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The brain-derived neurotrophic factor (BDNF) Val66Met polymorphism is a common human single nucleotide polymorphism (SNP)
that affects the regulated release of BDNF, and has been implicated in affective disorders and cognitive dysfunction. A decreased
activation of the infralimbic medial prefrontal cortex (IL-mPFC), a brain region critical for the regulation of affective behaviors, has been
described in BDNF Met carriers. However, it is unclear whether and how the Val66Met polymorphism affects the IL-mPFC synapses. Here,
we report that spike timing-dependent plasticity (STDP) was absent in the IL-mPFC pyramidal neurons from BDNF Met/Met mice, a mouse
that recapitulates the specific phenotypic properties of the human BDNF Val66Met polymorphism. Also, we observed a decrease in
NMDA and GABA receptor-mediated synaptic transmission in the pyramidal neurons of BDNF Met/Met mice. While BDNF enhanced
non-NMDA receptor transmission and depressed GABA receptor transmission in the wild-type mice, both effects were absent in
BDNF Met/Met mice after BDNF treatment. Indeed, exogenous BDNF reversed the deficits in STDP and NMDA receptor transmission in
BDNF Met/Met neurons. BDNF-mediated selective reversal of the deficit in plasticity and NMDA receptor transmission, but its lack of effect
on GABA and non-NMDA receptor transmission in BDNF Met/Met mice, suggests separate mechanisms of Val66Met polymorphism upon
synaptic transmission. The effect of the Val66Met polymorphism on synaptic transmission and plasticity in the IL-mPFC represents a
mechanism to account for this impact of SNP on affective disorders and cognitive dysfunction.

Introduction
Both human and animal studies indicate that BDNF signaling is
profoundly disrupted in affective disorders, particularly anxiety
and depression. Postmortem studies have demonstrated abnor-
mal expression of BDNF and TrkB, the receptor for BDNF, in
patients with mental depression (Dwivedi et al., 2003; Thompson
Ray et al., 2011). Consistently, serum BDNF was decreased in
patients with depression (Gonul et al., 2005; Karege et al., 2005;
Piccinni et al., 2008). Congruent with the decreased BDNF-TrkB
signaling in affective disorders, antidepressants and agents that
show antidepressant-like effects enhanced BDNF expression and
TrkB activation in the brain (Nibuya et al., 1995; Russo-Neustadt
et al., 1999; Koponen et al., 2005; Rantamäki et al., 2007; Dwivedi,
2009). These studies strongly suggest that BDNF signaling is in-
volved in the pathophysiology of affective disorders. The BDNF

Val66Met polymorphism (Met substitution for Val at codon 66
in the prodomain), a common human single nucleotide poly-
morphism in the BDNF gene, affects regulated release of BDNF,
and this polymorphism has been implicated in anxiety, depres-
sion, neuroticism, and cognitive dysfunction (Egan et al., 2003;
Jiang et al., 2005; Schumacher et al., 2005; Hwang et al., 2006;
Terracciano et al., 2010). Despite strong evidence for the role of
BDNF-TrkB signaling in affective disorders, the neural mecha-
nisms involved in the effect of BDNF on affective behaviors are
not well understood. The role of mPFC in anxiety and depression
has been proposed (Drevets et al., 2008). Although the adult cor-
tex expresses abundant levels of BDNF, the specific role of mPFC
BDNF signaling in the regulation of affective behaviors is unclear.

Consistent with the increase in anxiety and depression in
BDNF Met carriers (Jiang et al., 2005; Schumacher et al., 2005;
Hwang et al., 2006; Terracciano et al., 2010), human Met allele
carriers exhibit a fear extinction deficit, and decrease in the acti-
vation of the ventromedial PFC (the primate analog of the rodent
IL-mPFC), a brain region critical for the regulation of affective
behaviors (Rauch et al., 2006; Soliman et al., 2010). BDNF Met/Met

mice exhibited impairments in extinction of conditioned aversive
memory and cued fear (Yu et al., 2009; Soliman et al., 2010).
However, the neuronal mechanism involved in the effect of the
BDNF Val66Met polymorphism on the IL-mPFC is unknown.
Both human and animal studies suggested that the ventromedial
prefrontal cortex regulates the amygdala in a top-down fashion to
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modulate fear behavior and affective behaviors (Paré et al., 2004;
Rauch et al., 2006; Amano et al., 2010). Given the elevated anxiety
and fear extinction deficit in BDNF Met carriers, we examined
synaptic transmission and plasticity in the IL-mPFC layer II/III
and layer V pyramidal neurons, the major excitatory neurons, in
BDNF Met/Met mice. We found a significant impairment of synap-
tic transmission and spike timing-dependent plasticity (STDP) in
the IL-mPFC of BDNF Met/Met mice. In addition, acute activation
of BDNF-TrkB signaling selectively modulated plasticity and
NMDA receptor transmission, but not GABA or non-NMDA
receptor transmission, in the IL-mPFC of BDNF Met/Met mice,
suggesting that separate mechanisms may be involved in the ef-
fect of the Val66Met polymorphism on synaptic transmission.

Materials and Methods
Animals. The generation of BDNF Met/Met mice was described previously
(Chen et al., 2006). Two month-old male BDNF Met/Met mice and wild-
type littermates derived from heterozygous BDNF !/Met parents were
used for all experiments. All animals were kept on a 12/12 light– dark
cycle at 22°C with food and water available ad libitum. All experiments
were performed in accordance with institutional guidelines. Mice were
genotyped as described previously (Chen et al., 2006).

