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The neurotrophin brain-derived neurotrophic factor (BDNF) and its receptor tropomyosin-related kinase B
(TrkB) have emerged as key mediators in the pathophysiology of several mood disorders, including anxiety
and depression. However, therapeutic compounds that interact with TrkB receptors have been difficult to
develop. Using a combination of structure-based in silico screening and high-capacity functional assays in
recombinant and neuronal cells, we identified a low-molecular weight TrkB ligand (ANA-12) that prevented
activation of the receptor by BDNF with a high potency. ANA-12 showed direct and selective binding to TrkB
and inhibited processes downstream of TrkB without altering TrkA and TrkC functions. KIRA-ELISA analysis
demonstrated that systemic administration of ANA-12 to adult mice decreased TrkB activity in the brain with-
out affecting neuronal survival. Mice administered ANA-12 demonstrated reduced anxiety- and depression-
related behaviors on a variety of tests predictive of anxiolytic and antidepressant properties in humans. This
study demonstrates that structure-based virtual screening strategy can be an efficient method for discovering
potent TrkB-selective ligands that are active in vivo. We further propose that ANA-12 may be a valuable tool
for studying BDNF/TrkB signaling and may constitute a lead compound for developing the next generation

of therapeutic agents for the treatment of mood disorders.

Introduction

Neurotrophins are a family of growth factor hormones that regu-
late development and maintenance of the central and peripheral
nervous systems by interacting with the tropomyosin-related
kinase (Trk) receptors. Nerve growth factor (NGF) binds preferen-
tially to TrkA, brain-derived neurotrophic factor (BDNF) and neu-
rotrophin-4/5 (NT-4/5) bind to TrkB, and neurotrophin-3 (NT-3)
binds to TrkC. All neurotrophins also interact with the nonse-
lective p75NTR receptor with similar affinities (1). Interaction of
BDNF with TrkB triggers receptor dimerization, transphosphory-
lation of intracellular tyrosine residues, and subsequent activation
of the 3 major signaling pathways involving MAPK, PI3K, and
phospholipase C-y (2).

Given its trophic effect on neurons and its contribution to the
regulation of synaptic transmission and plasticity (3, 4), the BDNF/
TrkB system has been proposed as a key element in the pathophysi-
ology of several mood disorders, including drug addiction, depres-
sion, and anxiety (5-7). Accordingly, BDNF signaling in the stress
system of the brain, including the hippocampus and the hypothal-
amo-pituitary-adrenocortical (HPA) axis, is thought to be a poten-
tial target for antidepressant action (8-10). Positive modulators of
BDNF/TrkB signaling have therefore been proposed to have anti-
depressive potential in humans (11). However, recent studies have
challenged this hypothesis, and the role of BDNF in the pathogen-
esis of depression and anxiety is still controversial.

In contrast to its function on antidepressant efficacy in the
hippocampus and HPA axis, BDNF induces long-term neuronal
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changes in the reward circuitry of rodents that predict the facilita-
tion of depression and stress-induced anxiety in humans (7, 12).
In these studies, preventing BDNF production in dopaminergic
regions or inhibiting BDNF/TrkB signaling in the nucleus accum-
bens reduced the anxiety toward former aggressors and induces
strong antidepressive effects in rodent, predicting that TrkB inhi-
bition may lead to antidepressant action in humans (7, 12). In line
with this observation, mice susceptible to stress-related anxiety and
depression exhibit high levels of BDNF in the ventral striatum (13)
and acutely stressed mice show a rapid and sustained increase in
BDNF expression in the prefrontal cortex and in the hippocampus
(14, 15). In consequence, while inhibiting BDNF signaling may not
lead to depression-like behaviors (16-18), reports have suggested
that inhibiting TrkB signaling may in contrast be a therapeutic
strategy for treating human mood disorders (5,7, 13, 19).
Despite their potential clinical significance, small-molecule
antagonists of TrkB are not available. The development of low-
molecular weight compounds (<500 Da) that can selectively antag-
onize a large 145-kDa dimeric TrkB complex activated by a 27-kDa
dimeric ligand has been difficult to address. We recently developed
a highly potent small peptide that allosterically inhibits TrkB sig-
naling in neurons and that is active in vivo after systemic delivery
(20). Our in vivo study, together with others’ studies (21-23), dem-
onstrates the feasibility of developing heterocyclic ligands that can
modulate TrkB activity in living animals. However, peptide-derived
ligands have the problem of being proteolytically unstable, which
potentially decreases their efficiency under therapeutic conditions.
Here, we aimed at identifying small, proteolytically stable modula-
tors that are selective for TrkB and active in vivo. To this end, we
used a rational in silico screening approach based on the known
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structural interaction between neurotrophins and Trk receptors.
Using a similar in silico screening strategy but based on a BDNF-
derived pharmacophore approach, Massa and colleagues recently
presented a small molecule that can activate TrkB and thereby pre-
vent neurodegeneration in rats (24). A random screening strategy
also recently led to the identification of a nonpeptide TrkB agonist
with neurotrophic activities (25). In the present study, we iden-
tified ANA-12, which we believe is the first small molecule that
antagonizes TrkB and that possesses potent anxiolytic-like and
antidepressant-like activities in mice.

Results

Modeling of the BDNF/TrkB specificity patch and docking-based virtual
screening. Previous studies have shown that the N-terminal region
of neurotrophins is critical for the binding selectivity and activa-
tion of their cognate Trk receptors (for review, see refs. 26, 27).
Moreover, the crystal structure of NT-4/5 in complex with the fifth
subdomain of TrkB (TrkB-d5) shows that the N-terminal region
of the neurotrophin interacts with the “specificity patch” of the
receptor, a binding pocket located in TrkB-d5 that is thought to
drive the selectivity of the interaction with BDNF (Figure 1). Since
no structural data are available for the BDNF/TrkB complex, we
derived a 3D model from the existing high-resolution x-ray struc-
tures of the NT-4/5/TrkB complex (28) and the BDNF/NT-3 dimer
(29) (see Methods). The virtual screening strategy was performed
using this model and by focusing on the specificity interaction
patch between the BDNF N-terminal region and the TrkB-d5
domain (Figure 1). The Bioinfo-DB database of 1.6 million com-
mercially available drug-like compounds (30) was first filtered
for lead-like properties (31), including notably predicted water
solubility and blood-brain barrier permeation, to afford 78,045
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Figure 1

Computational modeling of the specificity patch. The structure-based
virtual screening was performed by targeting the specificity interac-
tion patch between the N-terminal segment of BDNF (N-TERM, red/
orange) and the d5 subdomain of TrkB (TrkB-d5, green). An alignment
of the N-terminal amino acid sequence of rodent BDNF, NT-4/5, NT-3,
and NGF is shown in the upper panel (the specific region is boxed;
dashes represent gaps). The 3D model of the complex between the
TrkB-d5 domain (green solid surface) and the BDNF N-terminal part
(H'SDPARS, orange sticks) is illustrated in the lower panel.

compounds. Preliminary docking studies of the BDNF terminal
epitope (HISDPAR®) with various docking algorithms indicated
that the FlexX program (32) was particularly well suited for dock-
ing in the TrkB specificity site. All 78,045 compounds were directly
docked with the FlexX v2.2 program into the specificity patch of
the TrkB-d5 domain, yielding 295 virtual hits that were finally
clustered by maximal common substructures using ClassPharmer
(31). A representative compound (best FlexX score) of each of the
22 ClassPharmer classes described by at least 3 compounds was
finally selected for purchase and biological evaluation.

