Technical advance

Small molecule BDNF mimetics
activate TrkB signaling and prevent
neuronal degeneration in rodents

Stephen M. Massa,’ Tao Yang,22 Youmei Xie,? Jian Shi,' Mehmet Bilgen,*
Jeffrey N. Joyce,5 Dean Nehama,3 Jayakumar Rajadas,® and Frank M. Longo?-3

"Department of Neurology and Laboratory for Computational Neurochemistry and Drug Discovery, Department of Veterans Affairs Medical Center, and
Department of Neurology, UCSF, San Francisco, California, USA. 2Department of Neurology, University of North Carolina—Chapel Hill, Chapel Hill,
North Carolina, USA. 3Department of Neurology and Neurological Sciences, Stanford University School of Medicine, Stanford, California, USA.
4Department of Radiology and Radiological Science, Medical University of South Carolina, Charleston, South Carolina, USA.
5Thomas H. Christopher Center for Parkinson’s Disease Research Sun Health Research Institute, Sun City, Arizona, USA.

Brain-derived neurotrophic factor (BDNF) activates the receptor tropomyosin-related kinase B (TrkB) with
high potency and specificity, promoting neuronal survival, differentiation, and synaptic function. Correla-
tions between altered BDNF expression and/or function and mechanism(s) underlying numerous neurode-
generative conditions, including Alzheimer disease and traumatic brain injury, suggest that TrkB agonists
might have therapeutic potential. Using in silico screening with a BDNF loop-domain pharmacophore, fol-
lowed by low-throughput in vitro screening in mouse fetal hippocampal neurons, we have efficiently identi-
fied small molecules with nanomolar neurotrophic activity specific to TrkB versus other Trk family mem-
bers. Neurotrophic activity was dependent on TrkB and its downstream targets, although compound-induced
signaling activation kinetics differed from those triggered by BDNF. A selected prototype compound dem-
onstrated binding specificity to the extracellular domain of TrkB. In in vitro models of neurodegenerative
disease, it prevented neuronal degeneration with efficacy equal to that of BDNF, and when administered in
vivo, it caused hippocampal and striatal TrkB activation in mice and improved motor learning after traumatic
brain injury in rats. These studies demonstrate the utility of loop modeling in drug discovery and reveal what
we believe to be the first reported small molecules derived from a targeted BDNF domain that specifically
activate TrkB.We propose that these compounds constitute a novel group of tools for the study of TrkB sig-

naling and may provide leads for developing new therapeutic agents for neurodegenerative diseases.

Introduction

Nerve growth factor (NGF), brain-derived neurotrophin factor
(BDNF), and neurotrophin-3 (NT-3) are members of the neuro-
trophin protein family and act through their cognate tropomyo-
sin-related kinase (Trk) receptors (NGF/TrkA, BDNF/TrkB, NT-3/
TrkC) and the common neurotrophin receptor p75 (p75NR). Trks
are activated by binding of mature neurotrophin dimers and mul-
timerization (though the precise mechanisms remain unclear),
leading to phosphorylation and signaling adaptor recruitment
(1). Trk activation promotes neuronal survival, differentiation,
and synaptic function (1-3). p75NTR signaling is complex, involv-
ing coreceptor (e.g., sortilin) interactions, proteolytic processing,
and endocytosis, with coupling to both survival and apoptosis-
inducing mechanisms (e.g., refs. 4-6). Engagement of p7SNTR by
neurotrophins also modulates Trk activity (7, 8). BDNF and TrkB
are of particular therapeutic interest. Correlations between alter-
ations in BDNF expression and/or function and mechanism(s)
occurring in Alzheimer disease (9), Huntington disease (10), Par-
kinson disease (11), Rett syndrome (12), traumatic brain injury
(TBI), (13, 14), and aging (15) point to the therapeutic potential
of TrkB agonists. The findings that TrkB is important for long-
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term survival, differentiation, and function of newborn neurons
in the adult hippocampus (16-18), and that neurogenesis plays a
fundamental role in depression, suggest that discovery of TrkB
ligands might open new treatment avenues for this disorder (19).
Finally, modulation of TrkB signaling could have a therapeutic
role in obesity or anorexia (20).