Fear extinction. The fear conditioning apparatus consisted of a mouse
shock-chamber (Coulbourn Instruments) placed in a sound-attenuated
box. After a 2 min acclimation period to the conditioning chamber
(scented with 0.1% peppermint in 70% EtOH), mice were fear condi-
tioned with three tone-shock pairings, consisting of a 30 s presentation of
a (5 kHz, 70 dB) tone (CS) that coterminated with a 0.7 mA foot shock
(US) during the last 1.0 s of the tone with an intertrial interval (ITI) of
30 s. After the final tone-shock pairing, mice remained in the condition-
ing chamber for 1 min before being returned to their home cages.
Twenty-four hours after fear conditioning, the extinction procedure be-
gan in which mice were exposed to 5 presentations of the CS in the
absence of the US. To eliminate any confounding interactions of contex-
tual fear, tones were presented in a novel context, consisting of a green
cylindrical arena (scented with 0.1% lemon in 70% EtOH). Tone presen-
tations lasted for 30 s with an ITI of 30 s. After the final tone presentation,
mice remained in the conditioning chamber for 1 min before being re-
turned to their home cages. Fear extinction trials were repeated daily for
a total of 4 d of extinction training. Experiments were controlled by a
computer using Graphic State software. Mice were videotaped for sub-
sequent analysis by raters blind to mouse genotype. Freezing was defined
as the absence of visible movement except that required for respiration
(Fanselow, 1980). The freezing during the initial acclimation period was
measured and used as an assay for unconditioned effects on general
locomotor activity. The percentage time spent freezing was calculated by
dividing the amount of time spent freezing during the 30 s tone presen-
tations by the duration of the tone. Extinction trials were binned into
early and late trials with the early trials representing the average of the
trials on day 1 of extinction (24 h after conditioning), while late trials
represent the average of the trials on day 4 of extinction (96 h after
conditioning).

Electrophysiology. After pentobarbital anesthesia, mice were intracar-
dially perfused with ice-cold artificial CSF (ACSF) containing the follow-
ing (in mM): NaCl (118), KCl (2.5), CaCl2 (1), MgSO4 (1.5), NaHCO3

(26), NaH2PO4 (1), and D-glucose (10), osmolarity adjusted to 325
mOsm with sucrose, and aerated by 95%O2/5%CO2, pH 7.4 for 2 min.
Mouse brains were removed and placed in ice-cold ACSF immediately
following decapitation. Coronal brain slices (300 !m) were prepared
using a vibratome (Campden Instruments) and kept submerged in ACSF
in a brain slice keeper (Scientific Systems Design) at room temperature
for at least 1–1.5 h to allow recovery. A single slice was then transferred to
a recording chamber, and held submerged in ACSF by a nylon net. The
recording chamber was continuously perfused by ACSF containing the
following (in mM): NaCl (118), KCl (2.5), CaCl2 (2.5), MgSO4 (1.5),
NaHCO3 (26), NaH2PO4 (1), and D-glucose (10), osmolarity adjusted to

325 mOsm with sucrose, and aerated by 95%O2/5%CO2, pH 7.4, at a
constant rate of 2 ml/min and held at a temperature of 32°C, controlled
with a TC324B in-line solution heater (Warner Instruments). The IL-
mPFC layer II/III and layer V pyramidal neurons were visualized using
video-enhanced infrared differential interference contrast microscopy
(Hamamatsu C5405), with an Olympus BX50WI upright microscope
fitted with a 40" long working distance water-immersion objective. For
measuring EPSCs, patch electrodes (4 – 6 M#) were filled with an intra-
cellular pipette solution consisting of the following (in mM): CsCl (145),
HEPES (10), EGTA (0.5), QX-314 (5), GTP (0.2), and MgATP (5). The
osmolarity was adjusted to 290 mOsm with sucrose, and pH was adjusted
to 7.4 with CsOH. EPSCs were recorded in IL-mPFC layer II/III pyrami-
dal neurons by electrical stimulation using an extracellular electrode
placed in layer IV. EPSCs were recorded in IL-mPFC layer V pyramidal
neurons by electrical stimulation of layer II/III (Huang et al., 2004; Couey
et al., 2007). Non-NMDA EPSCs were recorded at $60 mV in the pres-
ence of GABAA receptor blocker bicuculline (10 !M), and NMDA EPSCs
were recorded at !40 mV in the presence of bicuculline and the non-
NMDA receptor blocker 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]
quinoxaline-7-sulfonamide disodium salt (NBQX, 10 !M). Miniature
EPSCs (mEPSCs) were recorded at $60 mV in the presence of bicucull-
ine and tetrodotoxin (1 !M). Miniature IPSCs (mIPSCs) were recorded
at $70 mV in the presence of NBQX, the NMDA receptor blocker D-2-
amino-5-phosphonovaleric acid (APV, 100 !M), and tetrodotoxin, using
an electrode solution containing the following (in mM): potassium glu-
conate (78), KCl (70), HEPES (10), GTP (0.2), and MgATP (5). Osmo-
larity was adjusted to 290 mOsm with sucrose, and pH was adjusted to 7.4
with KOH (Couey et al., 2007). Recordings were rejected when series
resistance or holding current changed by 10% or more.

Figure 1. Fear extinction is impaired in BDNF Met/Met mice. A, Average freezing behavior in
BDNF Met/Met (n % 16) and wild-type (n % 15) during fear extinction trials 24 h (extinction day
1), 48 h (extinction day 2), 72 h (extinction day 3), and 96 h (extinction day 4) after fear
conditioning. BDNF Met/Met mice exhibited significantly higher freezing behavior during late
extinction trials compared with wild-type mice. Four days of extinction training resulted in a
significant effect of genotype as a function of time ( p & 0.05). B, Summary of freezing behavior
in BDNF Met/Met and wild-type mice during early and late phase of extinction trials (F(1,29) %
36.4, p & 0.001). Asterisk denotes statistical significance.
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For the STDP experiments, we used an electrode solution containing
the following (in mM): potassium gluconate (120), KCl (20), MgCl2 (2),
HEPES (10), GTP (0.2) and MgATP (5) (Froemke and Dan, 2002).
EPSPs were evoked at 0.1 Hz in layer II/III and layer V pyramidal neurons
by extracellular stimulation of layer IV and layer II/III, respectively. After
obtaining stable whole-cell recordings, basal EPSPs were recorded for 5
min. The initial 2.5 ms of EPSP slopes were analyzed to study only the
monosynaptic components of evoked EPSPs (Froemke and Dan, 2002;
Froemke et al., 2005; Couey et al., 2007). For the induction of plasticity,
the postsynaptic action potential was evoked '5 ms from the onset of the
EPSP by applying a current pulse of 1 nA for 2 ms. After 50 pairings (0.1
Hz), postinduction EPSPs were collected for 25 min. Cells were excluded
if the input resistance changed (25% during the course of the experi-
ment. Recordings were made using an Axopatch 200B amplifier (Molec-
ular Devices), and digitized by Digidata 1322A (Molecular Devices).
Synaptic stimulation was induced using the digital stimulator PG4000A
(Cygnus Technology) and the stimulus isolator A365 (World Precision
Instruments).

