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Infralimbic BDNF/TrkB Enhancement of GluN2B Currents
Facilitates Extinction of a Cocaine-Conditioned Place
Preference

James M. Otis, Michael K. Fitzgerald, and Devin Mueller
Department of Psychology, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53201-0413

Brain-derived neurotrophic factor (BDNF) regulates synaptic activity and behavioral flexibility, and reduction of BDNF strongly predicts
psychiatric disorders and cognitive dysfunction. Restoration of BDNF-dependent activity could alleviate these impairments, but BDNF
has limited clinical utility due to its pharmacokinetics. Here we demonstrate that activation of a primary BDNF target, the tropomyosin-
related kinase B (TrkB) receptor, enhances the amplitude and prolongs the decay kinetics of N-methyl-D-aspartate receptor (NMDAR)
currents in male rat infralimbic prefrontal pyramidal neurons. Moreover, these effects were prevented and reversed by blockade of
NMDARs containing the GluN2B subunit. Our results show that this signaling cascade bidirectionally regulates extinction of a cocaine-
induced conditioned place preference (CPP), a task that requires behavioral flexibility. Blockade of infralimbic TrkB receptors or
GluN2B-containing NMDARs disrupted consolidation of extinction of the CPP. In contrast, extinction was strengthened by potentiation
of TrkB receptor activity with infralimbic infusions of BDNF or systemic injections of 7,8 dihydroxyflavone (7,8DHF), the newly synthe-
sized TrkB receptor agonist. The 7,8DHF-induced enhancement of extinction was prevented by infralimbic infusions of a GluN2B-specific
receptor antagonist, demonstrating that TrkB receptor activation enhances extinction of cocaine-CPP via GluN2B-containing NMDARs.
Together, infralimbic TrkB receptor activation strengthens GluN2B-containing NMDAR currents to support extinction learning. TrkB
receptor agonists would therefore be useful as pharmacological adjuncts for extinction-based therapies for treatment of psychiatric
disorders associated with reduced BDNF activity.
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Introduction
Brain-derived neurotrophic factor (BDNF) is critical for synaptic
plasticity (Lohof et al., 1993; Korte et al., 1995) and behavioral
flexibility (Sakata et al., 2013). Abnormal BDNF expression is
prevalent among psychiatric disorders that cause a lack of behav-
ioral flexibility, such as addiction and stress disorders (Dwivedi et
al., 2003; Schumacher et al., 2005; D’Sa et al., 2011; Chen et al.,
2012). Although restoration of BDNF could alleviate these disor-
ders (Govindarajan et al., 2006; Berglind et al., 2007), BDNF has
low clinical utility due to its pharmacokinetics (Zuccato and Cat-
taneo, 2009). Thus, identification of downstream BDNF targets
that regulate behavioral flexibility could lead to the development
of efficacious therapeutics. Recent work has aimed to create small
lipid-soluble agonists for a major BDNF target, the tropomyosin-

related kinase B (TrkB) receptor (Jang et al., 2010). However,
whether TrkB receptor activation facilitates or is necessary for
behavioral flexibility is unknown.

Drug addiction is characterized by a lack of behavioral flexi-
bility, wherein extinction of drug seeking is difficult (Conklin and
Tiffany, 2002). Although relatively little is known regarding the
neural mechanisms underlying extinction of drug seeking, stud-
ies on fear extinction demonstrate that extinction training in-
duces the formation of a new memory that is consolidated in the
infralimbic medial prefrontal cortex (IL-mPFC; Quirk et al.,
2000; Quirk and Mueller, 2008). Moreover, fear extinction is
enhanced by IL-mPFC BDNF (Peters et al., 2010) and requires
both N-methyl-D-aspartate receptor (NMDAR) activation (Burgos-
Robles et al., 2007; Sotres-Bayon et al., 2009) and synaptic plas-
ticity (Pattwell et al., 2011; Sepulveda-Orengo et al., 2013).
However, whether BDNF, TrkB receptor, or NMDAR activation
are necessary for extinction of drug seeking is unknown. Despite
a dearth of knowledge regarding the necessity of BDNF for ex-
tinction of drug seeking, BDNF has been shown to bidirectionally
regulate drug-seeking behaviors. For example, increasing BDNF
expression within the nucleus accumbens or ventral tegmental
area increases cocaine seeking (Lu et al., 2004; Graham et al.,
2007; Bahi et al., 2008), whereas BDNF infusions into the dorsal
prelimbic mPFC (PL-mPFC) reduces cocaine seeking (Berglind
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et al., 2007, 2009). However, how BDNF interacts with TrkB and
NMDAR activation to support extinction of drug seeking has not
been studied.

We assessed the effects of TrkB receptor activation on synaptic
NMDAR signaling in IL-mPFC and determined whether this in-
teraction supports extinction learning. Using whole-cell patch-
clamp electrophysiology, we identified the effects of IL-mPFC
TrkB receptor activation on NMDAR-dependent EPSCs and de-
termined the particular NMDAR subunit that is modified by
TrkB receptor activation. Behaviorally, we tested whether this inter-
action within IL-mPFC enhances or is necessary for extinction. Us-
ing a conditioned place preference (CPP) procedure, rats were
conditioned to associate one chamber with cocaine and another with
saline. Following conditioning, daily cocaine-free extinction tests
were administered resulting in reduced time spent within the previ-
ously cocaine-paired chamber across extinction tests. Results reveal
that IL-mPFC TrkB receptor-dependent enhancement of GluN2B-
containing NMDAR channel conductance is necessary for extinc-
tion of cocaine-CPP.

