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Abstract
The extinction of conditioned fear memories requires plasticity in the infralimbic medial
prefrontal cortex (IL mPFC), but little is known about the molecular mechanisms involved. Brain-
derived neurotrophic factor (BDNF) is a key mediator of synaptic plasticity in multiple brain
areas. In rats subjected to auditory fear conditioning, BDNF infused into the IL mPFC reduced
conditioned fear for up to 48 hours, even in the absence of extinction training, which suggests that
BDNF substituted for extinction. Similar to extinction, BDNF-induced reduction in fear required
N-methyl-D-aspartate receptors and did not erase the original fear memory. Rats failing to learn
extinction showed reduced BDNF in hippocampal inputs to the IL mPFC, and augmenting BDNF
in this pathway prevented extinction failure. Hence, boosting BDNF activity in hippocampal-
infralimbic circuits may ameliorate disorders of learned fear.

Extinction of conditioned fear forms a new memory in the infralimbic medial prefrontal
cortex (IL mPFC) that is critical for the retrieval of extinction (1, 2). IL single-unit responses
correlate with the successful retrieval of such extinction memories (3), and IL stimulation
strengthens these memories (3). Consolidation of extinction requires plasticity within the IL
mPFC, which in turn depends on N-methyl-D-aspartate (NMDA) receptors, mitogen-
activated protein kinase, and protein synthesis (2, 4). Understanding the molecular
mechanisms that support this extinction-related plasticity could lead to pharmacological
approaches for enhancing extinction memory, which might facilitate the treatment of anxiety
disorders.

Epigenetic regulation within the IL mPFC of the gene encoding BDNF correlates with fear
extinction (5). Because BDNF is a major molecular mediator of memory consolidation (6),
we hypothesized that BDNF is responsible for consolidating extinction memory within the
IL mPFC. If true, it should be possible to enhance extinction via direct application of BDNF
to the IL mPFC. Accordingly, rats were subjected to auditory fear conditioning and, the
following day, received bilateral IL mPFC infusion of human recombinant BDNF protein
(0.75 μg per side) 60 min before extinction training. Conditioned freezing in BDNF-treated
rats was significantly reduced relative to saline-infused rats (main effect of drug F1,14 =
28.359, P < 0.001, Fig. 1A; for suppression of food seeking, see fig. S1). This effect
persisted in an extinction test the following day (day 3, main effect of drug F1,14 = 11.029, P
= 0.005, Fig. 1A), which indicated that BDNF strengthened extinction memory.

Freezing was significantly reduced in BDNF rats from the first extinction trial [t(14) =
3.335, P = 0.005], which suggested that BDNF reduced fear independent of extinction
training. We therefore repeated the previous experiment but omitted extinction training from
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day 2. Conditioned rats were infused with BDNF or saline and returned to their home cages.
The following day, freezing was again reduced in BDNF-treated rats from the first trial
[t(10) = 4.476, P = 0.001, Fig. 1B] and throughout the extinction session (main effect of
drug F1,10 = 27.220, P < 0.001). Although the effect of BDNF on fear did not require
extinction training, it did require conditioning, because BDNF infused 1 day before
conditioning did not significantly reduce freezing (Fig. 1C). BDNF infusions did not alter
locomotion, anxiety, or motivation to seek food reward (fig. S2, A to C). The lack of effect
on conditioning and open-field anxiety suggests that BDNF infusions did not decrease
amygdala activity nonspecifically. Nor could BDNF’s effects be attributed to potentiation of
latent inhibition, because removing habituation trials did not prevent the effect (fig. S2D).

There are two interpretations for these results. BDNF could inhibit fear expression (similar
to extinction), or it could have degraded the original fear memory. To distinguish between
these possibilities, we determined the extent to which freezing could be reinstated after
unsignaled footshocks, which can reveal the underlying fear memory (7). One day after
infusions, rats were given extinction training followed by two unsignaled shocks.
Replicating our previous experiment, BDNF rats showed reduced fear throughout the
extinction session (main effect of drug F1,21 = 7.337, P = 0.013, Fig. 2A). On day 4,
however, both saline-and BDNF-treated rats froze equivalently to the tone (78% and 80%,
respectively; Fig. 2A), indicating that BDNF left the original fear memory intact. The return
of freezing on day 4 was not due to BDNF “wearing off” (fig. S3A) or contextual
conditioning (fig. S3B).