In silico screening identifies TrkB antagonists. Out of the 22 virtual
hits, 12 molecules were obtained from commercial sources and
tested in the presence or absence of BDNF in KIRA-ELISA assays,
a method that rapidly quantifies TrkB activation in 96-well plates
(20). In a first set of assays performed on recombinant human
TrkB expressed in an inducible cell line (TetOn-rhTrkB), 2 com-
pounds (N-T04 and N-T19; Figure 2A) were found to fully inhibit
BDNF-induced TrkB phosphorylation and were selected for fur-
ther pharmacological characterizations.

KIRA-ELISA concentration-response assays performed on TetOn-
rhTrkB cells showed that both N-T04 and N-T19 fully inhibited
BDNF-induced TrkB activation with similar potencies, N-T19
being slightly more potent (ICso = 508 + 85 and 192 + 31 uM,
respectively; Figure 2B). Interestingly, N-T04 also decreased basal
TrkB activity (defined as the signal eliminated by the nonselective
tyrosine kinase inhibitor K252a in the absence of BDNF). Using the
same inducible TetOn-rhTtkB system, we previously demonstrated
that this basal activity is dependent on TrkB density and can be
inhibited by both K252a and cyclotraxin-B, a TrkB-specific alloste-
ric modulator (20). Because of the high range of concentrations
(0.1 to 1 mM) for which this effect occurs, we further verified that
the decrease in TrkB activity was not due to toxic side effects. First,
KIRA-ELISA assays showed that the amount of total TtkB proteins
was unchanged when the level of phospho-TrkB was reduced after
treatment with N-T04 alone. Second, morphological visualization
of the cells did not indicate any toxic effects of N-T04 on TetOn-
rhTrkB cells. Together, these data suggest that N-T04, like K252a
and cyclotraxin-B (20), inhibits both BDNF-dependent and -inde-
pendent activity of TrkB receptors.

Since the purpose of this study was to develop agents that could
act on TrkB in the brain, we then examined the effects of the
2 molecules on neurons. Cortical neurons naturally express TrkB
together with p75NTR, a coreceptor that alters TrkB conforma-
tion and provides greater selectivity for BDNF (33). Surprisingly,
N-T04 lost its ability to inhibit TrkB activity in neurons (Figure
2C). In contrast, N-T19 showed both a higher potency and a 2-site
mechanism of action. Eadie-Hofstee plotting of the data suggested
that the low-affinity site (300 uM) resembles the site of action in
TrkB only-expressing cells whereas the high-affinity site (5 uM)
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Pharmacological properties of N-T0O4 and N-T19 in different systems. (A) Structures of the 2 most active compounds, N-T04 and N-T19. (B and C)
KIRA-ELISA assessment of N-T04 and N-T19 in absence (filled squares) or presence (filled circles) of BDNF in TetOn-rhTrkB and neuronal cells.
Values were normalized to signal obtained with 1 nM (B) or 0.4 nM (C) of BDNF after subtraction of signal obtained in control wells. Compounds
were compared with 10 uM of K252a (open squares), a concentration that abolishes basal TrkB activity (20). ICso values of both high-affinity
(4.7 = 1.9 uM) and low-affinity (231 + 53 uM) sites for N-T19 in neurons were determined using Eadie-Hofstee plotting of the data (lower panels).
Nonlinear regression curve fit for N-T19 in neurons was obtained using a 2-site competition model. Data represent mean + SEM of 3—6 experi-
ments performed in triplicate. (D) BDNF concentration-response curve in absence (squares) or in presence (diamonds, 3 uM; triangles, 30 uM;
circles, 300 uM) of N-T04 or N-T19. A noncompetitive antagonism is clearly demonstrated for N-T19 by Eadie-Hofstee plotting of the data (lower
panel). Values were normalized to the maximal BDNF response after subtraction of signal obtained in controls. Data represent mean + SEM of

4 experiments performed in triplicate.

was specific to neurons. This is reminiscent of the action of BDNF
in neurons in which 2 binding sites, most likely due to the pres-
ence of p75NTR are observed (33). To better characterize the phart-
macological properties of the 2 compounds in neurons, BDNF
concentration-response curves were performed in the absence or
presence of N-T04 and N-T19 (Figure 2D). As expected, N-T04 did
not affect the BDNF curve in neurons. In contrast, in the presence
of increasing concentrations of N-T19, BDNF did not overcome
N-T19 inhibition, suggesting a noncompetitive mechanism.
N-T19 inhibits cellular processes associated to TrkB. We then verified
that both primary hits were able to modulate biological processes
downstream of TrkB. BDNF is known to promote neurite out-
growth, notably in nnr5 PC12-TrkB cells, through a TrkB/MAPK
signaling pathway activation. Addition of BDNF to the TrkB/
p75NTR—coexpressing nnr5 PC12-TrkB cells resulted in an increase
in neurite length and number of branch points (Figure 3A). As pre-
viously observed in KIRA-ELISA assays, N-T04 did not produce
any effect in these cells. However, N-T19 proved to dose depend
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ently prevent the BDNF-induced neurite outgrowth with the same
pharmacological constants as those defined by KIRA-ELISA assays
in cortical neurons (Figure 3B).

Screening of N-T19 analogs reveals a potent TrkB antagonist. KIRA-
ELISA and neurite outgrowth assessments revealed that only
N-T19 was able to maintain its effects in neurons and neuron-like
systems. However, although N-T19 demonstrated a high efficacy
in inhibiting TrkB activity, its relatively low potency prompted us
to seek out analogs that keep the original high efficacy of N-T19
but with a better potency. For this purpose, a second round of in
silico screening using the Bioinfo-DB database was undertaken
to identify analogs of N-T19 sharing the same molecular scaffold
(Figure 4A). Fourteen new molecules were identified as close ana-
logs and were tested in a first set of functional screenings using
KIRA-ELISA assays. Four compounds were found to have the high-
est activity but only 1 (ANA-12) demonstrated a submicromolar
potency in recombinant cells. In-depth pharmacological charac-
terizations of ANA-12 confirmed the high efficacy (full inhibition)
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and potency (submicromolar) of the molecule (Figure 4B). Like the
parent compound NT-19, ANA-12 revealed a 2-site mode of action
in neurons but surprisingly also in recombinant cells. Potencies on
the low- and high-affinity sites were comparable between the 2 cell
systems (50 uM and 50 nM, respectively).

It is noteworthy that, of the 14 molecules tested, the structure
of ANA-12 was the closest to that of the parent lead compound,
both molecules differing only by an extra benzene moiety in
ANA-12 (Figure 4A).

