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In the medial prefrontal cortex, the prelimbic area is emerging as a
major modulator of fear behavior, but the mechanisms remain
unclear. Using a selective neocortical knockout mouse, virally
mediated prelimbic cortical-specific gene deletion, and pharmaco-
logical rescue with a TrkB agonist, we examined the role of a
primary candidate mechanism, BDNF, in conditioned fear. We found
consistently robust deficits in consolidation of cued fear but no
effects on acquisition, expression of unlearned fear, sensorimotor
function, and spatial learning. This deficit in learned fear in the BDNF
knockout mice was rescued with systemic administration of a TrkB
receptor agonist, 7,8-dihydroxyflavone. These data indicate that
prelimbic BDNF is critical for consolidation of learned fear memories,
but it is not required for innate fear or extinction of fear. Moreover,
use of site-specific, inducible BDNF deletions shows a powerful
mechanism that may further our understanding of the pathophysi-
ology of fear-related disorders.
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In healthy individuals, the prefrontal cortex and amygdala are
critical for processing fearful and other emotional stimuli and
for learning to extinguish fears in situations that are no longer
threatening (1, 2). In contrast, patients suffering from post-
traumatic stress disorder (PTSD) or anxiety disorders describe
persistent anxiety-provoking memories that are severely debili-
tating and cannot be extinguished (3-6). Therefore, the exper-
imental analysis of fear modulation and extinction is critical for
an understanding of the neurobiology of fear inhibition. The
medial prefrontal cortex (mPFC) is suggested to be an important
region for the regulation of fear (7-13). Although it is estab-
lished that the infralimbic cortex (IL) region of the mPFC is
required for fear extinction (9, 11, 14), the role of the prelimbic
cortex (PL) in the regulation of fear learning and extinction are
yet to be fully understood. Although previous studies have shown
that lesions of the PL do not affect acquisition or expression of
fear (7, 9, 15), inactivation reduces freezing behavior in pre-
viously fear-conditioned rats (16). Additionally, activation of PL
neurons are required for the expression of previously learned
fears (17, 18), and microstimulation of the PL potentiates
expression of conditioned fear (19). Moreover, these neurons
have also shown plasticity after fear conditioning (18, 20, 21) and
have sustained activity to conditioned tones (22). Overall, these
data suggest that the PL is necessary for the expression of pre-
viously learned fear, but the mechanisms remain unclear.

One potential candidate may be BDNF and its receptor tyrosine
kinase receptor B (TrkB); they are known to regulate neuronal
structure and function and are important for synaptic plasticity
(23-26). Additionally, in vivo studies have shown a role for BDNF
in learning and memory, including fear conditioning (27-31).
More specifically, we have previously shown that disruption of
TrkB activation using lentiviral expression of a dominant-negative
form of TrkB (TrkB.T1) into the basolateral amygdala blocked the
acquisition of fear (27) and the consolidation of extinction (29),
suggesting that BDNF-dependent activation of TrkB within the
amygdala regulates the learning of fear and extinction memories.

www.pnas.org/cgi/doi/10.1073/pnas.0909359107

This role of BDNF has yet to be investigated in the subregions of
the mPFC and may play an important role in the plasticity of fear-
learning circuitry. Because BDNF is highly expressed in the PL,
which projects heavily to basolateral amygdala (32), we hypothe-
sized that prelimbic BDNF-dependent plasticity is necessary for
the expression and possibly extinction of learned fear memories.
To test our hypothesis, we used different approaches with (i) a
neocortical BDNF knockout mouse, (ii) reversal of the BDNF
knockout phenotype with a newly identified TrkB receptor ago-
nist, and (iii) viral-mediated BDNF deletions limited to the
prelimbic cortex.