For studying the effect of BDNF on synaptic transmission and STDP,
brain slices were treated with BDNF (25 ng/ml) in ACSF bubbled with
95%O2/5%CO2 for 1–1.5 h in a brain slice keeper maintained at room
temperature.

Statistics. Results were expressed as mean )SEM from all the cells in
each group. Two-way ANOVA, repeated measures and t tests were used
for statistical analysis (IBM SPSS Statistics 19). The level of significance
was p & 0.05.

Results
Fear extinction is altered in BDNF Met/Met mice
Both human and mouse studies suggest increased anxiety-like
behavior and fear extinction deficit in BDNF Met carriers (Soli-
man et al., 2010). However, the earlier fear extinction studies in
BDNF Met/Met mice were performed immediately after fear condi-
tioning to mimic human fear extinction studies (Soliman et al.,

2010). Since a modification of memory consolidation and fear
memory erasure is possible with immediate extinction trials,
which might involve a distinct mechanism of extinction compared
with a delayed extinction (Myers et al., 2006), we performed fear
extinction trials at different times after fear conditioning—24 h (ex-
tinction day 1), 48 h (extinction day 2), 72 h (extinction day 3), and
96 h (extinction day 4). Also, we undertook fear extinction experi-
ments in a novel context, given the effect of BDNF Val66Met poly-
morphism on hippocampus-dependent memory and synaptic
plasticity in the hippocampus (Egan et al., 2003; Chen et al., 2006;
Ninan et al., 2010). As reported earlier, we did not observe any sig-
nificant difference in fear conditioning between BDNFMet/Met and
wild-type mice (data not shown) (Chen et al., 2006; Soliman et al.,
2010). No differences in freezing behavior were observed between
genotypes during the early extinction trials (BDNFMet/Met: 75.01 )
3.98%; wild-type: 75.46 ) 3.18%), but BDNFMet/Met mice exhibited
significantly higher freezing behavior during late extinction trials
compared with wild-type mice (BDNFMet/Met: 66.23 ) 5.29%; wild-
type: 49.4 ) 3.55%), indicative of impaired long-term extinction
learning and extinction retention (Fig. 1A,B).

Basal glutamatergic transmission is normal in the IL-mPFC
pyramidal neurons of BDNF Met/Met mice
A reduction in fear extinction-dependent activation of the
ventromedial PFC has been described in the BDNFMet carriers
(Soliman et al., 2010), suggesting a potential dysfunction in plas-
ticity. To understand how the Val66Met polymorphism may alter
synaptic function in the IL-mPFC, we analyzed basal synaptic
transmission in both layer II/III and layer V pyramidal neurons of
BDNF Met/Met mice and wild-type littermates. First, we studied
glutamatergic transmission in layer II/III pyramidal neurons,

Figure 2. Normal basal excitatory synaptic transmission in the IL-mPFC of BDNF Met/Met mice. A, Examples of mEPSCs in the layer II/III pyramidal neurons of BDNF Met/Met and wild-type littermates.
B, Average mEPSC frequency and amplitude in the layer II/III pyramidal neurons of BDNF Met/Met (n % 8) and wild-type mice (n % 7). Both the mEPSC frequency and amplitude were not significantly
different between BDNF Met/Met and wild-type mice ( p ( 0.05). C, Examples of non-NMDA EPSCs evoked by 100, 300, and 450 !A stimulation of the layer II/III pyramidal neurons in BDNF Met/Met and
wild-type mice. D, Average non-NMDA EPSC amplitude in the layer II/III pyramidal neurons of BDNF Met/Met (n % 8) and wild-type mice (n % 8). The EPSC amplitude was not significantly different between
BDNF Met/Met and wild-type mice ( p ( 0.05). E, Examples of mEPSCs in the layer V pyramidal neurons of BDNF Met/Met and wild-type littermates. F, Average mEPSC frequency and amplitude in the layer V
pyramidal neurons of BDNF Met/Met (n % 8) and wild-type mice (n % 8). Both the mEPSC frequency and amplitude were not significantly different between BDNF Met/Met and wild-type mice ( p ( 0.05). G,
Examples of non-NMDA EPSCs evoked by 100, 300, and 450!A stimulation of the layer V pyramidal neurons in BDNF Met/Met and wild-type mice. H, Average non-NMDA EPSC amplitude in the layer V pyramidal
neurons of BDNF Met/Met (n % 7) and wild-type mice (n % 7). The EPSC amplitude was not significantly different between BDNF Met/Met and wild-type mice ( p ( 0.05).
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which primarily form the callosal and corticocortical projections
(DeFelipe and Fariñas, 1992), by comparing the frequency and
amplitude of mEPSCs in BDNF Met/Met and wild-type mice. We
did not find any significant alteration in either the frequency or
amplitude of mEPSCs in BDNF Met/Met (4.7 ) 0.6 Hz and 12.2 )
0.36 pA) compared with wild-type mice (4.6 ) 0.3 Hz and 13.0 )
0.25 pA) (Fig. 2A,B). These results suggested that glutamatergic
transmission mediated by non-NMDA receptors is normal in
BDNF Met/Met mice. These results also suggested normal gluta-
mate release in the BDNF Met/Met mice, as indicated by normal
mEPSC frequency. To further investigate basal transmission in
BDNF Met/Met mice, we recorded non-NMDA EPSCs at $60 mV
in layer II/III pyramidal neurons from BDNF Met/Met and wild-
type mice. Non-NMDA EPSCs were evoked by the stimulation of
layer IV in the presence of bicuculline. Consistent with the
mEPSC experiments, we did not observe any modification of
EPSC amplitude in the BDNF Met/Met mice (Fig. 2C,D). These
results suggest that the non-NMDA receptor neurotransmis-
sion was not affected in the layer II/III pyramidal neurons of
BDNF Met/Met mice.