ANA-12 binds directly and selectively to TrkB. We then determined
whether ANA-12 binds directly to TrkB by incubating the fluores-
cently labeled compound (see Methods) with chimeric TrkBECP-Fc
or BSA or IgG-Fc as negative controls for nonspecific binding. As

A

Figure 3

N-T19 inhibits BDNF-induced neurite outgrowth. (A) Representative
photomicrographs of nnr5 PC12—TrkB cells treated with N-T19 (10 uM)
and BDNF, alone or in combination as indicated. Original magnification,
x20. (B) Quantitative analysis of control (squares) and BDNF-induced
(circles) neurite outgrowth in presence of increasing concentrations of
N-T19. Nonlinear regression curve fit for was performed using a 2-site
competition model. ICso values of both high-affinity (1.5 + 0.2 uM) and
low-affinity (79 + 12 uM) sites were obtained by Eadie-Hofstee plotting
of the data (inset, right panel). Data represent mean + SEM of 3 experi-
ments performed six times each.

shown in Figure SA, ANA-12 specifically bound to the extracellular
domain of TrkB in a dose-dependent manner but not to BSA or
IgG-Fc. Saturation binding studies with TrkBF¢P-Fc showed that
ANA-12 binds TrkBE®P-Fc with a K; of 12 uM (Figure 5B), which
corresponds to the functional low-affinity site previously observed
in KIRA-ELISA. The detection of the high-affinity site was located
in the nonlinear range of fluorescence detection and therefore
appeared as a small indentation. Linearization and extrapolation
analyses showed that ANA-12 also binds the high-affinity site with a
Ky of approximately 10 nM (data not shown). A 2-site fitting model
of ANA-12 binding to TrkB demonstrated that the high-affinity
site accounts for 20% of the total binding (data not shown), a value
similar to the 30% observed in KIRA-ELISA assays (Figure 4B).

To further study the binding properties of ANA-12, BDNF was
added to the ANA-12/TrkB complex (Figure 5B). This resulted ina
60% decrease in the maximal amount of ANA-12 bound to TrkBECP-
Fc with no shift of the curve to the right (Kj, 16 uM), suggesting a
noncompetitive mechanism. Together, these data suggest that both
the high- and low-affinity binding sites coexist on the extracellular
domain of TrkB and that BDNF and ANA-12 do not compete for
the same sites on TrkB.

Computational docking of the new compound to TrkB-d5 dem-
onstrated that the putative binding mode was similar to that of
N-T19 (Figure 5C): the lactame moiety of ANA-12 interacts
with the main chain atoms of His299 and His300 of TrkB, while
hydrogen bonds are formed between the acyclic amide moiety of
the compound and the side chains of TrkB-specific GIn347 and
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Figure 4

Pharmacological properties of the N-T19 analog ANA-12.
(A) Substructure query used to retrieve close analogs of
N-T19 (Ar, any aromatic moiety; R1 and R2, any moiety) and
structure of ANA-12. The benzene moiety that differs from
the template core is shown in green. (B) KIRA-ELISA assess-
ment of ANA-12 in absence (filled squares) or in presence
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(filled circles) of BDNF in TetOn-rhTrkB cells and neurons, as
described in Figure 2. ICs values of the high-affinity (TetOn-
rhTrkB, 45.6 + 8.4 nM; neurons, 45.6 + 6.7 nM) and low-
affinity (TetOn-rhTrkB, 87.0 + 14.0 uM; neurons, 41.1 £ 21.7
uM) sites were determined using Eadie-Hofstee plotting of
the data (lower panels). Data represent mean + SEM of 2—4
experiments performed in triplicates.
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data (inset, right panel). Data represent mean + SEM of
4 experiments performed in triplicate. (C) Computational
model of the docking of ANA-12 (cyan) into the specific-
ity patch of TrkB-d5 (green ribbon). 3 putative hydrogen
bonds (red dotted lines) anchor ANA-12 to TrkB. Note
that ANA-12 is surrounded by TrkB-specific amino acid
residues (red) in the binding pocket. (D and E) Repre-
sentative photomicrographs and quantitative analyses of
neurotrophin-induced neurite outgrowth in the presence
of ANA-12 in nnr5 PC12-TrkB (D), —TrkA, and —TrkC
(E) cells. Original magnification, x20. Data presented for
TrkA and TrkC are those obtained with 100 uM of ANA-
12 and are not different from their respective controls.
#P < 0.01 and P < 0.0001. Data represent mean + SEM
of 3 experiments performed in triplicate.
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Asp298. The shape of the ligand fits into the TrkB-dS ADEB
pB-sheet, notably through hydrophobic contacts between the 7-
membered ring and the accessible disulfide bridge Cys302-Cys347,
and through aromatic-aromatic interactions with a bundle of his-
tidine residues (His299, His300, His335).

ANA-12 affects cell functions associated with TrkB but not TrkA nor
TrkC. Neurite outgrowth was used to verify the effects of ANA-12
on cellular processes (Figure 5, D and E). We observed that in the
TrkB-expressing cells, ANA-12 prevented BDNF-induced neurite
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NT-3

Control
AMNA-12
NT-3 + ANA-12

outgrowth at concentrations as low as 10 nM, confirming the high
potency and efficacy observed in KIRA-ELISA assays (Figure 5D).
At concentrations up to 10-100 uM, ANA-12 completely abolished
the effects of BDNF since no single neurite or branching could be
observed even after 3 days of incubation. To assess the selectivity
of the compound toward TrkB, we used 2 other nnr5-PC12 cell
lines expressing either TrkA or TrkC for which neurite outgrowth
is dependent on NGF and NT-3, respectively (Figure SE). In these
cell lines, ANA-12 had no effect on neurite outgrowth. Three days

http://www.jci.org 5



research article

A B

150 125,
;@ 100 -
-~ c
= £ 75
g o0 §\Q\Cz/é__’o s 1
7] £
° xS 2
~ 7 151
L o = 10
<
=z <
< 51

0 0
0 20 40 60 05 1 2 4 6
Time in serum (min) Time after injection (h)
Figure 6

C D
1204
—_ —_ a
£ 100/ & 100 S
2 £ o0
= 804 = b
< T 80
s 601 =
g g ;
2 40 e 70
) * —O- Striatum
8 20 8 601 _m Cortex d
= <= )
o o —e— Hippocampus
0 50
Saline 2h  4h Saline 2 4
ANA-12 Time after injection (h)

Injection of ANA-12 i.p. inhibits TrkB receptors in the brain. (A) ANA-12 stability in mouse serum. ANA-12 was incubated in serum of mice for 15,
30, 45, and 60 minutes at 37°C. Data represent mean + SEM of 2 experiments. (B) ANA-12 bioavailability in mouse brain, 30 minutes, 1, 2, 4,
and 6 hours after a single i.p. injection. Data represent mean + SEM of 3 animals/group. (C) Pharmacokinetics of TrkB inhibition in the brain fol-
lowing i.p. injection of saline or ANA-12 (0.5 mg/kg) into adult mice. The level of phospho- and total TrkB in the whole brain of saline-treated and
ANA-12—treated mice was detected using KIRA-ELISA assays 2 and 4 hours after injection. Values are expressed as a percentage of the signal
obtained for saline-treated animals for the 2 time points (data presented for the saline-treated group are those obtained at 2 hours but were similar
at 4 hours). Data represent mean + SEM of 8 animals/group assessed in 2 different assays. ***P < 0.0001 compared with saline. (D) Pharmacoki-
netics of TrkB inhibition in different brain regions. Data represent mean + SEM of 8 animals/group assessed in 2 different assays. Two-way ANOVA
analyses of the data indicated a significant effect of treatment over time (P < 0.0001) and between structures (P < 0.0001). Post-hoc analysis
showed significant effect in (a) striatum (P < 0.001) and cortex (P < 0.01) at 2 hours and in (b) all structures (P < 0.001) at 4 hours, compared with
saline. At 2 hours (c), significant differences existed for striatum compared with cortex (P < 0.01) and hippocampus (P < 0.001), while at 4 hours
(d), differences were significant between striatum and cortex (P < 0.01) and hippocampus (P < 0.05). For better clarity, the graph is magnified.

incubation with concentrations as high as 100 uM of ANA-12 did
not affect NGF- and NT-3-dependent neurite length and branch-
ing, confirming its specificity to TrkB-related signaling.