Results

Neocortical BDNF Knockout Mice Have Impaired Learned Fear. To
examine the role of cortex-specific BDNF in modulating fear, we
used a newly developed cortex-specific BDNF knockout mouse
model (33). Expression of Cre recombinase in these mice includes
the PL and neocortex but spares the more ventral IL, along with all
other paleocortical and subcortical regions, with no expression in
hippocampus, thalamus, striatum, hypothalamus, or amygdala (Fig.
14 and Fig. S1). These Cre-driver mice were crossed with transgenic
homozygous BDNF-floxed (fBDNF) mice (34), allowing us to
selectively delete BDNF expression in select areas of the neocortex
when Cre expression is present (Fig. 1 B and C). In the littermate
control mice (Cre™~), BDNF is abundantly expressed in the pre-
frontal cortex, including PL and IL (Fig. 1D), whereas BDNF
knockout mice (Cre*/™) have loss of BDNF expression in the PL,
sparing BDNF expression in the more ventrally located IL (Fig. 1C).
Cre expression was also confirmed with a LacZ reporter mouse (35)
(Fig. 14 and E). Cortical BDNF deletion in Cre ™'~ overlays directly
on the regions expressing LacZ (Fig. 1 C and F). We also generated
mutant mice by crossing the Cre™'~ line with a floxed-stop fluo-
rescent reporter line (36). Membrane-bound eGFP allowed visu-
alization of cellular patterns of the neocortical Cre expression (Fig.
1G), confirming neocortical and prelimbic-specific Cre expression.

After confirming the neocortex-specific deletion of BDNF, we
examined the effects of this inducible deletion on a number of
behavioral tasks. We found that Cre*/~ BDNF knockout mice
were similar to Cre ™ littermate controls in locomotor function,
baseline startle response, shock reactivity (a control for pain sen-
sitivity), and prepulse inhibition (a control for auditory function
and sensorimotor gating) (Fig. 2). These data suggest that neo-
cortical BDNF is not required for these sensory, pain, and startle
behaviors and for normal locomotor function. Additionally, there
were no differences between Cre ™'~ and Cre ™~ mice on measures
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Fig. 1. Selective neocortical BDNF knockout mice. (A) Cortex Cre*’~ mice were
crossed with the floxed-stop lacZ reporter mouse line. X-gal staining is shown
across anterior—posterior coronal slices. (B) In situ hybridization of Cre mMRNA

in cortex Cre*~ mice. PL, prelimbic cortex; IL, infralimbic cortex. (C) Cre*'~,

fBDNF neocortex selective knockout mice have loss of cortical BDNF mRNA
compared with (D) Cre™~, fBDNF littermates with intact BDNF expression. (E)
LacZ expression in Cre*'~, Rosa LacZ mice extends into the PL and (F) overlays
with the specific knockout of BDNF in the fBDNF crosses. (G) Cortex Cre*'~ mice
were crossed with fluorescent reporter mice (36) with labeled Cre expression
(eGFP) in the PL that spares the ventral IL. Red, Td tomato; green, eGFP; blue,
DAPI.

of anxiety-like behavior or unlearned/innate fear as measured by
the elevated-plus or open-field mazes (Fig. 2 B and C).

The neocortical BDNF knockout mice (Cre*'~) subsequently
underwent cue-dependent fear conditioning, because we
hypothesized that BDNF in the PL is required for learning or
expression of cued fear. The Cre*’~ had normal acquisition of
fear and expression of newly acquired fear memories, which was
measured during cue-dependent fear training to five pairings of
conditioned stimulus (CS) tones and unconditioned stimulus
(US) shocks (Fig. 34). To test their short-term memory, these
mice were tested 1 h after the cessation of fear training; they
were placed in a different context and measured for fear
behavior (freezing) to the presentation of three CS tones. The
Cre*’™ had attenuated fear responses to the tone compared with
the Cre™" littermate controls (¢(15) = 2.13; *P < 0.05) (Fig. 3B).

