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immune quiescent role of the Hh pathway at the
level of the BBB by protecting the CNS against
the entry of proinflammatory lymphocytes.

We next evaluated the effect of an inflamma-
tory environment on the expression of Hh com-
ponents in the cellular elements of the BBB.
HFAs inflamed with tumor necrosis factor (TNF)
and IFN-g increased Shh expression as compared
to a control (Fig. 4A), whereas BBB ECs grown
in ACM and treated with TNF and IFN-g in-
creased their expression of Ptch-1 and Smo (Fig.
4B). To further support these findings, the ex-
pression of Shh, Ptch-1, and Smo was also deter-
mined in the human CNS. In control brain tissue
and in normal-appearing white matter (NAWM)
of MS patients, astrocyte endfeet surrounding
parenchymal vessels displayed Shh immuno-
reactivity, and BBB ECs expressed Smo and
Ptch-1 (Fig. 4, C and D, and fig. S9D). Shh im-
munoreactivity, however, was strikingly enhanced
in hypertrophic astrocytes throughout active de-
myelinating MS lesions (Fig. 4, C and D). In
NAWM, Ptch-1 expression was mainly restricted
to ECs surrounded by astrocytic endfeet (Fig. 4D),
whereas in active MS lesions, Ptch-1 expression
increased on ECs and was also detected on in-
filtrating leukocytes (Fig. 4D). Smo expression in
NAWMwas predominant in the vasculature, and
although Smo was detected in macrophages and
brain ECs in active lesions (fig S9D), no signif-
icant up-regulation was observed. Finally, Gli-1
was found in the cytoplasm of ECs in NAWM,
whereas in active MS lesions, Gli-1 was detected
in the nucleus of both ECs and infiltrating leu-
kocytes (Fig. 4D). These data suggest that upon
inflammatory stimulation, astrocyte-secreted Shh
induced the expression of Hh receptors in BBB
ECs, which led to the up-regulation and trans-
location of the Hh transcription factor Gli-1 into
the nucleus of BBB ECs.

Astrocyte- and pericyte-derived soluble fac-
tors, such as those inducingWnt signaling (29, 30),
are essential for the development andmaintenance
of an impermeable BBB in vitro (5, 31, 32). As-
trocytes express Shh (18, 19), but until now its
function, in the context of BBB integrity and CNS
immunity, had remained unexplored. The Hh path-
way is involved in epithelial barrier formation in
the submandibular gland, where lumen formation
and junctional protein assembly are Shh-dependent
processes (33). Our findings also correlate with
this essential role of Shh, because Hh neutralization
reduced the expression of junctional proteins in
primary cultures of human BBB ECs and in the
CNS of Shh−/− embryos and Tie2-Cre; Smoc/c

mice. In addition, the Shh-driven reduction in che-
mokine and CAM expression by BBB ECs, in
the binding capacity of proinflammatory T cells,
and in the expression of pathogenic immune
mediators demonstrates that Shh acts as an en-
dogenous anti-inflammatory effector of the neuro-
vascular unit. Because Shh is up-regulated in
acute brain and nerve injury (34, 35) and as shown
here in neuroinflammation, we postulate that in-
flammation activates Shh production in astrocytes

in order to promote BBB repair and counter-
balance inflammatory events induced during le-
sion formation, and thus restores physiological
and immunological BBB competence.

Overall, our data provide compelling evidence
suggesting a dual protective role for the Hh path-
way at the level of the BBB, by promoting barrier
formation and by acting as an endogenous anti-
inflammatory system. In addition, these findings
open new avenues in the design of therapeutics
to control leukocyte migration into the CNS or,
conversely, to improve the delivery of therapeu-
tic agents in the CNS compartment.
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Fear Erasure in Mice Requires
Synergy Between Antidepressant
Drugs and Extinction Training
Nina N. Karpova,1 Anouchka Pickenhagen,3 Jesse Lindholm,1,2 Ettore Tiraboschi,1

Natalia Kulesskaya,1 Arna Ágústsdóttir,1 Hanna Antila,1 Dina Popova,1 Yumiko Akamine,1

Regina Sullivan,3 René Hen,4 Liam J. Drew,4 Eero Castrén1,4*

Antidepressant drugs and psychotherapy combined are more effective in treating mood disorders than
either treatment alone, but the neurobiological basis of this interaction is unknown. To investigate how
antidepressants influence the response of mood-related systems to behavioral experience, we used a
fear-conditioning and extinction paradigm inmice. Combining extinction training with chronic fluoxetine,
but neither treatment alone, induced an enduring loss of conditioned fear memory in adult animals.
Fluoxetine treatment increased synaptic plasticity, converted the fear memory circuitry to a more
immature state, and acted through local brain-derived neurotrophic factor. Fluoxetine-induced
plasticity may allow fear erasure by extinction-guided remodeling of the memory circuitry. Thus, the
pharmacological effects of antidepressants need to be combined with psychological rehabilitation to
reorganize networks rendered more plastic by the drug treatment.

