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a b s t r a c t

Brain-derived neurotrophic factor (BDNF) has been investigated for its positive role in regulation of fear
acquisition and memory. The precursor of BDNF, proBDNF, has been identified as different protein from
its mature form. The prelimbic (PL) and infralimbic (IL) sub-regions of the medial prefrontal cortex
(mPFC) are functionally distinct in fear behavior. However, the role of PL and IL proBDNF in fear memory
is unclear. Here, through the infusion of cleavage-resistant proBDNF and its antibody, we identified the
dissociable roles of PL and IL proBDNF in fear expression and extinction memory as well as explored
proBDNF's potential mechanism of action. The results suggest that the infusion of proBDNF in the IL
facilitates induction of fear extinction, while infusion in the PL depresses fear expression. Blocking
proBDNF by using its antibody disrupted the acquisition of fear extinction in the IL, but not the PL.
Furthermore, proBDNF-induced extinction was sufficient for extinguishing new and older memories, and
required NR2B, but not NR2A, -containing NMDA receptors. We also observed extinction-related
proBDNF expression increased in the PL and IL during successful fear expression and extinction,
respectively. Importantly, enhanced proBDNF was required for maintaining an extinguished behavior.
The extinction effects of proBDNF did not involve degrading the original fear memory. Therefore,
proBDNF in the IL and PL differentially contribute to the inhibitory control of fear extinction behavior.
Our findings provide a strong link between proBDNF activity and deficits in fear extinction, a hallmark of
several psychiatric disorders.

© 2017 Published by Elsevier Ltd.

1. Introduction

Fear is an emotion critical for survival and has been implicated
in anxiety disorders. Phobias and post-traumatic stress disorder
(PTSD) are anxiety disorders and are among the most common
mental health diagnoses (Breslau et al., 2004). These diseases have
been associated with impaired storage fear memory or fear
extinction (Jovanovic and Ressler, 2010; Mahan and Ressler, 2012;
Vervliet et al., 2013).

Extinction is a form of inhibitory learning that is required for
flexible behavior. During extinction, repeated presentation of a
conditioned stimulus (CS) gradually decreases a conditioned fear

response. As a result, at the end of extinction learning the CS no
longer evokes a fear response, such as freezing. However, sub-
stantial evidence suggests that extinction does not erase the fear
memory; rather, a new inhibitory memory has been generated that
competes with original fear memory (Bouton, 1993). Importantly,
extinction memories are highly context-dependent and are only
expressed in the context where extinction occurred. If the extin-
guished CS was encountered outside of the extinction context, fear
may be returned or relapsed. This phenomenon is known as
“renewal” (Bouton and Bolles, 1979). As a result, fear extinction and
renewal are the major challenges to therapeutic interventions for
trauma and stress-related disorders (Vervliet et al., 2013).

Brain-derived neurotrophic factor (BDNF) is a protein that plays
a critical role in neuronal differentiation and survival (Je et al., 2012;
Sun et al., 2012). BDNF is also involved in the induction and
expression of activity-dependent synaptic plasticity. Thus regu-
lating processes involved in learning and memory formation
(Bekinschtein et al., 2008; Cowansage et al., 2010). BDNF has been
identified as playing a critical role in the acquisition and
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consolidation of hippocampal-mPFC dependent fear memory
(Andero and Ressler, 2012; Cowansage et al., 2010; Rosas-Vidal
et al., 2014) and was recently identified as involved in the extinc-
tion of fear memories (Andero and Ressler, 2012). The precursor
form of mature BDNF (mBDNF), proBDNF, has been found to play an
opposing role to mBDNF in regulating neuronal activity (Je et al.,
2012; Yang et al., 2014). In contrast to the effect of mBDNF on cell
survival andmemory consolidation, proBDNF bound to the p75NTR
can induce apoptosis (Je et al., 2012; Sun et al., 2012), axonal
retraction (Yang et al., 2009), and facilitate long-term depression
(Woo et al., 2005; Yang et al., 2009, 2014), which weakened syn-
aptic transmission to enhance acquisition (Dalton et al., 2012;
Walker et al., 2015) and memory (Dalton et al., 2012; de Carvalho
Myskiw et al., 2014; Li et al., 2016) of fear extinction. However,
the role of proBDNF in fear extinction is yet to be explored.

Converging evidence suggested the prelimbic (PL) and infra-
limbic (IL) cortices, subdivisions of the rodent medial prefrontal
cortex (mPFC), are anatomically and functionally distinct in fear
behavior. For example, IL and PL cortices differentially mediate
stimulus-response and action-outcome learning, respectively
(Coutureau and Killcross, 2003), which are two forms of learning
thought to compete for control over instrumental responding.
Neurons in the PL and IL exhibit reciprocal patterns of c-Fos
expression during the renewal and suppression of a fear, respec-
tively (Knapska andMaren, 2009). Recently, PL was believed to play
an important role in the expression of a fear memory (Burgos-
Robles et al., 2009; Sierra-Mercado et al., 2011), whereas IL was
preferentially involved in the suppression of conditioned fear re-
sponses after extinction (Milad and Quirk, 2012; Zelikowsky et al.,
2013). These distinct roles may explain conflicting reports of
vmPFC inactivation impairing (Laurent and Westbrook, 2009;
Sierra-Mercado et al., 2006) and facilitating (Akirav et al., 2006)
fear extinction.