Systemic administration of ANA-12 inhibits TrkB in the brain. The pur-
pose of this study was to develop a small molecule that can inhibit
TrkB in the adult mammalian brain after systemic administration.
We first tested whether ANA-12 was stable and not degraded into
breakdown products in mouse serum before reaching the brain.
To this end, ANA-12 was incubated in mouse serum for 15, 30, 45,
and 60 minutes at 37°C. Liquid chromatography-mass spectrom-
etry (LC-MS) analysis of the mixture did not reveal the presence of
breakdown products and no degradation of ANA-12 over time was
observed (Figure 6A).

We then determined whether ANA-12 crosses the blood-brain
barrier and reaches the brain after systemic administration. For
this purpose, ANA-12 (0.5 mg/kg) was injected i.p. into adult mice.
Animals were sacrificed 0.5, 1, 2, 4, or 6 hours later and brains
were processed for quantification of ANA-12 by LC-MS. Figure 6B
shows that active concentrations of ANA-12 could be detected in
the brain as early as 30 minutes (~400 nM) and up to 6 hours after
the i.p. injection (~10 nM).

We then determined whether ANA-12 inhibits TrkB in the adult
brain and determined the magnitude of TrkB inhibition in the
brain 2 and 4 hours after the injection of 0.5 mg/kg of ANA-12.
This time course was chosen based on what we previously observed
with cyclotraxin-B, for which a minimum of 3 hours was required
for TrkB deactivation in the brain (20). KIRA-ELISA quantifica-
tion of phospho-TrkB revealed that 0.5 mg/kg of ANA-12 partially
inhibited the total endogenous TrkB activity in the whole brain
(8% at 2 hours, 25% at 4 hours; Figure 6C).

Although TrkB is widely distributed in the brain, it is possible
that ANA-12 does not inhibit the receptor uniformly in different
brain areas. This could lead to an apparent partial inhibition of
TrkB in the whole brain with some structures being fully inhib-
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ited while others are not or are very little affected. We therefore
determined the amplitude of inhibition between different brain
areas. Again, 0.5 mg/kg of ANA-12 was injected into adult mice,
and different brain structures (striatum, cortex, and hippocam-
pus) were collected after 2 or 4 hours (Figure 6D). KIRA-ELISA
analysis showed that TrkB inhibition was more effective in the
striatum than in hippocampus and cortex 2 hours after injection.
At 4 hours, inhibition was comparable among all the structures
that were analyzed (25%-30%), yet TrkB in the striatum appeared
to be slightly more inhibited than in the hippocampus and cortex.
Together, these observations suggest that very low doses of ANA-12
are sufficient to partially inhibit TrkB activity homogenously
throughout the brain after 4 hours.

Injection of ANA-12 into mice predicts anxiolytic and antidepressive
activities. Overactivity of the BDNF/TrkB signaling in the reward
circuitry, including striatum and cortex, and in the hippocampus
has been associated with the development of anxiety and depres-
sion in rodent animal models (7, 13-15). We therefore tested the
hypothesis that injecting ANA-12 into mice would predict efficient
anxiolytic and antidepressant properties of the compound. To this
end, adult mice received either 0.5 mg/kg of ANA-12 or saline and
were subjected to a panel of predictive tests that assess the anxio-
lytic and antidepressant potentials of a compound.

The elevated plus maze task is a standard exploratory test for the
assessment of anxiety-related behaviors and is commonly used for
its predictive validity for the screening of anxiolytic compounds
(Figure 7A). As expected for anxiolytic compounds, mice treated
with ANA-12 entered more often and spent more time in the aver-
sive open arms while saline-treated mice preferentially stayed in
the closed and protected arm.

To further assess the anxiolytic potential of ANA-12, saline- and
ANA-12-treated mice were examined in the novelty-suppressed
feeding paradigm. This test reflects anxiety- and depression-relat-
ed behaviors because antidepressant and anxiolytic compounds
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reduce the latency to reach the illuminated area and to begin feed-
ing in an aversive environment (Figure 7B). In line with this, food-
deprived mice treated with ANA-12 entered the lit center and con-
sumed the food pellet twice as fast as saline-treated mice. At the
end of the test, food consumption in the home cage was assessed
for 5 minutes to control the effect of the treatment on satiety. No
difference was observed in the amount of food consumed by both
groups, suggesting that the decreased latency was not due to dif-
ferences in food deprivation.

General locomotor activity was not increased in the elevated plus
maze and in the novelty-suppressed feeding task. To further rule
out any confounding factors due to locomotor activity, we tested
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Figure 7

ANA-12 demonstrates anxiolytic-like properties. (A) Exploratory behav-
ior in the elevated plus maze. The number of entries and the time spent
in the different arms of the maze are presented. The increased ratio of
entries and time in the open arms versus total observed for ANA-12—
treated animals is representative of decreased anxiety. (B) Behavioral
measures of saline-treated and ANA-12—treated mice in the novelty-sup-
pressed feeding test. The latency to reach the illuminated center and to
eat the food was dramatically decreased in animals that received ANA-
12, while the home cage food consumption was not different between
both groups. (C) Exploratory behavior in the novel open field of saline-
treated and ANA-12—treated mice. Ambulatory distance was measured
during 60 minutes and was not different between the 2 groups. Inset
shows the total ambulatory distance acquired during the 60-minute ses-
sion. The total distance covered during the first 10 minutes of the task is
also shown. *P < 0.05; **P < 0.01; ***P < 0.005; SP < 0.001, compared
with saline. Data are presented as mean + SEM.

the exploratory behavior of vehicle- and ANA-12-treated mice in
the open field under nonaversive light conditions (Figure 7C). The
measure of ambulatory distance, used as an index of activity, was
not different between saline-treated and ANA-12-treated animals,
demonstrating that ANA-12 does not affect locomotor activity.
Since all behavioral tasks consisted of a 10- to 15-minute session, we
verified that locomotion was not affected by ANA-12 within the first
10 minutes in the open field and we found that the total distance
covered during this period was not different between the 2 groups.

To examine the potential antidepressant activity of ANA-12, we
used 2 independent tasks, the Porsolt forced-swim test and the
tail-suspension test. Both tests are commonly used for screening
antidepressant properties of compounds because of their good
reliability and predictive validity (34). Saline-treated and ANA-12-
treated mice were first subjected to the forced-swim test, and the
duration of floating (immobility time) was measured (Figure 8A).
In this task, mice treated with ANA-12 showed a decrease in the
total floating time compared with saline-treated animals. In fact,
saline-treated mice resigned after 4 minutes and until the end of
the test, while ANA-12-treated animals did not show any increase
in immobility during the whole test. This effect is a common fea-
ture of antidepressant compounds. Saline-treated and ANA-12-
treated mice were then subjected to the tail-suspension test and
the duration of immobility was again measured. As expected for
compounds with antidepressant properties, mice treated with
ANA-12 were more resilient than saline-treated mice as they spent
significantly less time immobile (Figure 8B).

