2A and TrkB receptors in the hippocampus (Diogenes et

al., 2004), we further investigated whether the direct inhibition of
PKA with H-89 would also restrain the effect of BDNF on �7
nAChRs. In fact, as Figure 3, C and D, shows, the intracellular
loading of H-89 (0.1–1 �M) prevented ( p � 0.05) the action of
BDNF (20 ng/ml) in the majority of the cells tested (four of five)
and in one cell attenuated it, corroborating previous evidences
that cAMP-dependent processes might regulate the rapid effects
of this neurotrophin (Diogenes et al., 2004; Ji et al., 2005).

Together, the data depicted above indicate that the inhibition
of �7 nAChR function by BDNF requires postsynaptic TrkB re-
ceptors with preserved tyrosine kinase activity and agree with
previous evidences (Diogenes et al., 2004; Mojsilovic-Petrovic et
al., 2006) that the antagonism of adenosine A2A receptors inhibits
activation of TrkB and/or its downstream signaling, even when
cells are provided with enough extracellular BDNF to tonically
activate its receptor.

BDNF-induced depression of �7 nAChR function does not
involve Src-family tyrosine kinases
The activity of Src-family tyrosine kinases (SFKs) has been indi-
cated as one of the mechanisms that can lead to the activation of
Trk receptors by adenosine (Lee and Chao, 2001) and to the
regulation of �7 nAChR-mediated currents on hippocampal in-
terneurons (Charpantier et al., 2005). Moreover, a role for Src-
family kinases in Trk receptor signaling has also been suggested
(Iwasaki et al., 1998). Thus, we investigated whether SFKs might
participate in the inhibitory effect of BDNF on �7 nAChRs. As
Figure 4 shows, when a broad-spectrum inhibitor of SFKs, 100
nM PP2 (Berghuis et al., 2005), was loaded intracellularly, BDNF
(20 ng/ml) still significantly ( p � 0.05) depressed �7 nAChR
responses in four of six of cells tested by 49.5 � 10.2%, excluding

Figure 1. Patch-clamp recordings of �7 nAChR-mediated currents. A, B, Recordings were performed in interneurons located in the stratum radiatum (SR) (A) or at the border of the strata
radiatum and lacunosum-moleculare (B) of the CA1 region of rat hippocampal slices. C–F, �7 nAChR-mediated currents were evoked through pressure application of Ch (10 mM) or Ach (1 mM)
locally onto the cell soma (C), as indicated by the arrows (D–F ). The �7 nAChR selective antagonists �-BT (100 nM) (D) or MLA (10 nM) (E) completely abolished postsynaptic currents induced by
10 mM Ch. F, Currents evoked by 1 mM ACh were only considered if the insensitivity to the �4�2 nAChR antagonist dh�E (10 �M) and the full blockade by �7 nAChR antagonists were observed
at the end of each experiment. Calibration: D, E, 100 ms, 100 pA; F, 100 ms, 50 pA.
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a putative role of this family of kinases on BDNF-induced inhi-
bition of nicotinic responses.

BDNF action on �7 nAChRs process requires the PLC�/PKC
pathway and Ca 2� ions
The autophosphorylation of TrkB receptor tyrosine residues
after BDNF binding promotes an interaction with PLC�,
which can trigger the formation of inositol 1,4,5-
trisphosphate and diacylglycerol (DAG), an activator of PKC
(Widmer et al., 1992, 1993; Zirrgiebel et al., 1995). The acti-
vation of this enzymatic system is important in the control of
short- and long-term brain functions (ion channel regulation,
receptor modulation, neurotransmitter release, synaptic po-
tentiation/depression, neuronal survival) that are related to
diverse brain pathologies. This led us to investigate whether