To investigate long-term fear memory, another group of
neocortical BDNF knockout mice (Cre*'~) and controls (Cre ™)
were similarly fear-conditioned and tested 24 h later for
expression of previously learned fear to the presentation of 15
trials of CS cues in a different context. The Cre*'~ had robustly
attenuated freezing to the presentation of the CS-tones test
compared with Cre™~ (#(29) = 2.44; *P < 0.05) (Fig. 3C) and
diminished freezing during the first and third blocks of five CS-
tone presentations (F; ¢, = 5.93; *P < 0.05) (Fig. 3D).

A different set of neocortical BDNF knockout mice were fear-
conditioned as above followed by extinction 24 h later with 50 CS
tones in the absence of the US. The next day, these mice were
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Fig. 2. Neocortical BDNF knockout mice have normal locomotor, anxiety-like,
and sensory responsiveness. (A) Locomotor activity was assessed in open-field
fBDNF, Cre™~, and Cre*’~ mice that showed no differences in distance traveled
over 10 min. (B) Anxiety-like behavior was also assessed in the open field, where
there were no differences between groups in time spent in the field center or
surround. There were also no differences in (C) anxiety-like behavior assessed
on an elevated-plus maze or in (D) baseline startle, (E) shock reactivity, or (F)
prepulse inhibition as measured by startle responses (n = 8 per group).

exposed to another 50 CS tones in the extinction-retention test. All
groups significantly extinguished fear during the extinction train-
ing period (Fig. 3 E and F). Although there were only trends
in freezing during the prolonged extinction training period, the
Cre*'~ had significantly less average freczing during the retention
test (#(25) = 2.34; *P < 0.05) (Fig. 3E) and less freezing during the
first and fifth blocks of 10 tone presentations during the retention
test (Fy134 = 4.22; *P < 0.05) (Fig. 3G) compared with animals
with normal cortical BDNF expression. Because the Cre™’~
knockout mice consistently showed lower initial levels of fear, the
rate of extinction was also examined by percent of initial freezing,
which examines relative extinction rates, and there were no dif-
ferences between groups (Fig. 3H). We also determined that the
Cre*'~ still maintained similar levels of freezing to the CS tested at
least to 72 h after fear conditioning (Fig. S2), indicating that the
low levels of freezing in the Cre*/~ mice after extinction was not
caused by decay of their fear learning over the time course of the
extinction retention test (48 h postconditioning). Together, these
data suggest that neocortical BDNF deletions that involve PL but
not IL lead to deficits in rapid short-term and long-term learning
and memory to the conditioned cue but do not impair extinction.

7,8-Dihydroxyflavone Rescues Impairment of Fear Conditioning Seen
in Cortical BDNF Knockout Mice. To investigate BDNF activation of
TrkB, use of potential new TrkB-acting therapeutic agents have
been limited because of the lack of any identified TrkB agonists
that fully mimic the actions of BDNF at brain TrkB receptors in
vivo. Most recently, Jang et al. (37) successfully screened a
chemical library for compounds that activate TrkB in vitro,
revealing a number of flavone derivatives; the most potent of
these, 7,8-dihydroxyflavone (7,8-DHF), binds with high affinity to
the TrkB receptor and provokes its dimerization and autophos-
phorylation, leading to downstream-signaling cascade activation
(37). Systemic administration of this compound in mice sub-
stantially activates TrkB in the brain, inhibits neuronal cell death,
decreases infarct volumes in stroke in a TrkB-dependent manner,
and is neuroprotective in an animal model of Parkinson’s disease.
We, therefore, examined whether or not systemic administration
of 7,8-DHF would rescue the fear-learning deficit found in these
neocortical BDNF knockout mice. Fig. 44 shows that neocortical
tissue from these mice expressed significantly less BDNF protein
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Fig. 3. Neocortical BDNF expression is required for short-term and long-term memory of conditioned fear but not extinction. (A) Neocortical BDNF knockout
mice (Cre*~) and fBDNF littermate controls (Cre™") acquired fear after cued fear conditioning with five tone-shock pairings. (B) One hour later, Cre*~
expressed less overall freezing than Cre™~ during the presentation of a three CS-tone test (n = 8 per group). (C) In separate experiment, Cre*~ and Cre™~ were
fear trained to a tone cue, and 24 h later, Cre*’~ expressed less overall freezing than Cre™~ during the 15-tone test (n = 15 Cre™~; n = 16 Cre*"). (D) Cre*’~
showed less freezing during the first and third blocks of CS tone presentations (n = 15 Cre™~; n = 16 Cre*"). (E) To investigate extinction learning, additional
cortical BDNF knockout mice were fear trained to a tone cue. One day later, they were extinction trained, and 1 day later, they were tested for extinction