Materials and Methods
Patch-clamp electrophysiology. Patch-clamp recordings were performed
as previously described (Otis et al., 2013). Male rats aged 3– 6 months
were anesthetized with pentobarbital, and brains were quickly removed
and transferred into ice-cold (0 –2°C) oxygenated (95%O2/5%CO2) ar-
tificial CSF (aCSF) composed of the following (in mM): 124 NaCl, 2.8
KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 20 dextrose.
Coronal slices (300 �m) containing the mPFC were taken using a vi-
bratome (Leica, VT1200) and recovered in warm aCSF (32°C) for 30
min, followed by incubation in aCSF at room temperature for 0.5– 6 h.
Slices were transferred into a recording chamber and continuously per-
fused with warm aCSF (2 ml/min; 32°C). IL-mPFC layer II/III or V
neurons were visualized with differential interference contrast using a
60� water-immersion lens mounted on an upright Eclipse FN1 micro-
scope (Nikon Instruments). Pyramidal neurons were identified based on
the presence of an apical dendrite, and GABAergic interneurons were
identified based on the lack of an apical dendrite. This morphology was
confirmed by staining biocytin-filled neurons with a green florescent
antibody (streptavidin, 1:250; Invitrogen) as previously described (Otis
et al., 2013). Whole-cell recordings were obtained using borosilicate glass
pipettes with low resistance tips (2– 4 ��) containing internal solution
composed of the following (in mM): 110 K-gluconate, 20 KCl, 10 HEPES,
2 MgCl2, 2 ATP, 0.3 GTP, 10 phosphocreatine, 0.2% biocytin, pH 7.3,
and 280 mOsm. Recordings were made in voltage-clamp mode using the
MultiClamp 700B amplifier connected to a Digidata 1440A digitizer
(Molecular Devices). The liquid–liquid junction potential of 13 mV was
compensated for throughout all recordings.

Monosynaptic NMDAR-dependent EPSCs were recorded from IL-
mPFC pyramidal neurons. All neurons were voltage-clamped at �40 mV
in the presence of the GABA receptor antagonist picrotoxin (100 �M) and
AMPA receptor antagonist DNQX (10 �M). Presynaptic stimulation was
applied (50 –500 �A; 0.067 Hz) using a bipolar microelectrode (FHC)
placed �250 �m proximal to the cell soma.

To determine the relative amount of NMDAR currents in pyramidal
and GABAergic interneurons, a series of presynaptic pulses were applied
(50 –350 �A, 50 �A steps) in brain slices taken from naive rats. Next, to
determine the specificity of our recordings to NMDAR currents, the
nonselective NMDAR antagonist DL-2-amino-5-phosphonopentanoic
acid (APV; 25 �M) or GluN2B-selective NMDAR antagonist ifenprodil
(3 �M) were applied following a minimum of 5 min of stable recording.
To determine the effect of TrkB receptor activation on NMDAR-
dependent EPSCs, baseline recordings were performed in the presence or
absence of ifenprodil for 10 –15 min before application of the TrkB re-
ceptor agonist 7,8 dihydroxyflavone (7,8DHF; 10 �M) or vehicle (0.02%
DMSO in aCSF). Recordings continued for a minimum of 45 min fol-
lowing 7,8DHF application. We also determined the effect of ifenprodil
on NMDAR-dependent EPSCs in neurons previously treated with

7,8DHF or vehicle for a minimum of 45 min. We next examined the
effect of TrkB receptor activation on NMDAR-dependent EPSCs in brain
slices from rats with a history of cocaine experience. Rats were killed 1–3
d following cocaine-CPP conditioning, and electrophysiological record-
ings of IL-mPFC pyramidal neurons were obtained. The TrkB receptor
agonist 7,8DHF was then applied for 45 min in the presence or absence of
ifenprodil, as described above.

Electrophysiological data were analyzed using Clampfit (Molecular
Devices). EPSC amplitudes were calculated by comparing four averaged
EPSCs 35 ms poststimulus (2 ms period) compared with baseline (2 ms
period). EPSC amplitudes were compared across time and between
groups using a two-way ANOVA. Post hoc tests were then used to com-
pare EPSC amplitudes before and after drug treatment. Decay kinetics of
NMDAR-dependent EPSCs were calculated as time from peak to one-
half peak of 20 averaged EPSCs. ANOVA was also used to analyze the
decay half times across time and between groups. Following a time by
group interaction, planned comparisons were used to compare specific
groups based on hypotheses made from the EPSC amplitude data.

CPP. Male rats aged 3– 6 months were housed in clear plastic cages and
maintained on a 14/10 h light/dark cycle (lights on at 7:00 A.M.), during
which they had access to both water and standard laboratory rat chow ad
libitum. Rats were weighed and handled daily for 3 d before surgery and
before the start of experiments. All experimental protocols were per-
formed in accordance with National Institutes of Health guidelines and
approved by the Institutional Animal Care and Use Committee at the
University of Wisconsin-Milwaukee.