Next, we examined whether the BDNF Val66Met polymor-
phism affects glutamatergic transmission in layer V pyramidal
neurons, the major projection neurons (DeFelipe and Fariñas,
1992; Gabbott et al., 2005). Similar to the layer II/III pyramidal
neurons, the amplitude and frequency of mEPSCs in the layer V
pyramidal neurons were not significantly different between
BDNF Met/Met mice (6.5 ) 2.2 Hz and 12.4 ) 0.6 pA) and wild-
type littermates (7.7 ) 1 Hz and 12.0 ) 0.6 pA), suggesting
normal non-NMDA receptor neurotransmission and glutamate
release (Fig. 2E,F). To determine the effect of the Val66Met poly-
morphism on non-NMDA receptor transmission, EPSCs were
evoked in the layer V pyramidal neurons by stimulation of layer
II/III. The amplitude of non-NMDA EPSCs in layer V pyramidal
neurons of BDNF Met/Met mice and wild-type littermates were not
significantly different, indicating that non-NMDA receptor
transmission was normal in the IL-mPFC of BDNF Met/Met mice
(Fig. 2G,H). Thus, the above experiments indicate that the basal
synaptic transmission was unaltered in the IL-mPFC pyramidal
neurons of BDNF Met/Met mice.

Spike timing-dependent plasticity is impaired in the IL-mPFC
pyramidal neurons of BDNF Met/Met mice
Given the critical role of the IL-mPFC in fear extinction, and the
reduction in fear extinction-dependent activation of the IL-
mPFC in BDNF Met carriers (Soliman et al., 2010), we hypothe-
sized that a deficit in the ability of the IL-mPFC synapses to
undergo plasticity might be involved in increased anxiety and fear
extinction deficit in BDNF Met/Met mice. To address this possibility,
we tested whether STDP is altered in the IL-mPFC pyramidal neurons
of BDNF Met/Met mice. We recorded EPSPs from the IL-mPFC
layer II/III pyramidal neurons of BDNF Met/Met and wild-type
mice before and after the application of a pre-before-post pairing
protocol to induce spike timing-dependent long-lasting potenti-
ation (Caporale and Dan, 2008). We observed a significant in-
crease in the EPSP slope after the application of the pairing
protocol in wild-type mice (Fig. 3A,B,D). However, this pairing
protocol failed to modify EPSP slope in the layer II/III pyramidal
neurons of BDNF Met/Met mice (Fig. 3A,C,D). Next, we measured
the EPSP slope in the layer V pyramidal neurons before and after
the pre-before-post pairing stimulus. Similar to the layer II/III
pyramidal neurons, the application of the pairing protocol pro-
duced a long-lasting increase in the EPSP slope in the layer V
pyramidal neurons of wild-type mice (Fig. 3E). However, as in

the case of the layer II/III pyramidal neurons of BDNF Met/Met

mice, the layer V pyramidal neurons of BDNF Met/Met mice failed
to show any increase in the EPSP slope after the pairing protocol
(Fig. 3E). Thus, despite the lack of change in basal excitatory
transmission in BDNF Met/Met mice, the Val66Met polymorphism

Figure 3. The BDNF Val66Met polymorphism impairs STDP in the IL-mPFC pyramidal neu-
rons. A, Examples of EPSP recordings before and at 20 min after the pairing protocol. B, An
example of STDP in the layer II/III pyramidal neuron from wild-type mouse. C, An example of
STDP in the layer II/III pyramidal neuron from BDNF Met/Met mouse. D, STDP in the layer II/III
pyramidal neurons of BDNF Met/Met (n % 8) and wild-type littermates (n % 8). STDP was absent
in BDNF Met/Met mice (F(1,14) ! 8.2, p & 0.01). E, STDP in the layer V pyramidal neurons of
BDNF Met/Met (n % 9) and wild-type littermates (n % 9). STDP was absent in BDNF Met/Met mice
(F(1,16) % 6.6, p & 0.05).
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has a profound effect on plasticity in the
IL-mPFC pyramidal neurons.

NMDA receptor transmission is
reduced in the IL-mPFC pyramidal
neurons of BDNF Met/Met mice
Modulation of cortical plasticity can be
mediated by both NMDA receptors and
GABA receptors (Magee and Johnston,
1997; Markram et al., 1997; Feldman,
2000; Froemke and Dan, 2002; Froemke et
al., 2005; Couey et al., 2007; Sakata et al.,
2009). Therefore, it is plausible that a
modification of NMDA and/or GABA re-
ceptor transmission is responsible for the
lack of plasticity in the IL-mPFC pyrami-
dal neurons in BDNF Met/Met mice. To test
whether IL-mPFC pyramidal neurons in
BDNFMet/Met mice exhibited any modifica-
tion of NMDA receptor neurotransmission,
NMDA EPSCs were evoked at !40 mV in
the layer II/III pyramidal neurons by stimu-
lation of the layer IV in the presence of
NBQX and bicuculline. In contrast to non-
NMDA EPSCs, NMDA EPSCs were signifi-
cantly lower in BDNFMet/Met mice (Fig.
4A,B). Therefore, the Val66Met polymor-
phism resulted in a decrease in NMDA re-
ceptor transmission in the layer II/III
pyramidal neurons. Next, we examined
whether the NMDA receptor transmission
is affected in the layer V pyramidal neurons
of BDNFMet/Met mice. NMDA EPSCs were
recorded in the layer V pyramidal neurons
by the extracellular stimulation of layer II/III. Similar to the layer
II/III pyramidal neurons, layer V pyramidal neurons of BDNFMet/

Met mice exhibited significant reduction in NMDA EPSC amplitude
(Fig. 4C,D). Thus, the Val66Met polymorphism impairs NMDA
receptor transmission in both layer II/III and layer V pyramidal neu-
rons of the IL-mPFC.

GABA receptor transmission is reduced in the IL-mPFC
pyramidal neurons of BDNF Met/Met mice
In addition to its role in regulating glutamatergic transmission,
BDNF-TrkB signaling is critical for the regulation of GABAergic
transmission in the cortex (Huang et al., 1999; Hong et al., 2008;
Sakata et al., 2009). Also, alterations in GABA receptor transmis-
sion have been implicated in cortical plasticity (Couey et al., 2007;
Sakata et al., 2009). However, it is unknown whether the BDNF
Val66Met polymorphismaffectsGABAreceptorneurotransmissionin
the IL-mPFC pyramidal neurons. Inhibitory neurotransmission was
therefore assessed by recording mIPSCs at $70 mV in the layer
II/III and layer V pyramidal neurons, in the presence of APV,
NBQX, and tetrodotoxin. We observed a selective decrease in the
frequency (1.5 ) 0.1 Hz and 4.3 ) 1 Hz, respectively, for BDN-
F Met/Met and wild-type mice) but not the amplitude (24.4 ) 1.8
pA and 25.4 ) 2.8 pA, respectively, for BDNF Met/Met and wild-
type mice) of mIPSCs in the layer II/III pyramidal neurons of
BDNF Met/Met mice, compared with the wild-type littermates (Fig.
5A–C). Unlike the layer II/III pyramidal neurons, we observed a
decrease in both the frequency (2.4 ) 0.3 Hz and 3.1 ) 0.6 Hz,
respectively, for BDNF Met/Met and wild-type mice) and ampli-
tude (22.1 ) 1 pA and 27.8 ) 2.3 pA, respectively, for BDNF Met/