the PLC�/PKC pathway was involved in BDNF-induced inhi-
bition of �7 nAChR. Remarkably, when we included a broad-
spectrum inhibitor of PLC, U73122 (5 �M) (Tanaka et al.,
1997), in the intracellular solution, BDNF failed to affect �7
nAChR-mediated currents in all cells tested (n � 8) ( p � 0.05
compared with the effect of BDNF alone) (Fig. 5 A, F ). Dialysis
of a general inhibitor of PKC isoforms, GF 109203X (2 �M),
through the patch pipette also completely occluded the effect
of BDNF (20 ng/ml) on �7 nAChR function (n � 8, p � 0.05)
(Fig. 5 B, F ). The PKC family comprises at least 10 isoenzymes,
which can be divided into three subfamilies on the basis of
their second-messenger requirements (Jaken and Parker,
2000). Conventional PKCs contain the isoforms �, �I, �II,
and �, which require Ca 2�, DAG, and a phospholipid for
activation. Novel PKCs include the �, �, �, and � isoforms and
require DAG, but do not require Ca 2� for activation. Con-
versely, atypical PKCs, which include 	 and 
/� isoforms, re-
quire neither Ca 2� nor diacylglycerol for activation. Thus, we
next evaluated whether the inhibitory actions of BDNF on �7
nAChR function required calcium signals to occur, in an at-
tempt to investigate which PKC subfamily participated in that
mechanism. We found that, despite that BDNF was still able to
inhibit �7 nAChR-mediated currents when the fast Ca 2� che-
lator BAPTA (10 mM) was loaded intracellularly (43.0 � 9.9%
inhibition, n � 4 of 7 cells, p � 0.05) (Fig. 5C,F ), the neuro-
trophin did not significantly ( p � 0.05) modify �7 nAChR
response in any of the cells tested (n � 4) when the intracel-
lular dialysis of BAPTA (10 mM) was conjugated with the si-
multaneous removal of extracellular calcium ions (Fig. 5 D, F ).
Together, these data suggested, therefore, the involvement of a
typical isoform of PKC (i.e., with a calcium-binding domain)
in BDNF-induced inhibition of �7 nAChRs. Notably, because
intracellular calcium chelation per se did not prevent the effect
of BDNF, it is likely that �7 nAChRs might supply themselves
Ca 2� signals that activate PKC and ultimately lead to the reg-
ulation of their function. In a set of experiments, we activated
PKC directly through superfusion of PDD (1 �M) and ob-
served that, in such conditions, �7 nAChR responses were
decreased by 32.2 � 7.3 in four of six cells, mimicking the
isolated effect of BDNF (Fig. 5 E, F ).

The attenuation of �7 nAChRs function by BDNF involves
the actin cytoskeleton
The trafficking of neuronal �7 nAChRs into/from the plasma
membrane depends on cytoskeleton proteins, such as actin
(Shoop et al., 2000; Chang and Fischbach, 2006). Recent evi-
dences suggesting that BDNF preserves a significant influence
on the actin cytoskeleton in the mature nervous system (Rex et
al., 2007) prompted us to investigate whether the attenuation
of �7 nAChR function by BDNF could be regulated at that
level. To test such possibility, we examined the efficacy of
BDNF in modulating nicotinic responses of interneurons pre-
viously loaded with the actin depolymerizing agent cytochala-
sin D (5 �M) (Cooper, 1987). Notably, BDNF (20 ng/ml) failed
to significantly modify �7 nAChR-mediated currents in all
cells tested under those conditions (n � 4, p � 0.05) (Fig. 6).
These results suggest that the acute actions of BDNF on �7
nAChRs require the intact actin cytoskeleton to undergo
structural alterations that ultimately affect the stability, and
thus the function, of �7 nAChRs in the cell membrane.

Figure 2. BDNF inhibits �7 nAChR-mediated currents in CA1 hippocampal interneurons. A,
Time course of a typical experiment showing normalized peak amplitudes of �7 nAChR-
mediated currents recorded in the absence of drugs, during the superfusion of 20 ng/ml BDNF
(horizontal black bar) and after a prolonged washout period, as indicated. Sample currents
obtained from the same interneuron are shown in B. Arrows indicate brief (30 ms) applications
of Ch (10 mM) to the soma of interneurons. Calibration: 100 ms, 100 pA. C, Concentration-
dependent inhibition of �7 nAChR-mediated responses by BDNF (1–100 ng/ml). Each point
represents the percentage of inhibition achieved 60 min after initiating BDNF treatment. The
number of experiments is shown in parentheses. Error bars represent SEM.
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Discussion
The results outlined here identify for the first time a neurotro-
phin gene family member as an acute modulator of nAChRs ac-
tivity in the CNS. In our conditions, BDNF significantly attenu-
ated �7 nAChR-mediated currents in the vast majority of

hippocampal interneurons tested. The absence of response to
BDNF verified in less than one-fourth of the cells might be attrib-
utable to differences in density/distribution of TrkB receptors, to
downstream signaling pathways, or, less likely, to a difficult pen-
etration of BDNF is some slices. The effect of BDNF on postsyn-
aptic �7 nAChRs was dose dependent, reversible, and mediated
through the activation of tyrosine kinase TrkB receptors. Addi-
tionally, we showed that constitutively released adenosine, acting
on A2A receptors, was required to gate the action of BDNF in our
system. Although corroborating several evidences on the tight
relationship between tyrosine kinase TrkB and adenosine A2A

receptors, this set of results contrasts with BDNF-induced mod-
ulation of synaptic inputs to pyramidal cells, which require exog-
enous activation of A2A receptors (Diogenes et al., 2004). It is thus
possible that either adenosine levels are greater in the vicinity of
interneurons or, alternatively, that interneurons might exhibit an
increased sensitivity for the basal levels of adenosine. In fact, both
possibilities are consistent with several reports showing that ex-
tracellular adenosine levels affect interneurons in a more power-
ful manner than pyramidal cells (Congar et al., 1995; Fortunato et
al., 1996).