Surgeries were performed as previously described (Otis et al., 2013).
Rats were anesthetized with a mixture of ketamine/xylazine (90 mg/kg,
10.5 mg/kg, i.p.) and implanted with a double-barrel guide cannula
aimed bilaterally at IL-mPFC (anteroposterior, �2.8; mediolateral �0.6,
and dorsoventral, �4.4 mm relative to bregma). Rats recovered for a
minimum of 7 d before behavioral testing. Following all experiments,
cannula placements were revealed using a cresyl violet stain.

Place conditioning and testing were performed as described in detail
(Otis and Mueller, 2011). Following surgery, rats were exposed to two
distinguishable conditioning chambers that were separated by a center
chamber for 15 min. Following this baseline test, an unbiased condition-
ing procedure was used in which rats were assigned to receive cocaine or
saline in one of the two conditioning chambers in a pseudorandom and
counterbalanced fashion over 8 d. Following conditioning rats were
given daily CPP extinction trials, during which free access to all chambers
was allowed. CPP extinction trials were 15 min in length to prolong
extinction across trials when the hypothesis was drug-induced facilita-
tion of extinction. Under these conditions, extinction continued until
drug-treated rats expressed extinction compared with the initial CPP
test. In contrast, extinction trials were 30 min in length when the
hypothesis was drug-induced impairment of extinction. Under these
conditions, extinction continued until vehicle-treated rats expressed
extinction compared with the initial CPP test.

Cocaine HCl (National Institute on Drug Abuse) was dissolved in
0.9% saline at 10 mg/ml and administered (i.p.) at a dose of 10 mg/kg.
7,8DHF (Tokyo Chemical Industry) was dissolved in a vehicle of 33%
dimethylsulfoxide in PBS at 5 mg/ml (i.p.) and administered systemically
at 5 mg/kg (Andero et al., 2011). BDNF (R&D Systems) was mixed in a
vehicle of PBS and infused at a dose of 0.75 �g/0.3 �l/side (Peters et al.,
2010). Ifenprodil (Sigma-Aldrich) was dissolved in a vehicle of distilled
water and infused into IL-mPFC at 1.2 �g/0.3 �l/side. ANA-12 (Sigma-
Aldrich) was dissolved in a vehicle of 50% dimethylsulfoxide in PBS and
infused into IL-mPFC at 3 �g/0.3 �l/side.

To determine whether BDNF enhances extinction of cocaine-CPP, we
infused BDNF or vehicle into IL-mPFC 1 h before an initial CPP extinc-
tion trial. Next, we assessed whether GluN2B-containing NMDARs are
necessary for extinction by infusing the selective GluN2B receptor antag-
onist ifenprodil or vehicle into IL-mPFC immediately after daily CPP
extinction trials. To identify whether TrkB receptors are necessary for
extinction, we administered the TrkB receptor antagonist ANA-12 or
vehicle directly into IL-mPFC 15 min before daily CPP extinction trials.
We then examined whether direct TrkB receptor activation enhances
extinction by systemically administering the selective TrkB receptor ag-

6058 • J. Neurosci., April 23, 2014 • 34(17):6057– 6064 Otis et al. • Infralimbic BDNF/TrkB Enhance GluN2B in Extinction



onist 7,8DHF or vehicle 1 h before a CPP extinction trial. Moreover, we
determined whether this effect required GluN2B activation by infusing
ifenprodil or vehicle into IL-mPFC immediately after the extinction trial.

Drug-seeking behavior was analyzed using a three-way ANOVA to com-
pare time within each chamber across trials and between groups (Otis et al.,
2014). In experiments with more than three CPP trials (see Fig. 3), the first
two extinction trials and last two extinction trials were combined and di-
rectly compared to limit variance across trials. Tukey’s post hoc tests were
used to compare time within the previously cocaine-paired chamber versus
the saline-paired chamber during each CPP trial for each group.

Results
We first characterized NMDAR currents within the adult rat IL-
mPFC. Using patch-clamp electrophysiology, we isolated synap-
tic NMDAR currents from IL-mPFC layer II/III and V pyramidal
neurons and GABAergic interneurons (Fig. 1A). The electro-
physiological characteristics of these neurons allowed for confir-
mation that these were distinct groups of neurons. Specifically,
the membrane resistance of pyramidal neurons (107 � 4 M�)
was greatly reduced compared with GABAergic interneurons
(274 � 35 M�; t(18) 	 8.17, p 
 0.001), consistent with previous
observations within mPFC (Otis et al., 2013). We next examined
the relative level of NMDAR channel conductance between
pyramidal neurons and GABAergic interneurons. Presynaptic
stimulation provoked larger NMDAR-dependent currents in py-
ramidal neurons compared with GABAergic interneurons (Fig.
1B,C). ANOVA revealed a group by stimulation intensity inter-
action, and Tukey’s post hoc tests confirmed that the amplitude of
NMDAR-dependent EPSCs was greater for pyramidal neurons

compared with GABAergic interneurons
(at stimulation intensities �100 �A; ps 

0.05). Thus, NMDAR-dependent EPSCs
in the adult rat IL-mPFC are highly ele-
vated in pyramidal neurons compared
with GABAergic interneurons. Subse-
quent experiments were therefore con-
ducted in IL-mPFC pyramidal neurons
exclusively.