A number of properties limit the therapeutic application of
BDNF. Its plasma half-life in rats is less than 1 minute, and it has
poor blood brain barrier penetration (21) and poor brain intrapa-
renchymal penetration (22). In addition, BDNF interaction with
p75NTR might contribute to its ability to promote pain (23) and
other undesired effects. Thus, a long-sought goal has been the
development of non-peptide, small molecule ligands capable of
activating TrkB signaling with high potency and specificity (24).
In the present study, we applied in silico screening with a phar-
macophore modeled on a BDNF loop domain likely interacting
with TrkB, coupled with low-throughput in vitro neurotrophic
assays to identify the first small molecule TrkB ligands mimick-
ing a BDNF active site.

Results

Computational modeling, pharmacophore generation, and virtual screening.
There was no available structure, for any neurotrophin-Trk pair-
ing, of the binding of the p-loops of interest to the receptor, and
no known BDNF-derived oligopeptides with TrkB-activating
activity with which to constrain the model. Therefore, we began
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Figure 1

Pharmacophore and LM22A compound structures. (A) Inset: Variable loop regions of a human BDNF monomer extracted from the crystal-
lographically determined structure of a BDNF-NT3 heterodimer (56). The larger image shows the loop IlIb (sequence SKGQL) pharmacophore

hypothesis, as described in the text. Red, hydrogen bond donor; green,

hydrogen bond acceptor. (B) Structures of the 4 LM22A compounds

chosen for these studies. Compounds are abbreviated as #1—#4 in subsequent figures.

with previous studies of receptor binding and biologic activity of
chimeric mutant proteins generated by successive substitution of
homologous BDNF regions into an NGF backbone, which identi-
fied regions of BDNF involved in TrkB activation and Trk specificity
(25, 26). Examination of those results suggested loop II subregion
b (SKGQL) (Figure 1), a region sufficiently restricted to produce a
small molecule model, which was associated with a substantial por-
tion of BDNF-like activity and not apparently critical for TrkB bind-
ing, as a candidate for pharmacophore modeling. This region was
modeled and a chemical feature hypothesis (shown in Figure 1A)
generated, as described in Methods. Using this pharmacophore,
an average of 35 conformers of each of more than 1,000,000 avail-
able compounds (including libraries from Asinex, Comgenex [now
AMRI], Interbioscreen, Sigma-Aldrich [Rare Chemical Library],
Timtec, and Chemstar) were screened, yielding 1,785 candidate
compounds that fit with a calculated internal energy of less than 10
kcal/mol. This number was further reduced to 14 by visual inspec-
tion and other criteria, as follows: (a) since the pharmacophore used
did not provide for excluded spaces, a rough (visual, qualitative)
filter was applied that disfavored compounds that, in their lowest
energy conformation best fitting the pharmacophore, had portions
that would interfere with the interaction of pharmacophore-deter-
mined compound chemical features with a putative shallow-pocket
receptor site (this criterion was the most robust in excluding com-
pounds); (b) compounds were favored in which pharmacophore-
correspondent features were connected by several rotatable bonds,
providing theoretical flexibility of relative positioning; (c) com-
pounds of lower molecular weight were favored, but those greater
than 500 Da, up to 650 Da, were not automatically excluded — oth-
erwise, Lipinski’s rule of S criteria was applied; and (d) compounds
marginal on any of the preceding criteria, and also barely fitting the
pharmacophore, could be excluded. Of these 14 compounds, 7 were
obtained from commercial sources for in vitro analysis.
Identification of BDNF loop 1I mimetics with neurotrophic activity.
Compounds were screened for neurotrophic activity using E16
hippocampal neurons under conditions in which survival is, in
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part, dependent upon the addition of exogenous BDNF. In pre-
liminary assays, 5 compounds emulating the loop II region of
BDNF were considered to have activity significantly above base-
line as defined as a percentage of BDNF maximal efficacy. Four
compounds with the highest activity (LM22A-1 to -4) were selected
for further characterization. Each of these 4 compounds exhib-
its a distinct chemotype; LM22A-1 is a tripeptide (Pro-His-Trp),
and compounds LM22A-2, LM22A-3, and LM22A-4 contain no
peptide bonds (Figure 1B).

Neurotrophic activity dose-response studies with the 4 com-
pounds demonstrated maximum levels of activity of 80%-89%
of that of BDNF and ECs, values of 200-500 pM (Figure 2, A-F).
TUNEL/DAPI staining confirmed the compounds’ ability to
prevent neuronal death with an efficacy similar to that of BDNF
(Figure 2G). Since the plateau of survival for LM22A-1 and -4 was
not well established until approximately 100 nM, to ensure maxi-
mum effects, we chose S00 nM as a standard concentration for
many of the subsequent mechanistic studies.