retention. Average freezing during extinction training and extinction retention tests to 50 CS tones each day was recorded (n = 13 Cre™=; n =14 Cre*"). (F)
Within-session extinction occurred in both groups, and Cre*~ had less fear during (G) extinction retention (n = 13 Cre™~; n = 14 Cre*"). (H) Within-session
extinction was normalized to percentage of initial freezing levels for each group with no differences between groups (*P < 0.05 Cre*’~ versus Cre™").

in Western blots and that systemic 7,8-DHF increased the phos-
phorylation of TrkB in this tissue. These data reveal that despite
the lack of cortical BDNF gene expression, endogenous TrkB
receptors within the brain are activated with systemic 7,8-DHF.

Neocortical BDNF knockout mice (Cre™’~) and littermate
controls (Cre™™) were cue fear-conditioned by administering
five pairings of tone (6 kHz) coterminating with shock followed 24
h later by fear testing. Cre*’~ showed significantly less total
freezing compared with Cre™~ after the initial predrug fear-
conditioning session [#(32) = 3.073; P < 0.05] (Fig. 4B). This
was supported by an overall significant genotype effect (Fy 160 =
9.445; P < 0.05) with freezing deficits in the Cre *'~ during predrug
testing sessions in the first three blocks of CS trials (Fig. 4 B and D,
predrug). These mice were then retrained 30 min after the
administration of either 7,8-DHF (5 mg/kg, i.p.) or vehicle using a
new, different CS tone (12 kHz) and training context. There were
no differences in freezing between groups during fear acquisition
to the new CS (Fig. 4C). These mice were then tested to the new
CS 24 h later in the absence of drug (Fig. 4 B and D, postdrug).
The Cre*’~ injected with vehicle still had freezing deficits com-
pared with their littermate controls. In contrast, Cre*'~ injected
with 7,8-DHF now had equivalently robust fear expression as the
control mice (genotype effect F; 174 = 15.483; P < 0.05; drug by
genotype interaction Fj 174 = 15.314; P < 0.05) (Fig. 4D, post-
drug). Notably, the agonist was only present and active during the
fear-conditioning period (Fig. 4 B and C), but it was no longer
present during the fear test. This provides additional evidence
that the mPFC BDNF deletion does not affect expression of
conditioned fear but is required for learning or consolidating of
fear memories. Also of note was that the additional TrkB acti-
vation did not increase the fear learning in the Cre ™'~ control mice
beyond their drug-free level. Together, these data suggest that
systemic 7,8-DHF can rescue the learning deficit in mice with a
selective neocortical BDNF deletion by activating TrkB receptors
in the absence of endogenous neocortical BDNF.

Targeted Lentivirus-Mediated Inducible BDNF Deletion Within PL.
Based on prior studies suggesting a specific role for the PL in fear
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expression (16), we hypothesized that the PL is the likely neo-
cortical subregion requiring BDNF within our transgenic mice. To
test this, we used the fBDNF mice in combination with Cre-
mediated gene deletion in a localized fashion through bilateral
injections of Cre-expressing (LV-Cre) or control eGFP-expressing
(LV-GFP) lentivirus vectors (31, 38) targeting the PL. First, we
showed that robust Cre expression was observed when this lenti-
virus was injected into LacZ reporter mice (35) (Fig. 5 4 and B).
Using in situ hybridization for Cre and BDNF mRNA, we then
showed that lentivirus-mediated Cre expression (Fig. 5C) overlays
with the loss of BDNF expression (Fig. 5 D and E) in the PL with
only minor dorsal spread in the LV-Cre infected mice. In the LV-
GFP control mice, GFP was strongly expressed in the PL (Figs. 5 F
and G). Nissl stain illustrated minimal cell damage by lentivirus
infection into PL in LV-GFP (Fig. 5SH) and LV-Cre mice (Fig. 5I).