One hallmark of extinction memory is its dependence on NMDA receptors (4, 8, 9). For
example, systemic administration of the NMDA receptor antagonist 3(2-carboxypiperazin-4-
yl)-propyl-1-phosphonic acid (CPP) prevents long-term extinction memory (10). The BDNF
receptor TrkB interacts with the NMDA receptor in vivo (11), and BDNF enhances NMDA
currents in vitro (12). It is possible, therefore, that IL BDNF mediates its extinction-like
effects through NMDA receptors. To test this, we conditioned rats as previously on day 1.
On day 2, in the absence of training, rats received one of the following treatment
combinations: (i) saline injection (intraperitoneally) + saline infusion into IL (SAL + SAL),
(ii) saline injection + BDNF infusion (SAL + BDNF), or (iii) CPP injection + BDNF
infusion (CPP + BDNF). On day 3, all rats were returned to the chambers for a single-tone
test. As before, SAL + BDNF rats showed significantly reduced fear relative to SAL + SAL
rats (main effect of drug F2,25 = 4.597, P = 0.020, post hoc P = 0.046; Fig. 2B). However,
CPP + BDNF rats were indistinguishable from SAL + SAL rats in their freezing level (post
hoc P = 0.828; Fig. 2B), which demonstrated that NMDA receptors are necessary for
BDNF-induced reductions in fear.

Does extinction depend on endogenous BDNF levels in the IL mPFC or its inputs? We
addressed this question by capitalizing on the fact that there can be considerable variability
in extinction memory across rats (8, 13). Rats were conditioned and extinguished on days 1
and 2, respectively, as above. We then selected two subgroups on the basis of their ability to
successfully recall extinction on day 3. “Extinction Failure” and “Extinction Success” rats
had freezing values in the top or bottom 44%, respectively (i.e., the middle 12% was
excluded). These two subgroups differed significantly on test day [t(10) = 4.728, P = 0.001]
but showed no significant differences during conditioning or extinction training (Fig. 3A).
Normal extinction training followed by poor retrieval of extinction is consistent with
impaired infralimbic function (1, 2).

For each subgroup, brain tissue from the mPFC, amygdala, and hippocampus was dissected
24 hours after the extinction test to determine BDNF levels. The amygdala and hippocampus
were chosen as putative BDNF-containing inputs that might be important for supplying
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BDNF to the IL mPFC to facilitate extinction recall (14–16). Indeed, hippocampal CA1
neurons produce BDNF (16, 17) and project to the IL mPFC (14). BDNF protein levels in
the Success group were elevated relative to the Failure group in the hippocampus [t(9) =
4.370, P = 0.002], but not the mPFC or amygdala (Fig. 3B). These data are consistent with
previous studies in which genetic knockdown of hippocampal BDNF impaired fear
extinction (17).

If the hippocampus is the source of IL BDNF, then increasing the available supply of
hippocampal BDNF should have similar effects. We took advantage of the fact that BDNF
infusions increase BDNF levels in efferent targets (18). There were three treatment groups
in this experiment. After conditioning, one group received a hippocampal infusion of BDNF
immediately after a saline infusion into the IL mPFC [SAL(IL) + BDNF(Hipp)]. A second
group also received a hippocampal BDNF infusion, but this was preceded by infusion of a
BDNF-inactivating antibody into the IL mPFC [anti-BDNF(IL) + BDNF(Hipp)] to test the
hypothesis that Hipp-applied BDNF works via the IL mPFC. A control group received SAL
infusions into both structures [SAL(IL) + SAL(Hipp)].

Similar to its effect on the IL mPFC, BDNF infused into the hippocampus reduced fear, as
measured by both freezing [main effect of drug F2,21 = 4.715, P = 0.020, post hoc P = 0.013
comparing SAL(IL) + SAL(Hipp) to SAL(IL) + BDNF(Hipp)] (Fig. 3C) and conditioned
suppression of food seeking (fig. S4). The effect of hippocampal BDNF could be prevented
by coadministration of a BDNF-inactivating antibody in the IL mPFC [P = 0.461 comparing
SAL(IL) + SAL(Hipp) to Anti-BDNF(IL) + BDNF(Hipp)], which suggests that the IL
mPFC is the primary site of action for hippocampal BDNF.

We were able to pharmacologically induce extinction with a single infusion of BDNF into
the hippocampal-infralimbic pathway, a key projection for extinction memory. This effect
was not a facilitation of extinction, as no extinction training was required. We have adopted
the term “BDNF-extinction” to parallel the term “BDNF-LTP” used to describe BDNF
induction of hippocampal LTP in the absence of electrical stimulation (19). Extinction
potentiates the hippocampal-prefrontal pathway, and disrupting this potentiation disrupts
extinction recall (20). Our results provide further support for the importance of this pathway
in extinction and extend these findings by identifying BDNF as a key molecular mediator.