In beginning to examine the mechanism of action of these com-
pounds, we considered the possibility that they might act as secre-
tagogues, increasing BDNF levels. Anti-BDNF antibody treatment
of hippocampal cultures resulted in a decrease in BDNF neuro-
trophic activity but had no effect on the activity of the 4 test com-
pounds (Figure 2H), supporting the view that these compounds
are not BDNF secretagogues.

LM22A compounds interact with and act through TrkB. The hypoth-
esis that the LM22A compounds act through TrkB was examined
through multiple approaches. The finding that compounds had
maximal activities at 80%-89% of that of BDNF suggested thatif they
functioned as a ligand, or by otherwise co-opting TrkB or its down-
stream signaling pathways, they might inhibit BDNF function by
approximately 10%-20%. In contrast, additive activity would indicate
a parallel mechanism. In hippocampal cultures, addition of 500 nM
LM22A-4 with 20 ng/ml (~0.7 nM) BDNF, concentrations of each
which induce a maximal response, produced no additive effect on
survival (Figure 2I). Similar results were obtained with LM22A-3
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Figure 2

Neurotrophic activities of LM22A compounds. (A) Fluorescence photomicrographs (original magnification, x40) of GAP43-immunostained E16
mouse hippocampal neuronal cultures treated with culture medium (CM), BDNF, or LM22A-4 (#4) for 48 hours. (B—E) Neuron survival dose-
response curves for BDNF and LM22A compounds. Counts were normalized to survival achieved with 20 ng/ml (~0.7 nM) BDNF. For BDNF,
survival values for each concentration were derived from n = 29-32 wells obtained from 12 separate experiments; for LM22A-1, -2, and -3, values
for each concentration were derived from n = 11-19 wells obtained from 6 separate experiments; for LM22A-4, values for each concentration
were derived from n = 13-21 wells obtained from 8 separate experiments. White circles, compound responses; black circles, BDNF responses
(F) Comparison of survival curves from all compounds and BDNF. (G) Quantitation of the fraction of TUNEL-positive/DAPI-staining cells dem-
onstrates that LM22A compounds decrease the number of TUNEL-positive cells to a degree similar to that of BDNF. A total of n = 93-95 fields
per condition derived from 3 separate assays were counted. (H) Survival analysis of E16 hippocampal neurons treated with nonimmune serum
(Control) or antibody to BDNF (Ab; 1:400) and BDNF (0.7 nM) or LM22A compounds (500 nM). Counts made in a total of n = 10—12 wells were
derived from 5-6 experiments. (I) Survival of E16 hippocampal neurons treated with BDNF alone (0.7 nM), LM22A-4 alone (500 nM), or BDNF

plus LM22A-4. n = 24-72 wells for each condition derived from 3 experiments were analyzed. *P < 0.05, **P < 0.01, ***P < 0.001.

(Supplemental Figure 1A; supplemental material available online
with this article; doi:10.1172/JCI41356DS1). Also of note, addition
of these compounds resulted in an approximately 15% reduction in
the BDNF neurotrophic response, consistent with the profile of a
TrkB partial agonist. Finally, the co-addition of LM22A-3 and -4 did
not result in additive effects (Supplemental Figure 1B).

If these compounds work through activation of TrkB, they
should be blocked by inhibition of receptor activation. Treatment
of hippocampal neuron cultures with the Trk inhibitor K252a led
to a reduction in the neurotrophic activity of BDNF and all 4 test
compounds (Figure 3A). K252a has been reported to also block
mixed-lineage kinases, leading to inhibition of JNK activation, and to
activate AKT and ERK through the Src pathway (27), which lead to
improved survival; however, we saw no improvement in survival with
K252a alone in our cellular systems. In addition, as an alternative
approach, we examined the effects of an antibody directed against
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the extracellular domain (ECD) of TrkB (anti-TrkBECP) that is known
to inhibit BDNF function (28). This resulted in a reduction in cell
survival (Figure 3B) and increased numbers of TUNEL-positive cells
(Figure 3C) in the presence of BDNF, LM22A-3, and LM22A-4.