Met and wild-type mice) of mIPSCs in the layer V pyramidal
neurons of BDNF Met/Met mice, compared with the wild-type
mice (Fig. 5D,E). These results suggest that the Val66Met poly-
morphism reduces GABAergic transmission in both the layer
II/III and layer V pyramidal neurons of the IL-mPFC. Although
the exact mechanism is unclear, layer-specific effects of BDNF, GABA
receptor occupancy, or structural plasticity might contribute to the dif-
ferentialeffectofVal66Metpolymorphismonthefrequencyandampli-
tude of mIPSCs in layer II/III and layer V pyramidal neurons
(Linnarsson et al., 1997; Perrais and Ropert, 1999; Hájos et al., 2000;
Fukumitsu et al., 2006; Yu et al., 2009; Liu et al., 2012).

BDNF treatment reverses plasticity deficit in the IL-mPFC
pyramidal neurons of BDNF Met/Met mice
The BDNF Val66Met polymorphism results in a disruption of
regulated, but not constitutive, release of BDNF (Chen et al.,
2006). Therefore, the decrease in activity-dependent release of
BDNF and reduced activation of TrkB might be responsible
for plasticity deficit in BDNF Met/Met mice. To test whether the
activation of TrkB by BDNF can reverse the impaired STDP in
the IL-mPFC of BDNF Met/Met mice, we pretreated BDNF Met/

Met brain slices with BDNF (25 ng/ml for 1–1.5 h). BDNF
pretreatment reversed the plasticity impairment in BDNFMet/Met

mice but did not modify the magnitude of plasticity in either layer
II/III or layer V pyramidal neurons of wild-type mice (Fig. 6A–D).
These results suggested that acute activation of TrkB was sufficient to
reestablish normal plasticity in the IL-mPFC of BDNFMet/Met mice.

Figure 4. The BDNF Val66Met polymorphism decreases NMDA receptor-transmission in the IL-mPFC pyramidal neurons. A, Ex-
amples of NMDA EPSCs evoked by 100, 300, and 450 !A stimulation of the layer II/III pyramidal neurons in BDNF Met/Met and
wild-type mice. B, Average NMDA EPSC amplitude in the layer II/III pyramidal neurons of BDNF Met/Met (n % 9) and wild-type mice
(n % 8). The NMDA EPSC amplitude was significantly lower in BDNF Met/Met mice (F(1,15) ! 38, p & 0.001). C, Examples of NMDA
EPSCs evoked by 100, 300, and 450 !A stimulation of the layer V pyramidal neurons in BDNF Met/Met and wild-type mice. D, Aver-
age NMDA EPSC amplitude in the layer V pyramidal neurons of BDNF Met/Met (n % 8) and wild-type mice (n % 8). The NMDA EPSC
amplitude was significantly lower in BDNF Met/Met mice (F(1,14) ! 7, p & 0.05).
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BDNF treatment enhances NMDA receptor transmission in
the IL-mPFC pyramidal neurons of both wild-type and
BDNF Met/Met mice
The decrease in both the plasticity and NMDA receptor transmis-
sion in BDNF Met/Met mice is consistent with the earlier findings
that NMDA receptor transmission is necessary for STDP (Magee
and Johnston, 1997; Markram et al., 1997; Bi and Poo, 1998;
Feldman, 2000; Froemke and Dan, 2002; Froemke et al., 2005;
Caporale and Dan, 2008). Therefore, we tested whether the
reversal of STDP deficit in BDNF Met/Met mice after BDNF treat-
ment also involves rescue of normal NMDA receptor transmis-
sion in BDNF Met/Met mice. BDNF treatment enhanced NMDA
receptor transmission in both the layer II/III and layer V pyrami-
dal neurons from wild-type mice (Fig. 7A,C). Our results are
consistent with the earlier studies showing enhancement of
NMDA receptor transmission by BDNF in the rat visual cortex

(Carmignoto et al., 1997). Similar to the effect of BDNF on STDP,
BDNF-treated slices from BDNF Met/Met mice showed a robust
enhancement of NMDA receptor transmission in both the layer
II/III and layer V pyramidal neurons (Fig. 7B,D). Therefore, it is
possible that the BDNF-induced reversal of plasticity deficit in
BDNF Met/Met mice is due to a reestablishment of normal
NMDA receptor transmission in the IL-mPFC pyramidal
neurons.

BDNF treatment suppresses GABA receptor transmission in
the IL-mPFC pyramidal neurons of wild-type mice but not
BDNF Met/Met mice
Earlier studies indicated that BDNF suppresses GABAergic trans-
mission in hippocampal neurons (Frerking et al., 1998; Brünig et
al., 2001; Wardle and Poo, 2003; Jovanovic et al., 2004). Although
we observed a decrease in GABAergic transmission in the IL-
mPFC of BDNF Met/Met mice, it is possible that exogenous BDNF
might further suppress GABAergic transmission in BDNFMet/Met

mice, which could play a role in the reversal of plasticity deficit
(Couey et al., 2007; Sakata et al., 2009). Therefore, we measured
mIPSCs in the layer II/III and layer V pyramidal neurons in both
wild-type and BDNF Met/Met brain slices after BDNF treatment.
BDNF suppressed the mIPSC frequency but not the amplitude in
wild-type layer II/III pyramidal neurons (Fig. 8A,B). However,
BDNF suppressed both the frequency and amplitude of mIPSCs
in the layer V pyramidal neurons from wild-type slices (Fig.
8C,D). Unlike the rescue of STDP and NMDA receptor transmis-
sion in BDNF Met/Met mice after BDNF treatment, GABA receptor
transmission was unaffected in BDNF-treated BDNF Met/Met

slices, as indicated by the absence of modification of frequency or
amplitude of mIPSCs in layer II/III and layer V pyramidal neu-
rons (Fig. 8A–D). The selective rescue of plasticity and NMDA
receptor transmission but not GABA receptor transmission in
BDNF Met/Met mice after BDNF treatment suggest that there may
be a potential developmental deficit in GABAergic transmission
due to the Val66Met polymorphism.