We further demonstrated the involvement of the PLC�/
PKC signaling cascade downstream of TrkB receptor activa-
tion in the attenuation of �7 nAChR function. Interestingly,
previous studies suggested that PKC restrained paired-pulse
potentiation of �7 nAChRs in rat hippocampal interneurons
(Klein and Yakel, 2005) and accelerated agonist-induced de-
sensitization of nAChR in sympathetic ganglion neurons
(Downing and Role, 1987). Consistent with those evidences,

Figure 3. BDNF-induced depression of �7 nAChR-mediated currents involves a Trk-type
receptor. A, Illustrative currents showing that postsynaptic loading of the tyrosine kinase recep-
tor inhibitor K252a (200 nM) prevented the inhibitory action of BDNF. B, Bath application of ADA
(1 U/ml) also prevented the effect of BDNF on �7 nAChRs. C, Blockade of PKA by intracellular
dialysis of H-89 (1 �M) impaired BDNF (20 ng/ml) ability to depress �7 nAChR-mediated cur-
rents. D, Summary of data, as indicated. BDNF (20 ng/ml), HI-BDNF (20 ng/ml BDNF boiled for
30 min), ADA (1 U/ml), or adenosine A2A receptor antagonist SCH 58261 (100 nM) were applied
in the superfusion solution for at least 30 min before BDNF. K252a (200 nM), DMSO (0.1% v/v), or H-89
(0.1–1 �M) were included in the intracellular solution. Mean effects were quantified 60 min after
BDNF application for all data. The number of experiments is shown in parentheses. Error bars repre-
sent SEM. *p � 0.001 compared with mean values before BDNF (two-tailed Student’s t test). �p �
0.05 compared with BDNF alone (one-way ANOVA). Calibration: 100 ms, 100 pA.

Figure 4. The inhibitory action of BDNF on �7 nAChR-mediated responses does not involve
the activity of Src-kinases family. A, Time course plots showing the effect of 20 ng/ml BDNF
(horizontal black bar) on Ch-evoked currents recorded with an intracellular solution containing
a Src-kinases-family inhibitor, PP2 (100 nM). Error bars represent SEM. B, Illustrative currents.
Arrows, Brief (30 ms) application of Ch (10 mM) to the soma of the interneuron. Calibration: 100
ms, 100 pA.
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the direct activation of PKC by phorbol
esters caused a pronounced inhibition of
�7 nAChR-mediated currents in our ex-
perimental conditions. Future work is ex-
pected to clarify whether PKC plays an
instructive or permissive role in this
mechanism. Although it was outside of
the scope of the present study to distin-
guish between those two possibilities, it
would be tempting to speculate about the
involvement of PKC in a hypothetical
phosphorylation of �7 nAChRs, known
to be negatively coupled to the regulation
of nicotinic responses (Charpantier et al.,
2005). However, predicted consensus se-
quences for PKC phosphorylation are ab-
sent from the intracellular domains of �7
subunits, and, therefore, neuronal �7
nAChRs do not seem to constitute a po-
tential substrate for direct PKC phos-
phorylation (Seguela et al., 1993; Moss et
al., 1996). Nevertheless, it is possible that
the acute inhibitory effect of BDNF on �7
nAChR function might involve phos-
phorylation/dephosphorylation of inter-
mediate proteins that regulate traffick-
ing, clustering, and/or lateral diffusion of
the receptors.

Our results further suggest that TrkB
receptor activation leads to functional
changes of the �7 nAChR that depend on
Ca 2� influx. In fact, the complete preven-
tion of BDNF action on �7 nAChR re-
sponses was only achieved when intracel-
lular Ca 2� chelation was combined with
the replacement of external Ca 2� with
Ba 2� ions. Because in our experimental
conditions Ca 2� influx mostly occurs
through �7 nAChRs, the action of BDNF
here reported might play an important
role on the regulation of cations influx
and act to restrain excessive cell depolar-
ization and avoid calcium-induced
toxicity.