To examine whether or not specific deletions of prelimbic
BDNF would attenuate fear expression, mice were trained with
cue-dependent fear conditioning (as described above) 10 days
after lentiviral infections. The LV-Cre mice with prelimbic
BDNF deletions had no differences in acquisition and expression
of newly acquired fear compared with LV-GFP controls (Fig.
6A4). As hypothesized, 24 h later, when tested for fear to the cue,
the LV-Cre mice had a massive decrease in average freezing
compared with the controls [#(12) = 3.25; *P < 0.05] (Fig. 6B)
and throughout the test (Fy 14 = 11.66; *P < 0.05) (Fig. 6C and
Fig. S3). These findings replicate the deficit of fear observed in
the neocortex BDNF knockout mice with an even more dramatic
loss of fear expression.

Additionally, the LV-Cre mice showed no differences in
locomotor activity in the open-field maze (Fig. 6D). They also
showed no difference in baseline anxiety level in terms of time
spent in the center of the open-field maze (Fig. 6F), time spent
in the open arms of the elevated-plus maze (Fig. 6F), or novelty
seeking in the novel-object recognition test, which serves as a
measure of both novelty seeking and non-emotional learning
(Fig. 6G). These data with virus-mediated, inducible BDNF
prelimbic deletions replicate our similar findings in the neo-
cortical BDNF knockout mice, indicating that the deficits in
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Fig. 4. 7,8-DHF rescues a fear-expression deficit in neocortical BDNF
knockouts. (A) Immunoblotting revealed that there was TrkB activation in
cortical tissue after systemic 7,8-DHF administration but not with vehicle, in
cortical BDNF knockout mice, or in controls. Systemic 7,8-DHF lead to
phosphorylation of TrkB in cortex independently of the presence of BDNF,
which is shown to be minimal in the BDNF knockout mice (anti-BDNF). (B)
Average freezing to tone CS 24 h after cued fear conditioning (predrug) and
again after reconditioning to a different tone (postdrug) is shown. Cre*'~
had less freezing than Cre™~ (predrug). These mice were then injected (i.p.)
with either 7,8-DHF or vehicle followed by reconditioning to a novel tone.
Cre*’~ injected with vehicle had less freezing to the new tone than did Cre ™'~
(*Student's t test; P < 0.05). However, Cre*~ injected with 7,8-DHF showed
equivalent levels of freezing compared with 7,8-DHF-injected controls. (C)
Within-training freezing during reconditioning to a new CS tone after
injections of 7,8-DHF or vehicle is similar across groups. (D) When analyzing
freezing 24 h after conditioning by blocks of three CS tones, Cre*’~ showed
diminished levels compared with Cre™  in the absence of drug. After
reconditioning with 7,8-DHF administration, Cre*~ had greater freezing
compared with vehicle-injected Cre*~ but no differences compared with 7,8-
DHF or vehicle-injected Cre™ controls (*P < 0.05 versus respective Cre™;
#P < 0.05 versus respective vehicle; n = 12 Cre-vehicle; n=7 Cre*’~ vehicle; n =
8 Cre™~ DHF; n = 7 Cre™~ DHF).

freezing are not caused by altered locomotion or sensory func-
tion, and innate fear remained intact.