BDNF treatment enhances non-NMDA receptor transmission
in the IL-mPFC pyramidal neurons of wild-type mice but not
BDNF Met/Met mice
Although both presynaptic and postsynaptic mechanisms have
been implicated in BDNF-induced enhancement of excitatory
synaptic transmission, a predominant effect of BDNF is upon
presynaptic glutamate release (Carmignoto et al., 1997; Li et al.,
1998; Wardle and Poo, 2003; Wu et al., 2004; Yano et al., 2006;
Caldeira et al., 2007b; Madara and Levine, 2008). Given that both
NMDA and non-NMDA glutamate receptors are believed to be
colocalized at synapses, a presynaptic modulation by BDNF
would affect synaptic responses mediated by both NMDA and
non-NMDA receptors similarly (Perkel and Nicoll, 1993). There-
fore, it is possible that an increase in glutamate release after BDNF
treatment could enhance both the NMDA and non-NMDA re-
ceptor transmission in both wild-type and BDNF Met/Met mice.
Given that the BDNF treatment enhanced NMDA receptor transmis-
sion in both wild-type and BDNFMet/Met neurons, we tested whether
an enhancement of the non-NMDA receptor transmission oc-
curs in the IL-mPFC pyramidal neurons from wild-type and BD-
NF Met/Met mice after BDNF treatment. Layer II/III and layer V
pyramidal neurons from wild-type mice showed significant en-
hancement of non-NMDA EPSC amplitude in BDNF-treated
slices compared with untreated slices (Fig. 9A,C). However, sur-
prisingly, we did not observe any enhancement of non-NMDA
EPSC amplitude in either layer II/III or layer V pyramidal neu-

Figure 5. The BDNF Val66Met polymorphism suppresses GABAergic transmission in the IL-
mPFC layer II/III and layer V pyramidal neurons. A, Examples of mIPSCs in the layer II/III pyra-
midal neurons of BDNF Met/Met and wild-type littermates. B, C, Average mIPSC frequency (B)
and amplitude (C) in the layer II/III pyramidal neurons of BDNF Met/Met (n % 6) and wild-type
mice (n % 6). The mIPSC frequency ( p & 0.01) but not the amplitude ( p ( 0.05) was signif-
icantly lower in BDNF Met/Met mice. D, E, Average mIPSC frequency (D) and amplitude (E) in the
layer V pyramidal neurons of BDNF Met/Met (n%10) and wild-type mice (n%8). Both the mIPSC
frequency and amplitude were significantly lower in BDNF Met/Met mice ( p & 0.05). Asterisks
denote statistical significance.
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rons from BDNF Met/Met mice after BDNF
treatment (Fig. 9B,D). These results sug-
gest that BDNF Met/Met mice are resistant
to BDNF-induced long-lasting enhance-
ment of non-NMDA EPSC amplitude
(Carmignoto et al., 1997). Furthermore,
these results also suggest that the BDNF-
induced reversal of NMDA EPSC deficit
in BDNF Met/Met mice is not due to an in-
crease in glutamate release.

Discussion
Our results demonstrate a selective effect
of the BDNF Val66Met polymorphism on
NMDA, but not non-NMDA, receptor
transmission in both layer II/III and layer
V pyramidal neurons of the IL-mPFC. Re-
cent experiments also revealed a similar
decrease in NMDA receptor transmission
in the CA1 pyramidal neurons of BDN-
F Met/Met mice (Ninan et al., 2010). Al-
though the mechanism is unclear, BDNF is
known to alter phosphorylation and ac-
tivity of NMDA receptors (Suen et al.,
1997; Levine et al., 1998; Lin et al., 1998;
Crozier et al., 2008). Also, the role of
BDNF in the regulation of expression and
trafficking of NMDA receptors has been
suggested recently (Caldeira et al., 2007a).
Therefore, it is possible that activity-
dependent release of BDNF is necessary
for normal NMDA receptor transmis-
sion. Although a recent study demon-
strated altered dendritic spine
morphology in the mPFC pyramidal
neurons of BDNF Met/Met mice (Liu et
al., 2012), our results showed normal
non-NMDA receptor transmission in both the layer II/III and
layer V pyramidal neurons from BDNF Met/Met mice.

Consistent with the decrease in NMDA receptor transmission,
we observed significant deficit in STDP in the IL-mPFC of
BDNF Met/Met mice. Earlier studies have shown that STDP re-
quired the activation of NMDA receptors (Magee and Johnston,
1997; Markram et al., 1997; Bi and Poo, 1998; Feldman, 2000;
Froemke and Dan, 2002; Froemke et al., 2005; Caporale and Dan,
2008). Although BDNF-TrkB signaling has been implicated in
activity-dependent synaptic plasticity (Kang and Schuman, 1995;
Figurov et al., 1996; Yano et al., 2006), little is known about its
role in STDP (Mu and Poo, 2006). A recent study on a mouse that
lacks promoter IV driven Bdnf transcription (BDNF-KIV) exhib-
ited an increase in STDP (Sakata et al., 2009). In contrast, we
observed a complete lack of STDP in both the layer II/III and
layer V pyramidal neurons in BDNF Met/Met mice, suggesting that
the Val66Met polymorphism can interfere with the IL-mPFC
function by decreasing plasticity. Unlike BDNF-KIV mice that
showed decrease in GABAergic transmission without affecting
NMDA receptor transmission (Sakata et al., 2009), BDNF Met/Met

mice showed not only a decrease in GABAergic transmission but
also a decrease in NMDA receptor transmission. Therefore, the
effect of the Val66Met polymorphism on STDP is likely to be
mediated by the decrease in NMDA receptor neurotransmission
in both layer II/III and layer V pyramidal neurons.