In our experiments, BDNF-extinction required NMDA receptors, which are also necessary
for extinction-related bursting in IL neurons (8). Because BDNF facilitates NMDA receptor
currents (11, 12), exogenously applied BDNF may simulate extinction by inducing bursting
in the IL mPFC. Additionally, BDNF-extinction may involve IL targets, such as intercalated
(21) or basolateral amygdala (9, 15) neurons, which also participate in extinction.

Because the behavioral effects of BDNF were observed only when BDNF was infused after
conditioning, it is possible that BDNF treatment may lead to partial reversal of conditioning-
induced changes. Conditioning induces a rapid reduction in hippocampal BDNF, which
reverts in 2 days (22). Extinction failure then may arise from a delayed normalization of
BDNF levels after conditioning. If so, application of BDNF to the hippocampus (or to the IL
mPFC) may work to reduce fear by restoring BDNF to preconditioning levels and/or
reversing conditioning-induced reductions in IL excitability (23).

Recall of extinction in healthy human subjects activates the ventromedial PFC and
hippocampus (24), both of which are deficient in posttraumatic stress disorder (25). A
single-nucleotide polymorphism in the gene encoding human BDNF (Val66 → Met) results
in extinction impairment (26) and decreases the release of BDNF from hippocampal neurons
(27). Pharmacotherapies that increase hippocampal BDNF may prove to be efficacious
treatments for fear disorders characterized by extinction impairments. BDNF-extinction is
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complementary to reconsolidation blockade, in which pharmacological agents are used to
eliminate the original fear memory (7). Both approaches represent potentially powerful
strategies to treat anxiety disorders by manipulating traumatic memories within fear circuits.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
BDNF infused into the infralimbic cortex substitutes for behavioral extinction. (A) Rats’
freezing levels in response to tones that were paired with footshocks (Cond) or given alone
during extinction (Ext) and Test sessions. BDNF infusions into the IL mPFC before
extinction (arrow) reduced freezing on days 2 and 3 relative to saline-infused (SAL) controls
(n = 8 per group). (B) A similar effect was observed when BDNF was infused in the absence
of training on day 2 (SAL, n = 5; BDNF, n = 7). (C) Infusing BDNF 24 hours before
conditioning had no effect (SAL, n = 9; BDNF, n = 7). Trials are shown in blocks of two.
**P < 0.01, repeated-measures analysis of variance (ANOVA). Error bars represent SEM.
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Fig. 2.
Similar to extinction, the BDNF effect does not degrade the original fear memory and
requires NMDA receptors. (A) Conditioned rats received BDNF or saline infusions into the
IL mPFC on day 2 (SAL, n = 12; BDNF, n = 11). On day 3, both groups were extinguished,
followed by two shocks, resulting in a complete return of freezing in the BDNF group. (B)
IL infusion of BDNF was combined with a systemic injection of the NMDA antagonist CPP
(CPP + BDNF, n = 8). Controls were infused with BDNF and given a saline injection (SAL
+ BDNF, n = 10) or were both infused and injected with saline (SAL + SAL, n = 10). On
day 3, all groups underwent a single-tone extinction test. *P < 0.05, two-way repeated-
measures ANOVA, main effect of drug; *P < 0.05, Student’s t test, SAL + SAL compared to
SAL + BDNF.
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Fig. 3.
Hippocampal projections to the infralimbic cortex mediate BDNF-extinction. (A) One day
after extinction training, rats were divided into two groups on the basis of their ability to
retrieve extinction (Ext-Success, n = 6; Ext-Failure, n = 6; **P < 0.01). The following day,
BDNF protein concentrations were determined by enzyme-linked immunosorbent assay
(ELISA). (B) Ext-Success rats showed elevated levels of BDNF in the hippocampus but not
in the mPFC or amygdala (*P < 0.05, Ext-Success versus Ext-Failure). Hippocampal BDNF
levels in individual Success and Failure rats were nonoverlapping. (C) Conditioned rats
were divided into three groups. Controls received a saline infusion into the IL mPFC
followed by a saline infusion into the hippocampus [SAL(IL) + SAL(Hipp), n = 7]. Another
group received a saline infusion into the IL mPFC followed by a BDNF infusion into Hipp
[SAL(IL) + BDNF(Hipp), n = 8]. A third group received an infusion of a BDNF-
sequestering antibody into the IL mPFC followed by BDNF infusion into the hippocampus
[anti-BDNF(IL) + BDNF(Hipp), n = 9]. Infusion of BDNF antibody into the IL mPFC
blocked the fear-reducing effects of hippocampal BDNF. *P < 0.05, SAL(IL) + SAL(Hipp)
compared to SAL(IL) + BDNF(Hipp).
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