ANA-12 does not affect neuron survival. Since inhibition of the BDNF/
TrkB signaling can induce neuronal death in the central nervous sys-
tem (2, 35), we verified whether ANA-12 can be chronically adminis-
trated without toxic effects for the brain. For that purpose, adult mice
received a daily injection of different doses of ANA-12 (0.5, 1.0, and
2.0 mg/kg) or saline solution for a week. After the last injection, mice
were sacrificed and brains were processed for apoptosis detection
using fluorescent TUNEL staining (Figure 9). Little or no TUNEL-
positive cells could be detected in the brains of mice injected with
saline or 0.5 or 1.0 mg/kg of ANA-12. It is noteworthy that examina-
tion of the whole brain revealed that the apoptotic cells were pres-
ent only in the dentate gyrus of the hippocampus. However, a small
increase in the number of TUNEL-positive cells was observed in the
dentate gyrus of mice that received 2.0 mg/kg of ANA-12. No stain-
ing was detected in any other areas of investigation (cortex, striatum,
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CAI1-3 areas of the hippocampus, hypothalamus, thalamus, substan-
tia nigra, ventral tegmental area, pallidum, and raphe nucleus).

Discussion

In this study, we identified what we believe is the first low-molecular
weight antagonist of TrkB using a structure-based virtual approach.
The identified molecule binds the extracellular domain of TrkB, pre-
vents BDNF-induced TrkB activation, and abolishes the biological
effects of BDNF on TrkB-expressing cells but not those of NGF or
NT-3 on TrkA- and TrkC-expressing cells. Moreover, the compound
inhibits TrkB function in the brain after systemic administration
and demonstrates anxiolytic and antidepressant potential.

The iterative process of rationale-based in silico screenings com-
bined with functional assays illustrates the power of modeling
specific structural interactions between 2 proteins for the rapid
identification of functional modulators. Finding low-molecular
weight compounds that selectively disturb protein-protein inter-
actions is notably a difficult endeavor. As of today, only 1% of the
whole human proteome has been successfully targeted with small-
molecule compounds (36). Moreover, most of the fruitful reports
concern proteins that naturally have small organic molecules for
ligands and not another protein. The 2-digit nanomolar affinity
observed for ANA-12 is therefore particularly encouraging for
other protein-protein interfaces considering the pace and small
resources engaged here to discover the current lead.

In order to allow rapid and efficient selection of functionally
active ligands, we used a discrete and specific area of the TrkB

Figure 9

The behaviorally effective dose does not affect cell survival. Repre-
sentative TUNEL staining in the dentate gyrus of mice subchronically
injected with saline or ANA-12 (0.5, 1.0, or 2.0 mg/kg) are shown
(Original magnification, (x10). Positive (DNAse-treated sections) and
negative (absence of terminal transferase) controls are included for
comparison. Arrows show TUNEL-positive cells as microscopically
determined under higher magnification (x40). Scale bar: 100 mm.
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Figure 8

ANA-12 demonstrates antidepressant-like properties. (A) Saline- and
ANA-12—treated animals were subjected to the forced-swim test. While
saline-treated mice resigned after 4 minutes, mice that received ANA-12
were as active as at the beginning of the test. Two-way ANOVA
analysis of the data demonstrated a significant overall effect of the
treatment (P < 0.01). (B) This escape behavior was confirmed in the
tail-suspension test, as demonstrated by the decrease in immobility
(P <0.001, 2-way ANOVA). Bar graphs show the total immobility time.
*P < 0.05; **P = 0.01. Data are presented as mean + SEM.

receptor for the virtual docking of a large database of 1.6 million
structurally unrelated compounds. This region is located in the
fifth subdomain of the extracellular domain of TrkB and has been
described as the “specificity patch” of the receptor, as it interacts
with the N-terminal region of BDNF (26, 28). In fact, the N-termi-
nal end of neurotrophins has been shown (a) to be highly variable
in terms of amino acid composition, (b) to affect Trk receptor bind-
ing and activation capacities, and (c) to fit into a binding pocket
formed by a patch of charged amino acids in the fifth subdomain
of Trk receptors. We therefore hypothesized that modeling the
TrkB specificity patch to perform an in silico screening would lead
to active TrkB-selective ligands. Conventional high-throughput
screenings using functional assays, such as neurite outgrowth and
cell survival, are demanding and generally yield less than 1% active
compounds (37). Moreover, the identified active compounds are
likely to act through any mechanism and not necessarily through
TrkB receptors. In contrast, the structure-based virtual strategies
used in this study obtained a high rate of recovery, with 2 active
molecules out of 12 tested in the first round of screening and 4 out
of 14 in the second round of screening for more potent analogs.
Very recently, Massa and colleagues have discovered active TrkB
agonists using a pharmacophore-based approach by modeling the
variable and specific loop IT in BDNF (24). This strategy yielded
5 active compounds out of 7 tested that can activate TrkB both in
vitro and in vivo. Together, these findings demonstrate the effi-
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ciency of structure-based virtual screenings for the discovery of
functional and selective Trk receptor ligands.

The data presented here show that low-molecular weight het-
erocyclic compounds affect the formation of a functional complex
between BDNF and TrkB. Two of the compounds described here,
ANA-12 and N-T19, structurally differ only by a benzene moiety,
yet this modification showed important consequences on the
pharmacological properties of ANA-12. For instance, while N-T19
demonstrated a second higher-affinity site when tested in neu-
rons, this site was present in both recombinant and native systems
for ANA-12. Here, we can hypothesize that N-T19 needs p75NT® to
modulate the conformation of TrkB-d5 in order to open a binding
pocket that will facilitate its entry and result in an apparent higher
potency. The addition of a benzene cycle to ANA-12 may overcome
the need of p75NTR to access this binding pocket. This would result
in an apparent higher-affinity site even in the absence of p75NTR,
Binding studies using TrkBEP-Fc showed that ANA-12 selectively
binds to the extracellular domain of TrkB. Interestingly, 2 binding
sites could be detected with constants similar to those observed in
functional assays (high-affinity site, Ky~ 10 nM, fraction 20%-30%;
low-affinity site, Ky~ 10 uM, fraction 70%-80%). The presence of 2
binding sites on purified TrkB confirms the idea that ANA-12 may
access a binding pocket independently of p75NTR-induced trans-
conformation of TrkB.

Modeling of ANA-12 docking in the specificity patch showed that
the molecule nicely fits into the TrkB-d5 ADEB $-sheet and behaves
like the N terminus region of BDNF in the binding pocket (26, 28).
Similarly to NT-4/5 and BDNF, ANA-12 lies against the disulfide
bridge formed by Cys302 and Cys347 and interacts with Asp298,
His299, and His300. Cocrystallization of the compound with TrkB,
in the presence or absence of BDNF, would be of invaluable help for
abetter understanding of the fine molecular events triggering TrkB
activation. In fact, binding experiments showed that even high
concentrations of ANA-12 cannot overcome its displacement from
TrkB by BDNF, suggesting a noncompetitive mechanism. Given
the size of BDNF relative to ANA-12 and its many binding sites on
TrkB (26-28), one can hypothesize that while the N-terminal arm
of the neurotrophin competes with ANA-12 for the TrkB-d5-bind-
ing pocket, the small compound is not able to destabilize the other
sites of interactions between BDNF and TrkB.