Recently, it was reported that long-
term treatment (16 –72 h) with BDNF up-
regulates intracellular and surface pools
of �7 nAChRs in subpopulations of hip-
pocampal interneurons that mainly in-
nervate pyramidal cells (Massey et al.,
2006). However, it remains to be investi-
gated which signaling cascades are in-
volved in that long-term effect and
whether this effect is correlated with
functional modifications of nicotinic re-
sponses. Knowledge about these issues is
expected to clarify whether a common
pathway downstream of TrkB receptor
activation is responsible for the acute and
chronic modifications of �7 nAChR
function induced by BDNF. A biphasic
response induced by BDNF/TrkB recep-
tor activation would be in line with the

Figure 5. Signaling pathways involved in BDNF-induced inhibition of �7 nAChR-mediated currents. A–D, Each panel dis-
plays two illustrative currents obtained immediately before and 60 min after adding BDNF to the bath solution (20 ng/ml). BDNF
failed to modify the amplitude of nicotinic responses when the PLC blocker U73122 (5 �M) (A) or the PKC inhibitor GF 109203X
(2 �M) (B) were dialyzed through the patch pipette. The intracellular chelation of calcium with the fast Ca 2� chelator BAPTA did
not affect the action of BDNF on �7 nAChR-mediated responses (C), unless extracellular Ca 2� was simultaneously removed (D),
a condition in which the depression caused by BDNF was totally suppressed. E, Treatment with PDD (1 �M), a PKC activator,
mimicked the inhibitory effect of BDNF on �7 nAChR-mediated responses. F, Histogram showing the mean effects of PDD and
BDNF (20 ng/ml) on the peak amplitudes of �7 nAChR-mediated currents after the pharmacological manipulations indicated.
BDNF (20 ng/ml) and PDD were added to the bathing solution. U73122 (5 �M) and GF 109203X (2 �M) were included in the
intracellular solution and loaded directly into the postsynaptic cell. In the experiments in which [Ca 2�]o was 0 mM, CaCl2 (2 mM)
was substituted by BaCl2 (2 mM) in the extracellular solution. Mean effects were quantified 60 min after BDNF or PDD application
for all data. The number of experiments is shown in parentheses. Error bars represent SEM. Arrows indicate brief (30 ms)
application of Ch (10 mM) to the soma of interneurons. �p � 0.05 compared with the effect of BDNF alone (one-way ANOVA).
Calibration: 100 ms, 100 pA.
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action of neuregulin-1/ErbB4 receptor signaling on nicotinic
responses, in the sense that this system also acutely depresses
�7 nAChR function and chronically enhances �7 nAChR
number and function in the plasma membrane (Liu et al.,
2001; Chang and Fischbach, 2006). Future studies will allow
determining how different tyrosine kinase receptors coordi-
nate the regulation of �7 nAChRs and whether they interact
for that purpose. Noteworthy, the actin cytoskeleton appears
to play a pivotal role on both inhibitory actions of ErbB4 and
TrkB receptors on �7 nAChR function.

In contrast to glutamate NMDA receptors, neuronal �7
nAChRs remain active at highly negative potentials and might
supply Ca 2� signals even in these conditions. Hence, the ac-
tion of BDNF now described might contribute to set the back-
ground responsiveness of �7 nAChRs and should be taken
into account when considering their participation in the
whole neuronal network activity. It has been shown that

postsynaptic �7 nAChR-mediated inputs to GABAergic inter-
neurons regulate inhibition within the hippocampal network
(Jones and Yakel, 1997; Alkondon et al., 1999). In this context,
because BDNF does not modify acetylcholine-induced cur-
rents in glutamatergic neurons (Levine et al., 1998), it is plau-
sible that the dramatic increase in BDNF secretion induced by
intense stimulation of hippocampal excitatory circuits (Gart-
ner and Staiger, 2002) might temporarily alleviate �7 nAChR-
mediated inputs to interneurons that tend to oppose short-
and long-term potentiation in pyramidal cells (Ji et al., 2001).
Given the key role of TrkB–PLC� docking site in synaptic
plasticity (Gruart et al., 2007) and the reversibility of BDNF
action on �7 nAChRs, the present data might also configure a
mechanism involved in the adaptation to local changes in neu-
ronal activity that occur in the hippocampus during learning
and memory formation. Our results widen the fundamental
mechanisms by which BDNF influences synaptic transmission
and synaptic plasticity in the CNS. Because alterations on
BDNF levels and disruption of �7 nAChR function in the
hippocampus have been involved in cognitive deficits and de-
mentia, it is expected that the link now described constitutes a
target for novel pharmacological approaches for the treatment
of those disorders.
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