Antidepressant drugs have been used
for over 5 decades to treat depression
and anxiety disorders, and their actions

have been connected to effects on the mono-
amines serotonin and norepinephrine (1). Clin-
ical experience has shown that a combination
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of antidepressant treatment with psychotherapy is
more effective than either treatment alone (2), but
the neurobiological basis of this combined effect
is not known. Recently, antidepressants have been
shown to enhance neuronal plasticity in hippo-
campus and cortex (3–5), but it remains unclear
whether these effects are linked to their anti-
depressant actions.

Currently, anxiety and fear disorders, includ-
ing phobias and posttraumatic stress disorder
(PTSD), are usually treated by either exposure
therapies (6) or pharmacological treatments, most
often using serotonin selective reuptake inhibitor
(SSRI) antidepressants (7). Exposure therapy ex-
tinguishes or suppresses fear responses by re-
peatedly exposing the subject to the fear-inducing
stimulus. This has been successfully modeled in
both human and animals by using Pavlovian fear-
conditioning paradigm, where a neutral condi-
tioned stimulus (CS, a tone) begins to elicit fear
after association with a noxious unconditioned
stimulus (US), but that fear response is extin-
guished after repeated exposure to the CS without
the US (8–10). However, although such extinc-
tion training in humans suffering from anxiety
disorders and adult rodents initially reduces fear
responses, this is typically followed by sponta-
neous recovery over time and fear renewal upon
later reexposure to the CS (11, 12).

Extinction training during a critical period
in juvenile mice leads to permanent fear erasure
(13, 14). Because the antidepressant fluoxetine
(Flx) reactivates a critical periodlike plasticity in
the visual cortex (5), we used the fear-conditioning
and extinction paradigm to investigate whether
Flx might reactivate juvenile-like plasticity in the
fear-conditioning network and therefore, when
combined with extinction training, induce long-
term fear erasure in adult mice.

First, Flx was given for 3 weeks before fear-
conditioning and extinction training (Fig. 1A).
Flx did not influence fear acquisition or locomo-
tion (Fig. 1B and figs. S1 and S2), although it did
cause faster extinction (fig. S1). To explore wheth-
er this fear reduction was permanent, we used
two techniques that increase fear after extinc-
tion: spontaneous recovery of fear and renewal
induced through CS presentations in extinction
and conditioning contexts, respectively. One week
after the end of the extinction training, control
mice showed significant spontaneous recovery
and fear renewal (Fig. 1B). However, both re-
covery and renewal were attenuated in mice
treated with Flx (Fig. 1B). Importantly, Flx-
treated mice not exposed to extinction training
maintained elevated levels of freezing, a

conditioned fear response (Fig. 1B), and control
experiments indicated that potential Flx-induced
locomotor and freezing differences did not
account for these results (fig. S2).

Next, we investigated whether Flx treatment
could also lead to fear erasure when given in a
more clinically relevant manner, that is, after fear
conditioning. After successful acquisition, the
mice were given either Flx or water for 2 weeks,
then both groups were exposed to extinction

training; 7 days later, the mice were tested for
spontaneous recovery and fear renewal (Fig. 2A).
Although both Flx-treated and control mice ac-
quired extinction (Fig. 2B), the Flx-treated mice
again showed faster extinction (fig. S3). Whereas
the control mice showed clear fear renewal and a
tendency to spontaneous recovery, the Flx-treated
mice showed no signs of renewal or spontaneous
recovery (Fig. 2B). Again, mice not exposed to
extinction training showed enhanced freezing,

1Sigrid Jusélius Laboratory, Neuroscience Center, University of
Helsinki, 00014 Helsinki, Finland. 2Department of Biosciences
and Physiology, University of Helsinki, 00014Helsinki, Finland.
3Emotional Brain Institute Nathan Kline Institute, Child and
Adolescent Psychiatry, New York University Medical Center,
New York, NY 10016, USA. 4Department of Psychiatry and
Neuroscience, Columbia University, New York, NY 10032, USA.

*To whom correspondence should be addressed. E-mail:
eero.castren@helsinki.fi

Fig. 1. Chronic Flx treatment before fear conditioning leads to fear erasure when combined with
extinction training. (A) Flx treatment started 3 weeks before and continued throughout the experiment.
(B) Control and Flx groups (n = 31 to 34 mice per group) exhibited similar levels of fear acquisition
(extinction day 1, first block of 2 CS) and extinction (extinction day 2, last block of 2 CS). One week later
(n = 21 per group) only control group showed spontaneous recovery and fear renewal. In the fear
renewal test, the Flx-extinction group froze less than either control-extinction or Flx–no-extinction
group (NoExt, n = 5). *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate mean T SEM.