We next characterized NMDAR-
dependent EPSCs in IL-mPFC pyramidal
neurons. These currents were abolished by
the NMDAR antagonist APV, and were re-
duced to 63% by the GluN2B-selective
NMDAR antagonist ifenprodil (Fig. 1D–F).
ANOVA revealed a time by treatment inter-
action (F(24,192) 	 13.69, p 
 0.001) and post
hoc tests confirmed that neurons had signif-
icantly reduced EPSC amplitudes after APV
or ifenprodil application as compared with
baseline (p 
 0.003). Moreover, neurons
treated with APV had significantly reduced
EPSC amplitudes as compared with neurons
treated with ifenprodil after (p 	 0.007) but
not before (p 	 0.90) drug application. Thus,
we isolated NMDAR-dependent EPSCs from
the adult rat IL-mPFC pyramidal neurons,
and those currents are composed of GluN2B-
containing NMDAR EPSCs (37%) and
GluN2B-lacking NMDAR EPSCs (63%).

Infralimbic TrkB receptor activation
enhances GluN2B-NMDAR
channel conductance
To test whether TrkB receptor activation
modulates NMDAR currents in naive

rats, IL-mPFC neurons were treated with vehicle, the TrkB recep-
tor agonist 7,8DHF, or 7,8DHF�ifenprodil. NMDAR currents
were enhanced by 7,8DHF and this effect was prevented by ifen-
prodil (Fig. 2A–C). ANOVA revealed a time by treatment inter-
action (F(108,972) 	 3.90, p 
 0.001), and post hoc tests confirmed
that neurons treated with 7,8DHF had significantly larger EPSC
amplitudes as compared with vehicle-treated or 7,8DHF�ifenprodil-
treated neurons after 7,8DHF treatment ( p 
 0.02), but not
before ( p � 0.89). Thus, TrkB receptor activation enhances
IL-mPFC NMDAR currents, and this effect requires the
GluN2B subunit.

We next determined whether ifenprodil would reverse the
7,8DHF-induced potentiation of NMDAR currents. Following
vehicle or 7,8DHF application, ifenprodil was also applied. Ifen-
prodil reversed the 7,8DHF-induced enhancement of NMDAR-
dependent currents (Fig. 2D–F). ANOVA revealed a time by
treatment interaction (F(24,192) 	 6.83; p 
 0.001), and post hoc
tests confirmed that neurons treated with 7,8DHF had signifi-
cantly larger EPSC amplitudes compared with neurons treated
with vehicle before (p 
 0.01) but not after ifenprodil application
(p 	 0.97). Thus, TrkB receptor activation enhanced the ampli-
tude of GluN2B-containing NMDAR currents.

Slow decay kinetics is a hallmark of GluN2B-dependent
EPSCs (Vicini et al., 1998). Considering that TrkB receptor acti-
vation enhances GluN2B-dependent EPSCs in brain slices from
both naive and cocaine-conditioned rats (Fig. 3), we pooled the
data from these rats for analysis of EPSC decay kinetics. We found

Figure 1. Characterization of NMDAR EPSCs in IL-mPFC. A, Photomicrographs of a biocytin-filled pyramidal neuron and GABAe-
rgic interneuron. Scale bar, 100 �m. B, Example traces of NMDAR EPSCs evoked by 50, 150, and 350 �A stimulation of IL-mPFC
neurons. C, NMDAR EPSCs were larger in pyramidal neurons as compared with GABAergic interneurons. D, Example traces of
IL-mPFC NMDAR-dependent EPSCs before (gray) and after (black) pyramidal neurons were treated with ifenprodil (n 	 7) or APV
(n 	 3). E, Ifenprodil significantly reduced evoked EPSCs in pyramidal neurons, and APV abolished evoked EPSCs. F, Baseline and
final 5 min of recording were individually averaged; **p 
 0.01 compared with baseline, ^p 
 0.01 compared with ifenprodil-
treated neurons. Scale bars: vertical, 50 pA; horizontal, 50 ms. Error bars indicate SEM.
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that 7,8DHF increased the decay half time
of NMDAR-dependent EPSCs, and this
effect was both prevented and reversed by
ifenprodil (Fig. 2G,H). Comparing EPSCs
between baseline and 40 min following
treatment, ANOVA revealed a time by
treatment interaction (F(2,24) 	 4.979; p 	
0.02). The 7,8DHF-treated neurons had
prolonged EPSC decay half times compared
with vehicle and 7,8DHF�ifenprodil-treated
neurons at 40 min (p 
 0.05) but not at
baseline (p � 0.24). Furthermore, this po-
tentiation was reversed by subsequent if-
enprodil application. Comparing EPSC
decay half times before (at 40 min) and
after application of ifenprodil, ANOVA
revealed a time by treatment interaction
(F(1,9) 	 8.65; p 
 0.02), and EPSCs from
7,8DHF-treated neurons had prolonged
decay half times compared with control
neurons before (p 	 0.04) but not after (p 	
0.42) ifenprodil application. Thus, TrkB re-
ceptor activation prolonged the decay of
NMDAR-dependent EPSCs, and this effect is
due to potentiation of GluN2B-containing
NMDARs.