Discussion

In summary, the transgenic neocortical BDNF knockout mice had
robust deficits in freezing following cued fear conditioning at both
1 h and 24 h after fear conditioning, and extinction learning was
moderately enhanced. Notably, the mice acquired fear and
expressed immediate fear learning and freezing normally. Addi-
tionally, the neocortical BDNF knockout phenotype was rescued
with the systemic TrkB agonist, 7,8-DHF, showing that BDNF
activation is required for fear learning but not during fear testing
for normal expression. Together, these data indicate that the
presence of BDNF within PFC is important for learning or con-
solidation of both short-term and long term-memory. In the
absence of BDNF, the knockout mice may potentially have dra-
matically altered or adapted circuitry, leading to rapid change in
the output during the presentation of CS and the deficit observed
even at the 1-h short-term test. Therefore, BDNF signaling may be
critical for strengthening of neural connections in neocortical
regions known to regulate expression of cued fear during learning.

The Western blot analyses of the cortical tissue of the neo-
cortical BDNF knockouts revealed robust loss of BDNF protein in
the cortex, whereas cortical TrkB-receptor expression remained
unchanged. Moreover, systemic 7,8-DHF administration resulted
inincreased phosphorylated TrkB in the cortex. This indicates that
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A Control

Fig. 5. Inducible BDNF deletion in PL with Cre lentivirus. (A and B) Robust
lentiviral Cre expression was labeled by LacZ when injected into Rosa LacZ
reporter mice in striatum. (C) Cre recombinase mRNA expression showed the
infection site targeting the PL. (D) BDNF mRNA was specifically deleted in
the PL and (E) overlays with the infection of Cre recombinase lentivirus. Red,
BDNF mRNA; green, Cre mRNA. LV-GFP control infections in the PL of fBDNF
mice at (F) 40x magnification and (G) 100x magnification. Nissl stain with
cresyl violet showed no appreciable cell damage after lentiviral infection of
(H) LV-GFP or (/) LV-Cre. (Scale bars: 500 pm.)

systemic 7,8-DHF does cross the blood-brain barrier and targets
TrkB activation, which replicates the initial findings of Jang et al.
(37); however, our case was specifically within neocortical tissue of
BDNF knockout mice. We then found that 7,8-DHF was able to
rescue the fear learning deficit in mice that had a neocortex-spe-
cific deletion of BDNF. These behavioral data parallel the protein
analyses of 7,8-DHF increasing phosphorylated-TrkB levels in the
cortex, both suggesting that cortical TrkB receptor activation is
important for fear learning or consolidation. Future studies
remain to determine whether or not 7,8-DHF augments fear
learning by targeting TrkB receptors in the prefrontal cortex or
via downstream projections to TrkB in the basolateral amygdala to
enhance plasticity in these mice that lack endogenous prefrontal
BDNF expression.

In combination with the neocortical BDNF knockout mouse
findings, the prelimbic lentivirus experiments show normal fear
expression during the learning/acquisition period of training, but
robust deficits in fear after consolidation; this provides further
evidence that BDNF expression in the PL is likely necessary for the
strengthening of fear-expression circuitry involved during the con-
ditioned learning of fear memories. Notably, the viral-mediated PL
BDNF deletions seem to have a more robust deficit in learned fear
than the neocortical knockouts, suggesting greater specificity to the
role of prelimbic cortical BDNF in regulating fear. Additionally,
the neocortical transgenic Cre recombinase is driven by a chol-
ecystokinin (CCK) promoter and likely preferentially targets an
interneuron population within the select areas of the neocortex.
Thus, the more extensive cellular (excitatory, inhibitory, and glial)
BDNF deletion that is obtained with the PL-targeted lentiviral
approach using a cytomegalovirus constitutive promoter may lead
to more dense behavioral effects because of the enhanced regional
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specificity combined with a more dense BDNF deletion within this
area. Overall, these data are consistent with reports that the IL is
the major mPFC site involved with extinction, whereas PL is
involved with driving output of learned fear and gating of fear
extinction (9, 16, 19, 22). Future studies remain to determine
whether or not BDNF is important for the plasticity of PL and IL
circuits that may interact together synergistically to modulate
expression and extinction of learned fear.