LM22A compounds specifically activate TrkB. To examine the effects
of LM22A compounds on different Trk family members, we
determined TrkY#%® phosphorylation in NIH-3T3 cells expressing
single Trks. In 3T3-TrkB cultures, addition of BDNF or LM22A
compounds resulted in TrkB activation, while NGF was inactive
(Figure 3D). However, in 3T3-TrkA and 3T3-TrkC cultures, the
neurotrophins produced the expected results, while the LM22A
compounds induced no Trk activation (Figure 3D). Thus, the
LM22A compounds selectively activate TrkB.

LM22A-4 was selected as a prototype compound to further
examine Trk interactions, as it appeared the simplest and most
flexible structurally, and most amenable to chemical modifica-
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Figure 3

LM22A compounds function through TrkB. (A) Survival analysis of hippocampal neurons treated with BDNF (0.7 nM) or LM22A compounds
(500 nM) with or without the Trk inhibitor K252a (200 nM). For BDNF, n = 37 wells derived from 7 experiments; for LM22A-1, -2, and -3,
n = 17-21 wells derived from 6 experiments; and for LM22A-4, n = 28-57 wells derived from 4 experiments were assessed. (B) Survival
analysis of hippocampal neurons treated with CM, BDNF (0.7 nM), or LM22A compounds (500 nM) with or without TrkBECD antibody. For
each condition, n = 37—-42 wells derived from 5 experiments were assessed. (C) TUNEL/DAPI analysis of E16 hippocampal neurons treated
with CM, BDNF (0.7 nM), or LM22A compounds (500 nM) with or without TrkBECD antibody. For each condition, n = 17-31 fields derived
from 3 experiments were assessed. (D) LM22A compounds or neurotrophic factors were incubated for 60 minutes with NIH-3T3 cells stably
expressing specific Trk receptors. Western blot analysis (anti-pan-phospho-TrkY4% [p-Trk]) demonstrated that LM22A compounds activated
TrkB (upper panels) but not TrkA (middle panels) or TrkC (lower panels), while all 3 Trks were activated by their cognate ligands. Activa-
tion patterns of 3 additional independent assays were identical. (E-H) Trk- and p75NTR-specific NIH-3T3 cells were incubated in serum-free
medium in the presence of the designated ligands for 72—96 hours, and survival was measured using the EnzyLight assay. n = 18-28 wells

derived from 11-14 experiments. *P < 0.05, **P < 0.01, P < 0.001.

tions that might improve its medicinal properties. To extend the
examination of specificity to receptor function, we investigated
whether the ability of LM22A-4 to prevent death is specific for
TrkB relative to TrkA and TrkC. BDNF, NGF, and NT-3 support-
ed survival in serum-free medium of 3T3-TrkB (Figure 3E), 3T3-
TrkA (Figure 3F), and 3T3-TrkC (Figure 3G) cells, respectively;
and, survival-promoting activity of NT-3 in 3T3-TrkA and 3T3-
TrkB cells was consistent with its known receptor cross-activity
(1). In 3T3-TrkB cells (Figure 3E), LM22A-4 increased survival
by 56%, while no significant increase in survival was detected
in 3T3-TrkA (Figure 3F), 3T3-TrkC (Figure 3G), or 3T3-p75NTR
(Figure 3H) cells. These results are consistent with LM22A-4 act-
ing selectively through TrkB.

LM22A-4 binds specifically to TrkB. LM22A-4 was incubated with
chimeric TrkB-Fc and ephrin-AS-Fc (as a negative control) and
found to bind to the TrkBECP-Fc but not ephrin-ASF¢P-Fc pro-
tein, and addition of BDNF blocked the binding of LM22A-4 to
TrkBECP-Fc (Figure 4A). To further examine LM22A-4-TrkB inter-
actions, the displacement of BDNF from TrkBECP-Fc-Cy3B by the
compound was determined by measuring changes in fluorescence
anisotropy of the receptor with increasing LM22A-4; this was com-
pared to the effects of the compound on labeled TrkB in the pres-
ence of a nonbinding neurotrophin, NGF (Figure 4B). Measured
anisotropy (<r>), proportional to TrkB bound, fell from approxi-
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mately 0.31 to approximately 0.17 between 0 and 75 nM LM22A-4,
with an ICso of 47 nM or less. In the presence of NGF, without
LM22A-4, there was no increase in fluorescence anisotropy
above baseline, and the further addition of the compound had
no effect. To further address specificity of receptor binding and
binding in a cellular context, we performed competition stud-
ies with 3T3 cells expressing each of the neurotrophin receptors.
LM22A-4 inhibited binding of BDNF to TrkB-expressing cells but
had no detectable effect on cells expressing TrkA, TrkC, or p75NTR
(Figure 4, C-F). In addition, a screen of 57 receptors performed
by Cerep Inc. detected no significant binding (Supplemental Fig-
ure 2). Within this screen, inhibition of binding by a test ligand of
greater than 50% is considered to demonstrate significant binding
by the test compound. At the standard screening concentration of
10 uM, LM22A-4 demonstrated no significant binding within the
panel. Together, these studies demonstrate that LM22A-4 binds
to TrkB directly, can relatively potently displace BDNF from TrkB,
and demonstrates binding selectivity for TrkB.