Fig. 2. Extinction training is effective in combination with chronic Flx treatment after fear conditioning.
(A) After fear conditioning and 2 weeks of Flx treatment, mice were subjected to fear renewal (protocol I)
or fear reinstatement (protocol II). 5 US indicates five unsignaled foot shocks. (B) Fear renewal: Control
and Flx groups (n = 10 per group) exhibited similar levels of fear acquisition and extinction. One week
later, only control group showed elevated spontaneous recovery and significant fear renewal. The Flx-
extinction group froze less than either control-extinction or Flx–no-extinction groups (NoExt, n = 7). (C)
Fear reinstatement: Although both groups exhibited increased levels of freezing when compared with the
extinguished levels, the Flx group showed lower levels of fear reinstatement (P < 0.05). N = 8 per group.
*P < 0.05, **P < 0.01. Error bars indicate mean T SEM.
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regardless of their treatment group (Fig. 2B).
Lastly, we examined the effect of Flx on fear
reinstatement, where, after successful extinction
in the fear-conditioning context (fig. S4), the mice
were exposed to a foot shock five times without a
CS and tested for freezing after a tone 24 hours
later (Fig. 2A). Control mice showed a robust
fear reinstatement, but freezing in mice receiving
Flx was significantly reduced (Fig. 2C) (15).

Flx reactivates developmental-like plasticity
in the visual cortex and dentate gyrus (5, 16). We
thus asked whether Flx similarly affected fear
networks. Perineuronal nets (PNNs) develop as
pups acquire the ability to learn and extinguish

fear (13, 14, 17), and PNN disruption in the adult
basolateral amygdala (BLA) before, but not after,
fear conditioning leads to fear erasure after ex-
tinction (14). Although Flx treatment differs from
PNN disruption in influencing fear renewal when
given either before or after acquisition (14), we
assessed whether disruption of PNNs might con-
tribute to the drug’s ability to facilitate extinc-
tion. Control and Flx-treated mice had similar
numbers of PNN-positive neurons in the BLA,
hippocampal CA1 area, and infralimbic cortex
(IL) (Fig. 3, A and B, and table S1), suggesting
that Flx treatment does not influence fear re-
newal by disrupting PNNs. However, Flx treat-

ment reduced the percentage of PNN neurons
expressing parvalbumin in the BLA and CA1
(Fig. 3, A and B), whereas no differences were
found in PNN-positive interneurons containing
calbindin or calretinin (fig. S5 and table S1).
Because PNNs are particularly enriched around
parvalbumin-positive fast-spiking neurons (18),
these data suggest that Flx treatment selective-
ly shifted the parvalbumin- and PNN-containing
neurons toward an immature state (18). Expres-
sion of polysialynated neuronal cell-adhesion
molecule (PSA-NCAM), which is expressed in
immature cortical cells and reduced with matu-
ration of the postnatal brain (19), was increased
by Flx treatment in the BLA (Fig. 3C). Con-
versely, Flx treatment reduced the expression of

Fig. 3. Flx treatment enhances plasticity in the fear memory circuitry. (A) Representative PNNs and
parvalbumin (PV) immunostaining in the BLA. Arrows, double-positive neurons. (B to D) Chronic Flx
decreased the percentage of PNN-containing neurons with parvalbumin (B), increased PSA-NCAM
expression (C), and decreased KCC2 levels (D) in the fear circuit. N = 6 per group. (E) Input-output function
for fEPSPs in LA evoked by EC stimulation. Flx treatment increased the average amplitude of fEPSPs above
control levels.N = 12 to 15 per group. (F) Effect of high-frequency stimulation (two 1-s stimuli at 100 Hz) of
EC afferents on LA fEPSPs. In control animals, EC tetanization caused short-term synaptic potentiation, but
there was no potentiation at 1 hour; conversely, in fluoxetine-treated animals tetanization resulted in LTP at
1 hour. N = 8 per group. Inset shows example traces before and 1 hour after tetanization. *P < 0.05,
**P < 0.01 versus respective control group. Error bars indicate mean T SEM.

Fig. 4. BDNF regulates fear memory erasure. (A)
Chronic Flx after fear conditioning increased the
BDNF exon-1 and total BDNF mRNA levels in the
BLA and BDNF exon-1 level in the hippocampus
(HIP) but not in the prefrontal cortex (mPFC).N = 6
to 8 per group. (B) Flx prevented fear renewal in
BDNF+/+ mice (see protocol I, Fig. 2A) but failed to
erase fearful memory in BDNF+/− mice. N = 10 or
11 per group. (C) BDNF-virus experiment: After
successful fear acquisition and extinction, doxycy-
cline treatment was terminated to induce BDNF
overexpression in amygdala, which resulted in a
significant reduction in freezing level in the fear
renewal test.N= 6 or 7 per group. *P < 0.05, **P <
0.01, ***P < 0.001 versus control groups. Error
bars indicate means T SEM.
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K+-Cl– cotransporter KCC2 (Fig. 3D), which in-
creases during postnatal development (20). These
data suggest that Flx reactivates juvenile-like
plasticity in the fear-conditioning network, al-
lowing the erasure of conditioned fear when ex-
tinction training is given.