WefurtherexaminedwhetherTrkBrecep-
tor activation enhances GluN2B-containing
NMDAR currents in cocaine-conditioned
rats. Following CPP conditioning, rats were
killed and IL-mPFC neurons were treated
with 7,8DHF or 7,8DHF�ifenprodil. Simi-
lar to EPSCs from naive rats, NMDAR-de-
pendent EPSCs were enhanced by 7,8DHF
and this effect was prevented by ifenprodil
(Fig. 3). ANOVA revealed a time by treat-
ment interaction (F(54,270) 	 26.48, p 

0.001), and post hoc tests confirmed that
neurons treated with 7,8DHF had signifi-
cantly larger EPSC amplitudes as compared
with 7,8DHF�ifenprodil-treated neurons
after 7,8DHF treatment (p 
 0.001), but
not before (p 	 0.96). Moreover, the effects
of 7,8DHF and 7,8DHF�ifenprodil treat-
ment were similar between naive and
cocaine-conditioned rats (7,8DHF: F(54,432)

	 0.28, p 	 1.00; 7,8DHF�ifenprodil:
F(54,132) 	 1.26, p 	 0.11). Thus, TrkB recep-
tor activation enhances IL-mPFC NMDAR
currents in both naive and cocaine-
conditioned rats.

BDNF signaling facilitates extinction of cocaine-CPP
Although IL-mPFC TrkB receptor signaling enhances evoked
GluN2B-containing NMDAR currents, whether this interaction is
important for extinction learning is unknown. BDNF endogenously
activates TrkB receptors, and we therefore first determined the effect
of IL-mPFC BDNF on extinction of cocaine-CPP. Following con-
ditioning in a cocaine-induced CPP paradigm, rats were given
shortened CPP extinction trials (15 min) to limit extinction
across trials, as we hypothesized that BDNF would facilitate ex-
tinction. Rats were given a bilateral IL-mPFC microinfusion (Fig.
4A) of vehicle or BDNF (0.75 �g/side) before the first extinction

trial. BDNF facilitated extinction of the cocaine-CPP (Fig. 4B).
ANOVA revealed a chamber by trial by group interaction (F(2,30)

	 3.30; p 	 0.05), and subsequent two-way ANOVAs indicated a
chamber by trial interaction for BDNF-treated rats (F(2,14) 	
7.33, p 
 0.01), but not vehicle-treated rats (F(2,16) 	 0.51, p 	
0.61). Post hoc analyses confirmed that both BDNF-treated and
vehicle-treated rats expressed a CPP during the first trial ( p 

0.001) and second trial ( p 
 0.01). However, only vehicle-
treated rats expressed a CPP during subsequent trials (i.e., 3, 4,
and 6; p 
 0.03), whereas BDNF-treated rats did not ( p �
0.09). Thus, IL-mPFC BDNF facilitated extinction of the
cocaine-CPP.

Figure 2. TrkB receptor activation enhances IL-mPFC GluN2B-containing NMDAR EPSCs in brain slices taken from naive rats. A,
Example traces of IL-mPFC NMDAR-dependent EPSCs before (gray) and after (black) vehicle (n 	 8), 7,8DHF (n 	 7), or
7,8DHF�ifenprodil (n 	 6) treatment. B, C, 7,8DHF enhanced NMDAR currents, and this effect was prevented by ifenprodil. D,
Example traces from neurons that were previously treated with vehicle (n 	 7) or 7,8DHF (n 	 3) before (gray) and after (black)
ifenprodil application. E, F, Ifenprodil reversed the 7,8DHF-induced potentiation of NMDAR-dependent EPSCs. G, Example traces
before (gray) and after (black) 7,8DHF treatment. H, 7,8DHF (orange bars; n 	 10) prolonged the decay half-time compared with
control (black bars; n 	 8), and this effect was both prevented by ifenprodil (gray bars; n 	 10) and reversed by ifenprodil; **p 

0.01 compared with control at the same time point, ^p 
 0.01 compared with 7,8DHF-treated neurons at 40 min. Scale bars:
vertical, 50 pA; horizontal, 50 ms. Error bars indicate SEM. Ifen, Ifenprodil.
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GluN2B activation in infralimbic cortex is necessary for
consolidation of extinction of cocaine-CPP
We found that TrkB receptor activation enhances GluN2B-
dependent currents in IL-mPFC, but whether GluN2B activity
mediates extinction of cocaine-CPP is unknown. Thus, we deter-
mined the necessity of IL-mPFC GluN2B-containing NMDAR
activation for the consolidation of extinction of cocaine-CPP.
Following conditioning, rats were given lengthened extinction
trials (30 min) to promote learning, as we hypothesized that
GluN2B blockade would prevent extinction. IL-mPFC infusions
(Fig. 4C) of vehicle or ifenprodil (1.2 �g/side) were administered
immediately after the first four extinction trials. IL-mPFC ifen-
prodil prevented consolidation of extinction (Fig. 4D). ANOVA
revealed a chamber by trial by group interaction (F(2,42) 	 3.40;
p 	 0.04), and subsequent two-way ANOVAs indicated a chamber
by trial interaction for both vehicle-treated rats (F(2,20) 	 6.73;
p 
 0.01) and ifenprodil-treated rats (F(2,22) 	 4.69; p 	 0.02).
Post hoc analyses confirmed that vehicle-treated and ifenprodil-
treated rats expressed a CPP during the first trial (p 
 0.001) and
second trial (p 
 0.01). However, only ifenprodil-treated rats
expressed a CPP during subsequent trials (i.e., trials 3–5; p 