The viral-mediated PL BDNF deletions in adult mice also
provide evidence that the deficits in learning or consolidation of
fear in the neocortical BDNF knockout mice is unlikely caused by
BDNF-induced structural changes in the cortex during develop-
ment. This is further supported by our studies showing that both
the neocortical BDNF knockout mice and the induced PL BDNF
deletion mice have generally intact sensory and motor functions;
thisindicates that the deficits in freezing (fear expression) were not
simply caused by alterations in motor or sensory deficits. Future
experiments will determine the differential role of PL and IL
BDNF in the extinction of fear memories.

These data may seem inconsistent with recent pharmacological
inactivation studies indicating that PL is not necessary for long-
term fear memory but specifically for output during fear expres-
sion (16, 39). One explanation for this difference is that the cortical
BDNF knockouts or PL BDNF deletions are permanent, and they
may lead to structural changes and adaptations in the existing
circuitry between the prefrontal cortex and targets, including the
amygdala. However, our data also show that a single systemic dose
of the BDNF agonist, 7,8-DHF, rescued this effect, and after this
treatment, fear expression is normalized, even in the absence of
the drug. Thus, a more parsimonious explanation may be that
BDNF, whether acting locally within intracortical circuits or dis-
tally (e.g., in PL projections to amygdala), may be required at the
time of plasticity to alter the output of cue-specific fear but not for
the process of fear expression itself. Note that our data showing
normal fear expression to unconditioned shocks during acquisition
are consistent with this interpretation. Moreover, future studies
remain to determine whether or not prefrontal BDNF may be
targeting downstream regions such as the basolateral amygdala,
where we have previously shown TrkB in the basolateral amygdala
to be critical for fear learning (29).

In addition to animal studies that indicate the importance of
mPFC interaction with the amygdala for normal fear learning and
extinction, neuroimaging has shown that the human PFC is
involved in fear modulation (1, 2). Clinical studies also implicate
dysfunction between these two regions in many affective disorders,
including anxiety (4), depression (3), and fear-related disorders
like PTSD (5, 6). Most relevant to our findings are recent studies
indicating that BDNF polymorphisms are correlated with
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term (4 h) and long-term (24 h) testing of memory
(*P < 0.05 versus familiar object). For all figures,
*P < 0.05 versus LV-GFP (n = 7 per group).

prefrontal cortex anatomy (40), and they may be implicated in
emotionality and anxiety disorders (41, 42). Overall, our studies
provide support for BDNF-mediated neuroplasticity as a molec-
ular mechanism underlying prelimbic-specific regulation of fear
learning, likely within mPFC-amygdala circuits, which may ulti-
mately lead to improvements in pathophysiology and treatment of
uncontrollable fear in patients.

Methods

Animals. Lentivirus experiments used homozygous BDNF-floxed mice (34)
(Bdnf™3!2¢[); Jackson Labs), which possess loxP sites both upstream and down-
stream of exon 5 of the BDNF gene. The cortex-specific Cre mouse line, previously
described as “transgenic line C" (33), was created when the coding sequence for
Cre recombinase was placed downstream of a 3-kb CCK promoter. The cortex-
specific Cre line was crossed to floxed BDNF mice, floxed-stop[Jackson Labs, Gt
(ROSA)2650r] lacZ reporter mice (35), and floxed-stop EGFP-tdTomato mice (36).
All experiments were performed on group-housed adult (2-4 months) males. All
procedures used were approved by the Institutional Animal Care and Use
Committee of Emory University and were in compliance with National Institutes
of Health guidelines for the care and use of laboratory animals.

Drugs. 7,8-DHF (TCI) was dosed systemically (i.p.) at 5 mg/kg in vehicle (17%
DMSO in PBS).