Systemic administration of low doses of ANA-12 to mice effi-
ciently inhibited TrkB activity in the striatum, cortex, and hip-
pocampus, and showed predictive anxiolytic and antidepressant
properties in a panel of behavioral tests that included the elevated
plus maze, the novelty-suppressed feeding, the tail suspension,
and the Porsolt swimming tests. These tests are commonly used
for their predictive validity to assess anxiolytic-like and antidepres-
sant-like activities of compounds (38). Because BDNF has been
described as a modulator of memory formation, the behavioral
alterations observed in these tests could therefore theoretically
be a result of a memory deficit. However, it has been shown that
memory can be addressed in the elevated plus maze only when
repeated trials and preexposure sessions are used (38-40), which
is not the case here. Similarly, the novelty-suppressed feeding test
measures the latency to first approach, which by definition cannot
be affected by memory. We therefore exclude potential memory
impairments as a confounding factor in our behavioral analysis.

The neurotrophin hypothesis of depression postulates that
BDNF is strongly linked to depression and depression-like behav-
iors (9, 10). However, while positive modulation of BDNF sig-
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naling may be a key target for antidepressant actions, inhibition
of this pathway does not seem to induce depression (16-18). In
contrast, inhibition of BDNF and TrkB signaling in the reward
system has shown strong antidepressant effects in rodent models
of stress and depression (7, 12). Given the dynamic activity of the
BDNF/TrkB coupling in these disorders, it has been proposed that
BDNF antagonists would provide a novel class of efficient thera-
peutic agents to treat anxiety and depression in humans (7, 11-15).
Accordingly, we propose that ANA-12, antagonist of BDNF/TrkB
signaling, may be effective for the treatment of anxiety disorders
and depression in humans.

We previously observed similar behavioral effects on the elevated
plus maze using cyclotraxin-B, a BDNF-derived peptide that inhibits
both BDNF-dependent and -independent TrkB activity in the brain
(20). Interestingly, cyclotraxin-B had no effect in the forced-swim
test. Further investigations will be required to better understand the
different mechanisms underlying the effects of these 2 compounds
and more generally to better understand the role of BDNF and TrkB
in mood disorders. A potential issue with the use of TrkB inhibitors
for clinical application as anxiolytic and/or antidepressive medica-
tion could be the induction of cell death. Chronic treatments with
such compounds could result in the loss of neurons, the survival of
which depends on BDNF signaling (2). However, as demonstrated in
this study with ANA-12, this side effect can potentially be prevented
by using low doses of the antagonist that will efficiently alter behav-
ior without affecting the survival of neurons.

Finally, other compounds sharing the 3-(acylamino)-g-caprolac-
tam scaffold of N-T19 and ANA-12 have been described as pro-
cognitive agents in mice (41), although the precise mechanism of
action is not described (42). Given the central role of the BDNF/
TrkB coupling in cognition and memory, it would be interesting
to evaluate the effect of these compounds on TrkB receptors and
to compare them with ANA-12 and N-T19.

To the best of our knowledge, ANA-12 is the first nonpeptide
antagonist of TrkB receptor that elicits strong and specific effects
in vivo. This proteolytically stable small molecule constitutes a
valuable pharmacological tool to enable us to better investigate
the role of BDNF/TrkB signaling in pathophysiological situations
and will serve as a lead compound for the design of potent orally
bioavailable TrkB modulators.

Methods

Materials

D-Ala-Leu-Lys-7-amido-4-methylcoumarin (N-T04; cat. no. A8171; M.W.
487.6 g/mol) was purchased from Sigma-Aldrich, with purity higher than 95%
determined by HPLC. N2-(2-{[(2-oxoazepan-3-yl)amino]carbonyl}phenyl)thio
phene-2-carboxamide (N-T19; (cat. no. BTB06524; M.W. 357.4 g/mol) and N2-
(2-{[(2-ox0azepan-3-yl)Jamino]carbonyl}phenyl)benzo[b|thiophene-2-carbox-
amide (ANA-12; cat. no. BTB06525; MW 407.5 g/mol) were purchased from
Maybridge, with purity higher than 95% determined by LC-MS. Recombinant
human BDNF, NGF, and NT-3 were obtained from Peprotech. TrkBF“P-Fc
was obtained from R&D Systems. Antibodies and substrates used for KIRA-
ELISA were obtained from different sources, as follows: anti-GFP polyclonal
antibody (BD Biosciences), anti-GFP monoclonal antibody (Chemicon), anti-
TrkB polyclonal antibody (Millipore), anti-TrkB monoclonal antibody (BD
Biosciences), biotinylated anti-phosphotyrosine antibody (4G10; Upstate
Biotechnology), HRP-conjugated streptavidin (Amersham Biosciences), and
3,35, 5-tetramethyl-benzidine substrate (TMB; Sigma-Aldrich). K252a was
purchased from Calbiochem and doxycycline from Clontech.

htep://www.jci.org 9
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Synthesis of Bodipy-ANA-12

Bodipy-ANA-12 (2-(3-((2-(2-(2-(4-(benzo[b]thiophene-2-carboxamido)-
3-((2-oxoazepan-3-yl)carbamoyl)phenoxy)ethoxy)ethoxy)ethyl)amino)-
3-oxopropyl)-5,5-difluoro-7,9-dimethyl-SH-dipyrrodol[1,2-c:2',1'-f]
[1,3,2]diazaborinin-4-ium-5-uide) was synthesized as described in
Supplemental Methods.

3D modeling of the BDNF/TrkB complex

Aromic coordinates of the BDNF-TrkB complex (2 TrkB molecules com-
plexed to a BDNF homodimer) were obtained by homology to the x-ray
structure of the TrkB/NT-4/5 complex (28) (RCSB Protein Data Bank
entry, 1hcf). NT-4/5 coordinates were replaced by those of the BDNF
x-ray structure (RCSB Protein Data Bank entry, 1bnd) after fitting BDNF to
NT-4/5 structures on Co-atoms from residues Gly8 to Lys116. Missing
coordinates for the N-terminal part of BDNF (His1-Arg7) were obtained
from that of the NT-4/5 template in the TrkB/NT-4/5 complex by sub-
stituting NT-4/5 residues with BDNF residues using the SYBYL Biopoly-
mer package (Tripos Associates Inc.). A residue deletion when comparing
NT-4/5 to BDNF (occurring at Ser9, NT-4/5 numbering) was generated by
directly linking Ala6 to Arg7 BDNF residues from the NT-4/5 backbone
template. After adding hydrogen atoms using standard SYBYL geometries,
the BDNF-TrkB complex was refined in AMBER 8.0 using the ff03 force-
field (43) by 5,000 steps of energy minimization (1,000 steps of steepest
descent and 4,000 steps of conjugate gradients refinement) with an implic-
it generalized Born solvation model.