0.01), whereas vehicle-treated rats did not (p � 0.58). Thus,
IL-mPFC GluN2B-containing NMDAR blockade prevented con-
solidation of extinction of the CPP.

TrkB receptor activation in infralimbic cortex is necessary for
extinction of cocaine-CPP
Although TrkB receptor activation enhances GluN2B-containing
NMDAR currents, and GluN2B-containing NMDARs are critical
for extinction of the CPP, whether TrkB receptors are required
for extinction is unknown. Thus, we next determined the neces-
sity of TrkB receptor activation for extinction of a cocaine-
induced CPP. IL-mPFC microinfusions (Fig. 5A) of vehicle or the
TrkB receptor antagonist ANA-12 (3 �g/side) were administered
before the first 30 min extinction trial. ANA-12 treatment pre-
vented extinction of the CPP (Fig. 5B). ANOVA revealed a cham-
ber by trial by group interaction (F(2,36) 	 3.89; p 	 0.03), and

subsequent two-way ANOVAs indicated a chamber by trial inter-
action for vehicle-treated rats (F(2,22) 	 8.58, p 
 0.01), but not
ANA-12-treated rats (F(2,14) 	 0.15, p	0.86). Post hoc analyses
confirmed that both vehicle-treated and ANA-12-treated rats ex-
pressed a CPP during the first trial (p 
 0.001). However, only
ANA-12-treated rats expressed a CPP during the second trial
(p 
 0.001), whereas vehicle-treated rats did not (p 	 0.99).
Thus, IL-mPFC TrkB receptor blockade prevented consolidation
of extinction of the CPP.

TrkB signaling facilitates extinction via GluN2B activation
We next identified whether TrkB receptor activation would facilitate
extinction, and whether this effect is GluN2B-dependent. Following
conditioning, rats were systemically treated with vehicle or 7,8DHF
(5 mg/kg) before the first 15 min extinction trial. Rats were also given
IL-mPFC microinfusions of vehicle or ifenprodil (1.2 �g/side) im-
mediately after extinction. Rats treated with 7,8DHF/vehicle ex-
pressed extinction of the CPP by the second CPP trial, whereas rats
treated with vehicle/vehicle or 7,8DHF/ifenprodil did not (Fig. 5C).
ANOVA revealed a chamber by group interaction (F(4,74) 	 3.69;
p 
 0.01), and post hoc analysis confirmed that all groups expressed
a CPP during the first CPP trial (p 
 0.01). However, only rats
treated with vehicle/vehicle and 7,8DHF/ifenprodil expressed a CPP
during the second trial (p 
 0.01), whereas rats treated with
7,8DHF/vehicle did not (p 	 0.94). Thus, TrkB receptor activation
facilitated extinction of the CPP, and this effect was prevented by
GluN2B blockade in IL-mPFC.

Discussion
We demonstrate that TrkB receptor activation enhances
GluN2B-containing NMDAR channel conductance at adult IL-
mPFC pyramidal neuron synapses. The TrkB receptor agonist
7,8DHF increased the amplitude and prolonged the decay kinet-
ics of NMDAR-dependent EPSCs. These effects were blocked and
reversed by application of the GluN2B-selective antagonist ifen-
prodil. We also reveal that the interaction between BDNF/TrkB re-
ceptor signaling and GluN2B-containing NMDARs regulates
extinction of cocaine-CPP. IL-mPFC microinfusions of BDNF and
systemic injections of the TrkB receptor agonist 7,8DHF enhanced
extinction of cocaine-CPP, whereas IL-mPFC microinfusions of the
TrkB receptor antagonist ANA-12 prevented extinction. Moreover,
IL-mPFC microinfusions of the GluN2B-selective antagonist ifen-
prodil prevented consolidation of extinction and blocked the
effects of 7,8DHF on extinction. Thus, IL-mPFC TrkB recep-
tor activation enhances GluN2B-containing NMDAR channel
conductance to promote extinction of cocaine-CPP.