To further test the hypothesis that chronic Flx
increases plasticity in the neural circuitry un-
derlying fear conditioning and extinction, we pre-
pared brain slices from Flx-treated and control
mice and measured basal synaptic transmission
and synaptic plasticity in the lateral amygdala
(LA), a brain area critical for fear learning and
extinction (8, 9). Field excitatory postsynaptic
potentials (fEPSPs) were recorded in response
to stimulation of the external capsule (EC) (fig.
S6, A and B) (21). At baseline, Flx treatment
resulted in an overall increase in the amplitude
of evoked fEPSPs (Fig. 3E), as previously re-
ported in the dentate gyrus (16, 22). Paired pulse
ratios were unchanged, indicative of normal re-
lease probability (fig. S6C).

To investigate synaptic plasticity, we mea-
sured fEPSP potentiation in horizontal brain slices,
where, with g-aminobutyric acid–mediated
(GABAergic) transmission left intact, EC teta-
nization typically induces little or no long-term
potentiation (LTP) (21). In vehicle-treated mice
1 hour after tetanization, fEPSPs were unchanged
from control levels (96.3 T 5.1%, mean T SEM).
However, in Flx-treated mice fEPSPs were
increased to 122.8 T 8.8% of baseline (Fig. 3F).
Increased cortical input and synaptic plasticity in
LA may facilitate associational learning in spe-
cific extinction circuits or suppress fear expression
by recruiting inhibitory interneurons that project to
the amygdalar central nucleus (10, 23).

Lastly, we sought to determine the pathways
that Flx activates to alter circuit plasticity. Chron-
ic Flx treatment increases brain-derived neu-
rotrophic factor (BDNF) expression in many
brain areas (3) and BDNF infusion into pre-
frontal cortex accelerates fear extinction in rats
(24), whereas both humans and mice carrying
the met allele of the BDNF Val66Met poly-
morphism show impaired extinction (25). Flx
treatment after fear conditioning significantly
increased BDNF mRNA level in the BLA, and
the activity-dependent BDNF transcript 1 expres-
sion was increased in the BLA and hippocam-
pus (Fig. 4A).

Because mice heterozygous for the BDNF
null allele (BDNF+/−) are insensitive to Flx treat-
ment in behavioral models of depression and

anxiety (3, 26), we tested whether BDNF+/−mice
(C57Bl/6J background) responded differentially
to Flx in the fear-conditioning paradigm. Flx again
prevented fear renewal in the wild-type mice, but
in BDNF+/− littermates trained to fully extinguish
the fear response, the Flx effect was absent as
indicated by elevated levels of freezing 1week after
extinction (Fig. 4B and fig. S7). To test whether
BDNF was acting predominately in the amygdala,
we used doxycycline-regulatable lentiviral infec-
tion to overexpress BDNF locally in the BLA
from the end of extinction onward (figs. S8 and
S9). BDNF-overexpressing mice did not show
fear renewal, whereas control mice did (Fig. 4C).

This study demonstrates that long-term loss
of fearful memories can be induced through a
combination of SSRI pharmacotherapy and ex-
tinction training, which neither treatment alone
achieved. Fear conditioning and extinction were
used as a model for exposure therapy for PTSD.
Although combining pharmacological and psy-
chological treatments has been suggested for
PTSD, few clinical studies have been conducted
(27). Other methods of increasing extinction
have also been identified and include treatment
with d-cycloserine (10, 12, 28) and yohimbine
(29) and a reminder CS given before the ex-
tinction (30, 31), all of which lead to a long-term
erasure of conditioned fear in both rodents and
humans. However, the present results provide
evidence for a unique mechanism of fear reduc-
tion, suggesting that Flx treatment reactivates
juvenile-like plasticity in the amygdala (13, 14),
as has previously been demonstrated in the visual
cortex (5) and dentate gyrus (16). This reactivated
plasticity then may allow behavioral experience,
such as extinction training, to reshapemaladapted
networks to better adjust to the environment (4, 5).
These data, therefore, provide a putative neuro-
biological basis for the enhanced effect of com-
bining drug and psychological treatments and
support the hypothesis that the chemical effect
produced by administering antidepressants alone
will not give full clinical benefit. Instead, drug
treatments need to be combined with psy-
chotherapy or other kinds of social rehabilitation
to optimize their mood-elevating effects (4).
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