Docking-based virtual screening of the BDNF/TrkB

specificity patch

TrkB residues closer than 6.5 A to any of the N-terminal BDNF amino
acids (His1-Ser11) were selected for docking a database of commercially-
available drug-like compounds (Bioinfo database, http://bioinfo-pharma.
u-strasbg.fr/bioinfo). 3D coordinates of compounds were obtained from
available 2D sketches using Corina v3.1 (Molecular Networks GmbH) ion-
ized at physiological pH with filter v2.0 (OpenEye Scientific Software) and
saved in mol2 format. Out of 1.6 million compounds, an automated work-
flow was set-up in Pipeline Pilot v7.5 (Accelrys Inc.) to select 78,045 com-
mercially available molecules to be screened using the following criteria:
(a) lead-like properties of the compounds, as described earlier (31); (b) a
predicted solubility in aqueous solution at 100 mM; and (c) a polar surface
area below 120 A2. In silico screening was performed using the FlexX v2.2
docking software (32) using standard parameters. Any compounds with a
FlexX score above -25.0 were selected for visual inspection. Any pose for
which the ligand was buried by more than 75% of its surface upon TrkB
docking was retrieved. All 295 selected ligands were clustered based on
their maximal common substructures in ClassPharmer v4.5 (Simulation
Plus Inc.). 22 ligands (N-T01 to N-T22) described by at least 3 compounds
were selected. Twelve compounds were retrieved from commercial sources
and dissolved in DMSO.

Screening of N-T19 analogs

The chemical scaffold of N-T19 (N-{2-[(carbamoylmethyl)carbamoyl]
phenyljarylamide) was used as a template for the screening of the Bioinfo
database. 14 analogs (ANA-01 to ANA-14) were selected, retrieved from
commercial suppliers, and dissolved in DMSO.

Cell cultures

Generation and selection of the inducible TetOn-rhTrkB cells expressing
the recombinant human TrkB (provided by Garrett Brodeur, Children’s
Hospital of Philadelphia, Philadelphia, Pennsylvania, USA) tagged with the
enhanced cyan fluorescent protein (thTrkB-ECFP) were described earlier
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(20). TetOn-rhTrkB cells were grown in DMEM (Invitrogen) supplemented
with 10% bovine serum, 25 mM Hepes (Invitrogen), 2 mM l-glutamax
(Gibco), and the appropriate drug selection. Cortical neurons were pre-
pared from E16 mouse embryos and cultured as previously described (20).
The nnr5 PC12-TrkA, nnrS PC12-TrkB, and nnr5 PC12-TrkC cells (pro-
vided by Moses Chao, Skirball Institute of Biomolecular Medicine, New
York, New York, USA) are NGF nonresponding mutant PC12 cells stably
transfected with TrkA, TrkB, and TrkC cDNA, respectively (44).

KIRA-ELISA

TrkB receptor autophosphorylation was quantified using a modified ver-
sion of KIRA-ELISA, as described earlier (20). TetOn-rhTrkB cells were seed-
ed on flat-bottom 96-well culture plates (4 x 10* cells per well) and were
incubated overnight with 1000 ng/ml doxycycline to induce the expression
of TrkB receptors. Cortical neurons were seeded on polyornithin-coated
flat-bottom 96-well culture plates (12 x 10 cells per well) and cultured 7
to 8 days at 37°Cin 5% CO,. Fluorescence levels in TetOn-rhTrkB cells were
verified before each assay. Cells were carefully washed 4 times with DMEM
before being treated with compounds for 20 minutes and stimulated for 20
minutes with BDNF (recombinant cells, 4 nM; neurons, 0.4 nM) in DMEM
containing 0.5% BSA and 25 mM HEPES (control medium) at 37°C in 5%
CO,. Assay was stopped by removing the medium on ice, and membranes
were solubilized by adding a solubilization buffer (150 mM NaCl, 50 mM
Hepes, 0.5% Triton X-100, 0.01% thimerosal, 2 mM sodium orthovanadate,
supplemented with a cocktail of protease inhibitor) for 1 hour at room
temperature. Lysates were transferred to an ELISA microtiter plate (Nunc
MaxiSorp) precoated with either anti-GFP (1:5000) for rhTrkB or anti-TrkB
(1 ug/ml) for neuronal TrkB. Phosphorylation was revealed by incubation
with biotinylated anti-phosphotyrosine (0.5 pg/ml) and HRP-conjugated
streptavidin (1:4000). After addition of TMB and acidification with 1 N
hydrochloric acid, absorbance was read at 450 nm. Total TrkB was also
quantified using KIRA-ELISA using either a monoclonal anti-GFP (1:3000)
for rhTrkB or a monoclonal anti-TrkB (1:1000) for neuronal TrkB to pre-
cipitate the receptor and either a polyclonal anti-GFP (1:5000) for rhTrkB
or a polyclonal anti-TrkB (1 ug/ml) for neuronal TrkB to detect the receptor.
In cell cultures, the total TrkB signal was found to be unchanged in all treat-
ment conditions. In brain tissues, the amount of total TrkB was variable
and was used to normalize the signal obtained for phospho-TrkB.

ANA-12 binding assays

Maxisorp ELISA 96-well plates were coated with various concentrations of
TrkBECD-Fc (as indicated in the figures), 20 mg/ml BSA, or 1 mg/ml IgG-Fc
(polyclonal anti-TrkB; Millipore) in a carbonate buffer (pH 9.6) overnight
at 4°C. Plates were saturated with 0.5% BSA in PBS for 2 hours at room
temperature and extensively washed in PBS-Tween 0.05%. Bodipy-ANA-12
was then incubated in 0.5% PBS-BSA for 1 hour at room temperature before
the addition of BDNF in 0.5% PBS-BSA for another hour, as indicated in the
figures. After extensive washes in PBS-Tween 0.05%, the amount of bodipy-
ANA-12 bound was quantified by fluorescence at 520 + 10 nm. Detectability
range for extrapolation analysis was assessed by coating ELISA plates with
bodipy-ANA-12 and reading fluorescence at 520 + 10 nm.

Neurite outgrowth assay

Modulation of neurite outgrowth by molecules was assessed in nnr§
PC12-TrkB, -TrkA, and -TrkC cells after addition of BDNF (1 nM), NGF
(2 nM), and NT-3 (10 nM), respectively. The number of cells bearing neu-
rites longer than 2 cells in diameter in each counting field was microscopi-
cally determined (2 fields per well, 3 wells per condition). Counting was
performed blind each 24 hours for 3 days (data presented in figures are
those obtained for 48 hours but are similar at 24 and 72 hours).
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Institutional review of animal protocols

Allanimal protocols used in the present study were approved by the Institution-
al Animal Care and Use Committee of Columbia University and the INSERM
Committee Guidelines and European Communities Council Directive.

Administration of ANA-12 and in vivo KIRA-ELISA analysis

F1 hybrids obtained by crossing C57BL/6 and 129SveV mice were used
following the recommendation of the Banbury Conference on genetic
background for studying mouse behavior (45). Adult C57BL6/129SveV
F1s (3 months old) were randomly distributed into saline (1% DMSO dis-
solved in 0.9% NaCl solution) and ANA-12 (dissolved in saline solution)
groups. A volume of 10 ul/g body weight was injected i.p. for saline and
ANA-12 (0.5 mg/kg body weight) solutions. After 2 or 4 hours, mice were
decapitated and brains were rapidly removed on ice. Striatum, cortex, and
hippocampus were subsequently dissected when needed. Tissues were rap-
idly washed in ice-cold PBS, transferred into ice-cold KIRA-ELISA solu-
bilization buffer, and left overnight at 4°C. Protein concentrations were
determined, equal amounts of proteins were loaded, and KIRA-ELISA
assays were performed as described above.