Our findings support the hypothesis that IL-mPFC-projecting
ventral hippocampal (vHipp) neurons release BDNF to support
extinction. vHipp or IL-mPFC infusions of BDNF induce fear
extinction (Peters et al., 2010; Rosas-Vidal et al., 2014), and the
effect of vHipp BDNF infusions is prevented by sequestration of
IL-mPFC BDNF (Peters et al., 2010). Moreover, vHipp CA1 neu-
rons synthesize BDNF following fear extinction (Rosas-Vidal et
al., 2014), and vHipp synaptic inputs to mPFC are strengthened
following extinction (Farinelli et al., 2006; Hugues and Garcia,
2007). Finally, vHipp infusions of BDNF increase the firing rate
of IL-mPFC neurons (Rosas-Vidal et al., 2014), suggesting that
the excitability of IL-mPFC neurons and/or excitatory synaptic
inputs from vHipp to IL-mPFC are strengthened by BDNF. To-
gether, vHipp neurons secrete BDNF within IL-mPFC to pro-
mote the plasticity required for extinction. We now advance these
findings by demonstrating that IL-mPFC BDNF/TrkB receptor
activation facilitates extinction via potentiation of GluN2B-

Figure 3. TrkB receptor activation enhances IL-mPFC GluN2B-containing NMDAR EPSCs in
brain slices taken from cocaine-conditioned rats. A, Example traces of IL-mPFC NMDAR-
dependent EPSCs before (gray) and after (black) 7,8DHF (n 	 3) or 7,8DHF�ifenprodil (n 	 4)
treatment. B, C, 7,8DHF enhanced NMDAR currents and this effect was prevented by ifenprodil.
The orange line represents EPSC data from 7,8DHF-treated neurons in brain slices taken from
naive rats. ***p 
 0.001 compared with 7,8DHF�ifenprodil-treated neurons at 40 min. Scale
bars: vertical, 50 pA; horizontal, 50 ms. Error bars indicate SEM. Ifen, Ifenprodil.
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containing NMDARs. Enhancement of GluN2B-containing
NMDARs likely occurs via TrkB-dependent phosphorylation of
GluN2B. BDNF promotes phosphorylation of the tyrosine-1472 res-
idue on the GluN2B C-terminal domain (Xu et al., 2006). Moreover,
this phosphorylation requires Fyn (Xu et al., 2006), a tyrosine kinase
which coimmunoprecipitates with TrkB receptors (Mizuno et al.,
2003). Together, our data indicate that TrkB receptor activation pro-

motes extinction by enhancing Fyn-
mediated phosphorylation of GluN2B.

BDNF/TrkB enhancement of GluN2B
currents may regulate extinction by en-
hancing synaptic plasticity. BDNF and
GluN2B-containing NMDARs contribute
to long-term synaptic potentiation within
the adult medial prefrontal cortex (Zhao
et al., 2005; Pattwell et al., 2012). More-
over, synaptic plasticity and learning re-
quire NMDAR-dependent calcium influx
and ensuing phosphorylation of calcium-
dependent calmodulin protein kinase II
(CaMKII; Morris et al., 1986; Silva et al.,
1992a,b; Barria et al., 1997; Shen and
Meyer, 1999). Following phosphoryla-
tion, CaMKII binds with particularly high
affinity to the GluN2B C-terminal do-
main at postsynaptic densities (Leonard et
al., 1999; Bayer et al., 2001). Synaptic
CaMKII induces AMPA receptor inser-
tion and phosphorylation (Barria et al.,
1997; Hayashi et al., 2000), which is criti-
cal for synaptic plasticity and learning
(Barria et al., 1997; Lee et al., 2003). Fur-
thermore, the binding of CaMKII and
GluN2B is required for phosphorylation
of AMPA receptors (Zhou et al., 2007),

synaptic plasticity (Barria and Malinow, 2005; Zhou et al., 2007;
Sanhueza et al., 2011), and memory consolidation (Zhou et al.,
2007; Halt et al., 2012). BDNF also increases AMPA receptor
phosphorylation (Narisawa-Saito et al., 1999; Wu et al., 2004)
and glutamatergic currents in cultured hippocampal neurons
(Levine et al., 1998; Crozier et al., 1999), and these effects are
prevented by NMDAR blockade (Levine et al., 1998; Crozier et
al., 1999; Wu et al., 2004). Together, BDNF/TrkB enhancement
of infralimbic NMDAR currents is likely to induce CaMKII phos-
phorylation, CaMKII/GluN2B binding, and AMPA receptor
modifications. In turn, these AMPA receptor modifications are
likely to be critical for the consolidation of extinction. In support
of this, recent data reveal that successful extinction learning is
associated with AMPAR insertion at IL-mPFC synapses (Pattwell
et al., 2011; Sepulveda-Orengo et al., 2013).

Enhancement of BDNF/TrkB receptor signaling enhanced ex-
tinction of cocaine-CPP. Interestingly, IL-mPFC infusions of
BDNF facilitated extinction by the third day of testing, whereas
systemic injections of the TrkB receptor agonist 7,8DHF facili-
tated extinction by the second day of testing. Why the effects of
BDNF were not observed until the third day is unclear. However,
one hypothesis is that BDNF was taken up by IL-mPFC neurons
following microinfusions, a phenomenon that occurs in ventral
hippocampus (Peters et al., 2010). BDNF could then be released
upon subsequent extinction tests, resulting in a gradual enhance-
ment of extinction. Although this is the first demonstration
within a drug model that BDNF/TrkB receptor signaling facili-
tates extinction, BDNF has also been demonstrated to modify
drug seeking within the cocaine self-administration paradigm.
Interestingly, BDNF/TrkB signaling in reward-related brain re-
gions (e.g., the nucleus accumbens and ventral tegmental area)
promotes drug seeking (Lu et al., 2004; Graham et al., 2007; Bahi
et al., 2008). In contrast, BDNF/TrkB signaling in the dorsal me-
dial prefrontal cortex can reduce drug seeking (Berglind et al.,
2007, 2009). Thus, although the effects of BDNF/TrkB signaling