Apart from the decrease in NMDA receptor-mediated trans-
mission, we observed a significant deficit in GABAergic neu-
rotransmission in both the layer II/III and layer V pyramidal
neurons of BDNF Met/Met mice. While layer II/III pyramidal neu-
rons showed a selective decrease in mIPSC frequency, layer V
pyramidal neurons exhibited a decrease in both the frequency
and amplitude of mIPSCs. Our results are consistent with the
critical role of BDNF in the regulation of GABAergic neurotrans-
mission in the cortex (Rutherford et al., 1997; Huang et al., 1999;
Woo and Lu, 2006; Hong et al., 2008; Sakata et al., 2009; Zheng et
al., 2011). BDNF has been known to affect presynaptic GABA
release, postsynaptic GABA receptor function, and the expres-
sion of chloride transporters (Rivera et al., 2002; Aguado et al.,
2003; Rivera et al., 2004; Gottmann et al., 2009; Peng et al., 2010;
Zheng et al., 2011). Disruption of Bdnf promoter IV function
selectively impairs GABAergic synapses (Hong et al., 2008; Sakata
et al., 2009; Jiao et al., 2011). Although protein kinase C and
phosphatase-2A have been proposed in the action of BDNF on
GABAergic synapses (Jovanovic et al., 2004), little is known about
how BDNF regulates GABAergic transmission. Nonetheless, our
results imply that decreased activity-dependent release of BDNF
could alter GABAergic transmission in the IL-mPFC.

Synaptic impairments in BDNF Met/Met mice could be due to
either the lack of BDNF availability or a developmental modifi-
cation of synapses. To address this issue, we tested whether acute
activation of BDNF-TrkB could reverse any of these synaptic
deficits. Interestingly, BDNF treatment reestablished normal

Figure 6. BDNF reverses STDP deficit in the IL-mPFC pyramidal neurons of BDNF Met/Met mice. A, STDP in the layer II/III pyramidal
neurons from BDNF-treated (n % 7) and untreated (n % 9) wild-type brain slices. BDNF treatment did not affect STDP in wild-type
mice ( p ( 0.05). B, STDP in the layer II/III pyramidal neurons from BDNF-treated (n % 9) and untreated (n % 10) BDNF Met/Met

brain slices. BDNF-treated BDNF Met/Met slices showed significant STDP compared with the untreated BDNF Met/Met slices (F(1,17) %
4.7, p & 0.05). C, STDP in the layer V pyramidal neurons from BDNF-treated (n % 9) and untreated (n % 10) wild-type brain slices.
BDNF treatment did not affect STDP in wild-type mice ( p ( 0.05). D, STDP in the layer V pyramidal neurons from BDNF-treated
(n % 9) and untreated (n % 10) BDNF Met/Met brain slices. BDNF-treated BDNF Met/Met slices showed significant STDP compared
with the untreated BDNF Met/Met slices (F(1,17) % 8.9, p & 0.01).
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plasticity and NMDA receptor transmission in the IL-mPFC py-
ramidal neurons of BDNF Met/Met mice. Given the role of NMDA
receptors in STDP (Bi and Poo, 1998; Caporale and Dan, 2008),
the reestablishment of NMDA receptor transmission might have
led to the reversal of plasticity deficit in BDNF Met/Met mice. Other
studies have shown that BDNF modulates phosphorylation, ac-
tivity, expression, and trafficking of NMDA receptors (Car-
mignoto et al., 1997; Suen et al., 1997; Levine et al., 1998; Lin et
al., 1998; Caldeira et al., 2007a; Crozier et al., 2008). Also, a recent
study showed that BDNF infusion into the IL-mPFC enhances
fear extinction in an NMDA receptor-dependent fashion (Peters
et al., 2010). Therefore, decreased NMDA receptor transmission
and plasticity in BDNF Met/Met mice may be due to the lack of
availability of BDNF.

Congruent with the earlier studies (Frerking et al., 1998;
Brünig et al., 2001; Wardle and Poo, 2003; Jovanovic et al., 2004),
BDNF treatment decreased GABA receptor transmission in the
IL-mPFC pyramidal neurons of wild-type mice. Both presynaptic
and postsynaptic mechanisms might be involved in BDNF-induced
suppression of inhibitory transmission (Jovanovic et al., 2004;
Lemtiri-Chlieh and Levine, 2010). Surprisingly, BDNF Met/Met

neurons were resistant to modification of GABA receptor trans-
mission after BDNF treatment, suggesting that the BDNF
Val66Met polymorphism might affect synapses by other mecha-

nisms. Given the effect of the BDNF
Val66Met polymorphism on dendritic
complexity in the mPFC (Yu et al., 2009;
Liu et al., 2012), it is plausible that mor-
phological changes may contribute to the
deficits in inhibitory transmission in BD-
NF Met/Met mice. Further studies will be
needed to define the mechanism of
BDNF-induced suppression of GABA re-
ceptor transmission in the cortex and how
the Val66Met polymorphism interferes with
this process.

BDNF-induced enhancement of excit-
atory synaptic transmission has been well
described in several brain regions (Car-
mignoto et al., 1997; Li et al., 1998; Wardle
and Poo, 2003; Wu et al., 2004; Yano et al.,
2006; Caldeira et al., 2007b; Madara and
Levine, 2008). We consistently observed
an enhancement of non-NMDA recep-
tor transmission in the IL-mPFC pyra-
midal neurons from wild-type mice
after BDNF treatment (Carmignoto et
al., 1997). However, this effect was ab-
sent in the IL-mPFC pyramidal neurons
of BDNF Met/Met mice. Given that BDNF
selectively enhanced NMDA but not
non-NMDA receptor transmission in
BDNF Met/Met mice, a presynaptic mech-
anism is unlikely to play a role in the
differential effect of BDNF on NMDA
receptor transmission in BDNF Met/Met

neurons (Perkel and Nicoll, 1993). It
has been shown that BDNF could mod-
ulate non-NMDA receptor transmis-
sion by regulating the expression and
synaptic insertion of AMPA receptors
(Narisawa-Saito et al., 1999; Caldeira et
al., 2007b). The Val66Met polymor-

phism could interfere with BDNF-mediated expression
and/or synaptic insertion of AMPA receptors in the IL-mPFC
pyramidal neurons.