Cre Recombinase Lentivirus Infection. LV-Cre or a GFP-expressing control vector
(LV-GFP), delta8.9, and VSV-gwere cotransfectedinto HEK293T cells to produce
replication-incompetent virus, which was concentrated by ultracentrifugation
as described previously (27, 29, 31) to 1 x 10° infectious particles per milliliter.
LV-GFP or LV-Cre virus was bilaterally injected using a Hamilton syringe on a
microinjection pump into the PL (Bregma; AP +2.0; ML +0.4; DV —1.2) using
stereotaxic surgery under ketamine/dormitor anesthesia.

Anxiety Measures. The elevated-plus maze is a platform with two walled,
closed arms and two nonwalled, open arms connected by an open center. The
mice were placed onto the center between the plus maze arms and were
recorded exploring the plus maze for 5 min. The open field was an open
Plexiglass box. Mice were allowed to explore for 10 min. Activity data were
obtained and analyzed using the Activity Software (Med Associates Inc.).

Novel Object Recognition. Mice explored an open-field box for 10 min each
day for 3 days. On the following day, two identical objects were placed in the
open-field box, and the mice explored objects for 5 min. Four hours later, one
of the objects was replaced by a novel object, and mice explored the objects
for 5 min. Twenty-four hours later, another novel object was introduced
along with one familiar object, and mice explored the objects for 5 min. Time
spent exploring objects was recorded.

Cue-Dependent Fear Conditioning. Mice were preexposed to conditioning
chambers (San Diego Instruments) 3 days before training. During cued fear
training, mice received five paired CS tones (30's, 6 or 12 kHz, 90 db) and US
shock (500 ms, 1.0 mA) trials with a 5-min intertrial interval (ITI). Startle
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response to the shocks and percentage of time spent freezing to the tones
was measured by SR-LAB software (San Diego Instruments).

Cued Fear Expression, Extinction Training, and Retention. The expression of
fear memory was tested 24 h after fear conditioning in a novel context
(modular test chambers; Med Associates Inc.). The mice were exposed to 3 (1-h
test), 15 (24- and 72-h tests), and 50 (extinction and retention tests) CS tones
with a 1.5-min ITI. Freezing during the tone presentations was measured with
FreezeView software (Coulbourn Instruments). Extinction retention tests
occurred 24 h after extinction training.

In Situ Hybridization and Histology. Mice were killed, and brains were col-
lected, flash frozen on dry ice, sectioned on a cryostat (16 um/section), and
stored at —80 °C. Cre expression and BDNF deletion were confirmed with in
situ hybridization (28). In brief, slides were pretreated and hybridized with
355-UTP labeled with antisense riboprobes for BDNF (exon 5) or Cre. After a
stringent wash protocol, slides were exposed to Biomax MR film (Eastman
Kodak Co.). For LacZ/XGal staining, slide-mounted tissue was fixed in 4%
paraformaldehyde and incubated at 37 °C overnight in 1 mg/mL X-Gal. For
Nissl staining, slide-mounted tissue was counter stained with Cresyl violet.

Western Imnmunoblotting. The BDNF knockout mice were injected with 5 mg/kg
7,8-DHF i.p., and 2 h later, they were killed; cortex tissue was homogenated,
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lysed in lysis buffer, and centrifuged, and the supernatant was collected. The
normalized proteins were subjected to SDS/PAGE analysis and transferred to a
nitrocellular membrane. Western blotting analysis was performed with anti-
TrkB Y816 (gift from Moses Chao, NYU School of Medicine, New York, NY) and
TrkB antibodies (Cell Signaling Technology Inc.), both diluted at 1:1,000.

Statistical Analyses. Fear acquisition, expression, and extinction data were
analyzed by two-way or three-way ANOVA with repeated measures, where
appropriate. Other behavioral tests were analyzed by ANOVAs or Student'’s t
test, where appropriate. Statistically significant main effects or interactions
by ANOVA were followed by post hoc least-squares difference tests for
multiple comparisons. Data are presented as mean + SEM; significance was
set at P < 0.05.
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