Analysis of ANA-12 stability and bioavailability in mouse brains

Analysis of stability in mouse serum and quantification in mouse brain
were performed by TechMed!" facilities (Ecole Supérieure de Biotechnolo-
gie de Strasbourg, Illkirch, France). Stability was assessed by incubating
ANA-12 in mouse serum for 15, 30, 45, and 60 minutes at 37°C. Mixtures
were homogenized and proteins precipitated with acetonitrile before being
analyzed by liquid chromatography-mass spectrometry (Agilent LC-MS
ESI qTOF connected to a C18-1 x 10 x 1.9 column). Bioavailability in
mouse brain was assessed by injecting mice i.p. with ANA-12 (0.5 mg/kg) as
described above. After 30 minutes, 1, 2, 4, and 6 hours (3 mice/time point),
brains were removed and mashed in NaCl 0.9% before treatment with ace-
tonitrile. The mixture was cleared by ultracentrifugation, and the com-
pound was extracted using a series of dehydrations and resuspensions in
acetonitrile/water (1/1 v/v) before being subjected to LC-MS for detection
and analysis. Reference samples were prepared by adding known amounts
of compound to blank mixtures (brains from saline-treated mice). Concen-
trations of ANA-12 (ng/g brain) were derived from the reference samples by

calculating the area under the detection peak.

In vivo cell death analysis

The effects of subchronic treatments of ANA-12 on cell death in mouse
brains were assessed using the TUNEL assay. Mice were randomly distrib-
uted into 4 groups and were i.p. injected with saline (containing 1% DMSO)
or 0.5, 1.0, or 2.0 mg/kg of ANA-12 once a day for 1 week. Mice were sacri-
ficed 24 hours after the last injection and perfused transcardially with PBS
followed by 4% paraformaldehyde. Brains were postfixed overnight in 4%
paraformaldehyde, and 50 um-thick coronal sections were obtained using
avibratome. Free-floating sections were extensively washed in PBS and per-
meabilized in PBS containing 0.5% Triton X-100 for 90 minutes at room
temperature. Sections were then rinsed and mounted on slides. Labeling of
3" OH-DNA strand breaks was performed using the DeadEnd Fluoromet-
ric TUNEL system (Promega) according to the manufacturer’s instruction.
The reaction was terminated by rinsing the slides in SSC 2x and washing
extensively with PBS. Sections were mounted with VECTASHIELD plus
DAPI (Vector Laboratories), and fluorescein was visualized at 520 nm
using fluorescence microscopy (Leica). Positive controls were obtained by
pretreating sections from saline-treated animals with DNAse (10 U/ml;
Invitrogen) for 90 minutes at 37°C in PBS containing 0.5% Triton X-100.
Negative controls (absence of fluorescent spots) were obtained by process-
ing the sections as described above without the terminal transferase.
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Behavioral testing of ANA-12

All behavioral testing was started at the same time of the day (1:00 pm) in
quiet and separated rooms under bright ambient light conditions (800-900
lux, except for the open field, 300-400 lux). Behavioral tasks were performed
4 hours after injection of 0.5 mg/kg of ANA-12 using the same procedure
as described above. To eliminate odor cues, all testing apparatus was thor-
oughly cleaned after each animal using the disinfectant Roccal (Pfizer).

Effects of ANA-12 on anxiety-related bebaviors
Anxiety-related behaviors were tested using the open field test, elevated
plus maze, and novelty-suppressed feeding paradigm.

Open field. The open field test was performed as previously described (46).
Briefly, mice were tested in Plexiglas activity chambers (45 x 45 x 30 cm,
I x w x b, model ENV-520; Med Associates) equipped with infrared beams
located 1.5 cm above the chamber floor and spaced 2.5 cm apart to detect
horizontal activity. Mice were placed into the center of the open field, and
activity was recorded for 60 minutes. The center area was defined as the cen-
tral 15 x 15 cm portion. Total ambulatory distance, total ambulatory time
in the periphery, and total ambulatory time in the center were measured.

Elevated plus maze. The elevated plus maze task is a standard exploratory test
for the assessment of anxiety-related behavior and was performed as previ-
ously described (46). Mice were placed on the center platform facing a closed
arm and allowed to explore the maze for 5 minutes. During these 5 minutes
of testing, the number of entries and time spent in each arm were recorded.

Novelty-suppressed feeding. The novelty-suppressed feeding test captures
both depression- and anxiety-related behaviors and is sensitive to antide-
pressants and anxiolytics (47). The test was performed with 24-hour food-
deprived mice as previously described (46). The testing apparatus consisted
of a plastic box (50 x 50 x 20 cm, [ x w x b). The floor was covered with
wood chip bedding. A single food pellet was placed on a circular piece of
white filter paper (12 cm diameter) placed in the illuminated center of the
box. Mice were placed in a corner of the box and the latency to reach the
pellet and begin a feeding episode was recorded (maximum time 12 min-
utes). Each mouse was weighed prior to food deprivation and testing. To
control for the effect of drug treatment on performance, each mouse was
transferred to its home cage immediately after the test and the amount of

food consumed in S minutes was measured.

Effects of ANA-12 on depression-related bebaviors
Depression-related behaviors were tested using the forced-swim test and
the tail-suspension test.

Forced-swim test. The forced-swim test was performed according to the
method of Porsolt (48). A vertical glass cylinder (25 x 14 cm, b x d) was filled
with 30°C water to a depth of 20 cm so that mice must swim or float with-
out their hind limbs or tail touching the bottom. For testing, each mouse
was placed in the cylinder for 6 minutes, and duration of floating (immobil-
ity time) was scored. As indicated by Porsolt, only the data scored during the
last 4 minutes were pooled and analyzed as total immobility time.

Tail-suspension test. The tail-suspension test was performed as described
by Steru et al. (49). A short piece of paper adhesive tape was attached along
half the length of the tail (about 3 cm). The free end of the adhesive tape
was attached to a 30-cm long rigid tape attached to a frame so that the
mouse’s head was about 20 cm above the floor. The animal was surrounded
by a white-painted wooden enclosure (40 x 40 x 45 cm, [ x w x h). Mice were
observed for 6 minutes. Resignation to the aversive situation (immobility

time) was recorded.
Statistics
Concentration-response and competition curves were obtained using an

iterative least-squares method derived from that of Parker and Waud (50).
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Eadie-Hofstee plotting of the data provided estimates for ECso and ICsq val-
ues. KIRA-ELISA competition studies were analyzed using 1-way ANOVA

followed by Neuman-Keuls multiple comparison post hoc test. Concentra-

tion-response curves and Eadie-Hofstee plots were analyzed using 2-way
ANOVA. In vivo KIRA-ELISA statistical analyses were performed using

1-way and 2-way ANOVA followed by Dunnett’s multiple comparison and

Bonferroni’s post hoc tests. Behavioral data are presented as mean + SEM
of 15 animals/group and were analyzed using either 2-tailed Student’s
t test, 1-way ANOVA, or 2-way ANOVA with repeated measures where

appropriate. P < 0.05 was considered significant.
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