Abnormal regulation of fear extinction is implicated in major
depression and anxiety-like disorders (Kendler et al., 2004;
Hettema, 2008; Peters et al., 2009; Sandi and Richter-Levin,
2009). Recent studies have suggested that the top-down regula-
tion of the amygdala by the IL-mPFC regulates fear extinction
(Morgan and LeDoux, 1995; Bremner et al., 1999; Quirk et al.,
2000, 2006; Milad and Quirk, 2002; Phelps et al., 2004; Santini et
al., 2004, 2008; Amano et al., 2010). The IL-mPFC projections
terminate in the basolateral amygdala and the GABAergic inter-
calated cell masses of the amygdala (Russchen, 1982; Gabbott and
Bacon, 1996; McDonald et al., 1996; McDonald, 1998; Likhtik et
al., 2005). Extinction-dependent synaptic and intrinsic plasticity
in the IL-mPFC have been recently reported (Herry and Garcia,
2002; Burgos-Robles et al., 2007; Santini et al., 2008). Therefore,
an impairment of IL-mPFC plasticity could result in dysregula-
tion of affective behaviors. One potential mechanism for im-
paired synaptic plasticity and altered affective behaviors is
reduced levels of BDNF (Chen et al., 2006; Soliman et al., 2010).
The reported decrease in IL-mPFC activation in BDNF Met carri-
ers is likely due to decreased NMDA receptor transmission and
the resulting impairment of plasticity (Soliman et al., 2010). The

Figure 7. BDNF enhances NMDA receptor transmission in the IL-mPFC pyramidal neurons of both wild-type and BDNF Met/Met

mice. A, NMDA receptor transmission in the layer II/III pyramidal neurons from BDNF-treated (n % 7) and untreated (n % 9)
wild-type brain slices. BDNF-treated wild-type slices showed significantly higher NMDA receptor transmission compared with the
untreated wild-type slices at stimulation strength 100, 150, and 200 !A ( p & 0.05). B, NMDA receptor transmission in the layer
II/III pyramidal neurons from BDNF-treated (n % 9) and untreated (n % 10) BDNF Met/Met brain slices. BDNF-treated BDNF Met/Met

slices showed significantly higher NMDA receptor transmission compared with the untreated BDNF Met/Met slices (F(1,17) ! 21.3,
p & 0.001). C, NMDA receptor transmission in the layer V pyramidal neurons from BDNF-treated (n % 7) and untreated (n % 9)
wild-type brain slices. BDNF-treated wild-type slices showed significantly higher NMDA receptor transmission compared with the
untreated wild-type slices above the stimulation strength of 250 !A ( p & 0.01). D, NMDA receptor transmission in the layer V
pyramidal neurons from BDNF-treated (n % 8) and untreated (n % 9) BDNF Met/Met brain slices. BDNF-treated BDNF Met/Met slices
showed significantly higher NMDA receptor transmission compared with the untreated BDNF Met/Met slices (F(1,15) % 21,
p & 0.001). Asterisks denote statistical significance.
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present study indicates that enhancement
of BDNF-TrkB signaling can reverse defi-
cits in both the NMDA receptor transmis-
sion and plasticity in the IL-mPFC of
BDNF Met/Met mice. Infusion of BDNF in
the IL-mPFC enhanced fear extinction in
an NMDA receptor-manner (Peters et al.,
2010). Therefore, BDNF signaling might
regulate NMDA receptor-mediated trans-
mission and plasticity in the IL-mPFC,
which is critical for normal affective
behaviors.

In conclusion, our results show that
the BDNF Val66Met polymorphism
impairs NMDA and GABA receptor
transmission. Also, the Val66Met poly-
morphism significantly alters STDP in the
IL-mPFC. These synaptic deficits may
play an important role in affective disor-
ders. Furthermore, acute enhancement of
BDNF signaling reversed the impairment
of plasticity and NMDA receptor trans-
mission in BDNF Met/Met mice without af-
fecting either GABA or non-NMDA
receptor transmission, suggesting that the
IL-mPFC synapses are profoundly af-
fected by BDNF.
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Par é D, Quirk GJ, Ledoux JE (2004) New vistas on amygdala networks in
conditioned fear. J Neurophysiol 92:1–9.

Peng YR, Zeng SY, Song HL, Li MY, Yamada MK, Yu X (2010) Postsyn-
aptic spiking homeostatically induces cell-autonomous regulation of
inhibitory inputs via retrograde signaling. J Neurosci
30:16220 –16231.

Perkel DJ, Nicoll RA (1993) Evidence for all-or-none regulation of neu-
rotransmitter release: implications for long-term potentiation. J Physiol
471:481–500.

Perrais D, Ropert N (1999) Effect of zolpidem on miniature IPSCs and oc-
cupancy of postsynaptic GABAA receptors in central synapses. J Neurosci
19:578 –588.

Peters J, Kalivas PW, Quirk GJ (2009) Extinction circuits for fear and addic-
tion overlap in prefrontal cortex. Learn Mem 16:279 –288.

Peters J, Dieppa-Perea LM, Melendez LM, Quirk GJ (2010) Induction of
fear extinction with hippocampal-infralimbic BDNF. Science 328:1288 –
1290.

Phelps EA, Delgado MR, Nearing KI, LeDoux JE (2004) Extinction
learning in humans: role of the amygdala and vmPFC. Neuron
43:897–905.

Piccinni A, Marazziti D, Catena M, Domenici L, Del Debbio A, Bianchi C,
Mannari C, Martini C, Da Pozzo E, Schiavi E, Mariotti A, Roncaglia I,
Palla A, Consoli G, Giovannini L, Massimetti G, Dell’Osso L (2008)
Plasma and serum brain-derived neurotrophic factor (BDNF) in de-
pressed patients during 1 year of antidepressant treatments. J Affect Dis-
ord 105:279 –283.

Quirk GJ, Russo GK, Barron JL, Lebron K (2000) The role of ventromedial
prefrontal cortex in the recovery of extinguished fear. J Neurosci
20:6225– 6231.
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Domenici E, Chao MV, Männist ö PT, Castrén E (2007) Pharmaco-
logically diverse antidepressants rapidly activate brain-derived neu-
rotrophic factor receptor TrkB and induce phospholipase-Cgamma
signaling pathways in mouse brain. Neuropsychopharmacology
32:2152–2162.

Rauch SL, Shin LM, Phelps EA (2006) Neurocircuitry models of posttrau-
matic stress disorder and extinction: human neuroimaging research–past,
present, and future. Biol Psychiatry 60:376 –382.

Rivera C, Li H, Thomas-Crusells J, Lahtinen H, Viitanen T, Nanobashvili A,
Kokaia Z, Airaksinen MS, Voipio J, Kaila K, Saarma M (2002) BDNF-
induced TrkB activation down-regulates the K!-Cl- cotransporter KCC2
and impairs neuronal Cl- extrusion. J Cell Biol 159:747–752.

Rivera C, Voipio J, Thomas-Crusells J, Li H, Emri Z, Sipil ä S, Payne JA,
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