Figure 4. IL-mPFC BDNF and GluN2B-containing NMDARs mediate consolidation of extinction of a cocaine-CPP. A, Coronal
drawings (bregma, �3.72 mm) showing injector tip placements for vehicle (n 	 8) and BDNF (n 	 8) IL-mPFC infusions. B,
IL-mPFC infusions (arrows) of BDNF before the first CPP extinction trial enhanced extinction of the CPP. C, Coronal drawings
(bregma, �3.72 mm) showing injector tip placements for vehicle (n 	 11) and ifenprodil (n 	 12) IL-mPFC infusions. D, IL-mPFC
infusions (arrows) of ifenprodil immediately after each CPP extinction trial prevented extinction of the CPP; ***p 
 0.001, **p 

0.01, *p 
 0.05. Error bars indicate SEM.

Figure 5. Extinction of a cocaine-CPP requires and is enhanced by TrkB receptor activation of
GluN2B-containing NMDA receptors. A, Coronal drawings (bregma,�3.72 mm) showing injector tip
placements for IL-mPFC infusions. B, IL-mPFC infusions (arrows) of ANA-12 (n 	 8), but not vehicle
(n 	 11), before the first CPP trial prevented extinction of the CPP. C, Systemic injections (black
arrows) of 7,8DHF (n	21) before the first CPP trial enhanced extinction compared with vehicle (n	
9), an effect blocked by IL-mPFC infusions (gray arrows) of ifenprodil (n 	 10) immediately after the
first CPP trial; ***p 
 0.001, **p 
 0.01. Error bars indicate SEM.
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on drug seeking varies depending on the brain region, our results
demonstrate that enhancement of BDNF or TrkB signaling
strengthens extinction of a cocaine-CPP.

Our data reveal that BDNF/TrkB receptor activation potentiates
GluN2B-containing NMDARs for extinction of cocaine-CPP. This in-
teraction likely regulates extinction across paradigms. Prefrontal
BDNF and GluN2B levels are decreased in rats with fear extinc-
tion deficits (Gourley et al., 2009). Moreover, fear extinction is
enhanced by IL-mPFC infusion of BDNF (Peters et al., 2010) and
systemic administration of 7,8DHF enhances fear extinction in
mice with a history of stress (Andero et al., 2011). In contrast,
disruption of NMDAR activity prevents extinction of aversively
motivated behavior (Burgos-Robles et al., 2007; Sotres-Bayon et
al., 2009; Wang et al., 2012), and more specifically GluN2B-
containing NMDAR blockade prevents the consolidation of fear
extinction (Sotres-Bayon et al., 2009). Together, BDNF, TrkB
receptors, and GluN2B-containing NMDARs regulate extinction
of both aversively motivated and appetitive behaviors.

Research regarding a single nucleotide polymorphism of the
BDNF gene (val 663met) suggests that disruption of BDNF sig-
naling impairs NMDAR signaling and extinction. The BDNF met

polymorphism affects 20 –30% of the Caucasian population (Shi-
mizu et al., 2004) and is associated with generalized anxiety, de-
pression, and cognitive dysfunction (Egan et al., 2003; Jiang et al.,
2005; Schumacher et al., 2005; Hwang et al., 2006). Moreover,
BDNF met decreases evoked BDNF secretion (Egan et al., 2003;
Chen et al., 2006), such that synaptic plasticity is impaired (Ninan
et al., 2010; Pattwell et al., 2012) and NMDAR-dependent EPSCs
are reduced (Pattwell et al., 2012). Accordingly, both mice and
humans with BDNF met have fear extinction impairments (Soli-
man et al., 2010; Pattwell et al., 2012). BDNF restoration would
likely reduce symptoms of the BDNF met polymorphism, such as
the attenuation of NMDAR channel conductance (Pattwell et al.,
2012). However, BDNF has a low therapeutic index because of
poor blood– brain barrier permeability, limited diffusion, short
half-life, and nonspecific receptor binding (Zuccato and Catta-
neo, 2009). Thus, our research supports the use of 7,8DHF for the
restoration of BDNF/TrkB and GluN2B-containing NMDAR
signaling in patients with BDNF met-related disorders.

Pharmacological enhancement of BDNF/TrkB/GluN2B sig-
naling is also clinically relevant for treatment of disorders associ-
ated with cognitive dysfunction and behavioral inflexibility. For
example, anxiety-related disorders and drug addiction have been
treated with extinction-based exposure therapy in attempt to
overcome the inappropriate expression of fear or drug-seeking
behaviors, respectively. However, such programs would be more
successful using pharmacological adjuncts that enhance extinc-
tion learning (Conklin and Tiffany, 2002). Our results support
the use of 7,8DHF as a pharmacological adjunct to exposure ther-
apy. Such treatment would enhance BDNF/TrkB/GluN2B signal-
ing, promoting the synaptic and behavioral plasticity required for
extinction learning.
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