It is established that mBDNF is a key mediator of synaptic
plasticity in fear circuits (Andero and Ressler, 2012; Mahan and
Ressler, 2012). Given the dissociated role of the IL and PL in
retrieving fear extinction memory, we hypothesize that a similar
proBDNF-mediated dissociation of PL and IL function may exist in
regulating the extinction of a conditioned fear memory. In the
current study, behavioral and pharmacological approaches were
used to test the role of exogenous and endogenous proBDNF in the
PL or IL cortices by the infusion of cleavage-resistant proBDNF and
anti-proBDNF antibody. In order to dissociate the effects on
extinction acquisition and extinction memory, proBDNF was
infused at different time points following fear memory acquisition.
Furthermore, to identify the role of endogenous proBDNF in fear
extinction, proBDNF levels in the PL and IL were detected in both
successful and unsuccessful extinction learners. The study was also
conducted using a proBDNF antibody. The objective of the present
studywas to further understand the relationship between proBDNF
expression and fear extinction, which may assist in the conceptu-
alization and treatment of PTSD.

2. Materials and methods

2.1. Subjects

Male Sprague-Dawley rats (Beijing Research Center for Experi-
mental Animals, Beijing, China) weighting 280e360 were housed
in groups of five (12-h light/dark cycle, lights on at 0800 h) and
handled extensively (10min per day) prior to the experimental day.
Animals had ad libitum access to food and water in a holding room
maintained at 21e23 �C. All procedures were in accordance with
the Care and Use of Animals Committee of Guangzhou University of
Chinese Medicine.

2.2. Behavioral apparatus

Standard operant chambers (Coulbourn Instruments, Allen-
town, PA) enclosed in sound-attenuating boxes (Med Associates,
Burlington, VT) were used. Each chamber was illuminated by a
single 100-mA house light located in the top-center of one wall.
Auditory stimuli were delivered via a speaker connected to a pro-
grammable high-frequency speaker (ENV-224BM) located 16 cm
from the floor on the same wall as the houselight. Footshock (0.5 s,
0.45 mA) was delivered through a grid floor via a constant current
aversive stimulator (ENV-414S). A video camera located on the door
of the sound-attenuating cubicle permitted video recording and
scoring of animal's behavior.

2.3. Fear conditioning and testing

All phases of the experimental, including habituation, condi-
tioning, extinction andmemory testing, were conducted within the
standard operant chambers (Coulbourn Instruments, Allentown,
PA). Habituation: On each of 3 consecutive acclimation days, rats
were placed within the chambers for 10 min and then returned to
their home cages. Day 1-Conditioning: rats were given five habit-
uation tones (4 kHz, 30 s, 77 dB), followed by six conditioning tones
that co-terminated with a footshock (0.5 s, 0.5 mA). The inter-tone
interval varied but averaged 3 min. Day 2-extinction training: rats
were returned to the same chambers and exposed to 12 tones
without footshock. Data are primary presented in one-trial block
with the exception of Figs. 3 and 4A, which are presented in three-
trial blocks. In some cases, extinction training was performed on
Day 3 (Fig. 3A and D) or Day 8 (Fig. 3B and 3E and 3C). For fear
reinstatement, rats were returned to homecage for 1 h and then
placed back within the operant chambers for two non-contingent
footshock trials with a 1 min interval (Fig. 4D and E). Day 3-
Extinction test: Rats were exposed in the identical conditions as
Day 2 but presented with only 2 tones to test for extinction
memory.

The expression of fear behavior was manually scored by an
experimenter blind to drug group allocation. A subset of animals
were additionally scored by a different observer to examine inter-
rater reliability. The threshold output of freezing behavior verified
with video scoring of the animals’ response. Freezing behavior was
defined as the cessation of all movement with the exception of
respiration-related movement and non-awake or rest body posture
(Dalton et al., 2012). For a response to be coded as freeing, the rat
must have been immobile for a minimum of 1 s (Maren, 1998).

2.4. Surgery

Rats were anesthetized with isoflurane and placed in a stereo-
taxic frame (SN-3, Narishige, Japan) for surgery. Stainless steel
guide cannulae (22 gauge; Plastics One, Inc.) were bilaterally
inserted above PL (AP:þ3.20mm,ML: ±0.70mm, DV: 3.2e3.6 mm)
and IL (AP: þ3.2 mm, ML: ±3.4 mm, DV: 3.8e4.2 mm; angled at
30�). For IL cannula implantation, the angled approach was used to
avoid backflow to PL (Sierra-Mercado et al., 2011). A sterile stainless
steel stylet (30-gauge, 10 mm, Plastics One Inc.) was inserted into
guide cannula to avoid obstruction. Rats were given a minimum of
7 days to recover.

2.5. Infusion procedures

Infusions were achieved by inserting 30-gauge needles (10 mm,
Small Parts Inc.) connected through PE-50 tube into a microsyringe
pump (Harvard Apparatus), extended 1.0mmbeyond the end of the
cannulae. Needles were inserted into both cannula and then
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