LM22A-induced TrkB and downstream signaling activation kinetics: dif-
ferences and similarities with BDNF. “Prosurvival” signaling triggered
by TrkB activation includes activation of the PI3K/AKT and MAPK/
ERK pathways mediated by SHC binding to TrkB phospho-Y#%°
(1, 3). LM22A-4 induced the activation of TrkB, AKT, and ERK at
60 minutes over a concentration range of 0.01-500 nM, a range
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Figure 4

LM22A-4 binds selectively to TrkB. (A) LM22A-4 was incubated with ephrin A5-Fc receptor as a negative control or with TrkBECP-Fc in the
absence or presence of BDNF (600 pmol). After rinsing of receptor complexes and subsequent ligand elution, LC/MS-MS demonstrated
readily detectable LM22A-4 binding to TrkBECP-Fc that was blocked by BDNF. Values were derived from n = 3 independent binding studies.
(B) BDNF (100 nM, black circles) or NGF (100 nM, white squares) was incubated with TrkBECP-Fc-Cy3B (100 nM) and increasing concentra-
tions of LM22A-4; fluorescence anisotropy (<r>) was measured n = 6-9 times in single samples at each concentration. (C—F) NIH-3T3 cells
expressing TrkB, TrkA, TrkC, or p75NTR as indicated were incubated with increasing concentrations of the indicated neurotrophin in the absence
(white squares, dashed line) or presence (black circles, solid line) of 100 nM LM22A-4. Symbols represent average fluorescent signal after
background (i.e., binding to cells lacking expressed receptors) subtraction, as described in Methods. n = 14-18 wells from 7-9 experiments
at each concentration. Significant rightward shifting of the binding curve by the compound was observed only with TrkB expressing cells.

*P < 0.05, **P < 0.01, ***P < 0.001.

encompassing the onset and plateau of its promotion of survival
(Figure SA). Of note, TrkB activation was not significantly increased
at an LM22A-4 concentration of 0.1 nM, though ERK and AKT
were detectably activated at this level. In examining kinetics, BDNF
caused substantial TrkB Y#°° phosphorylation within 10 minutes
of application to hippocampal neurons in culture, and these levels
were maintained for up to 240 minutes (Figure 5B). In contrast, the
response to 500 nM LM22A-1, -2, and -3 was nominal for up to 30
minutes, with increased but relatively low levels of activation at later
time points. LM22A-4 showed intermediate levels of TrkB activa-
tion over a time course similar to that of BDNF. Interestingly, treat-
ment of hippocampal neurons with BDNF and LM22A compounds
led to robust increases in AKT and ERK phosphorylation within
30 minutes, with profiles similar to BDNF thereafter (Figure 5,
C and D). This early discrepancy between TrkB phosphorylation
and AKT/ERK activation is reminiscent of that seen in the LM22A-4
concentration series (Figure 5A) and suggested the possibilities that
in these cells, downstream mechanisms are highly sensitive to small
changes in TrkB phosphorylation state or, less likely, that the com-
pounds stimulate coordinated signaling to AKT and ERK through
another site on TrkB or act through some other mechanism. To test
whether LM22A compound signaling is dependent on the presence
and activation of TrkB, we examined the effects Trk inhibition on
compound signaling in cultured hippocampal neurons and in cells
expressing one of TrkA, TrkB, or TrkC. We found that anti-TrkB
antibodies substantially inhibited TrkB, AKT, and ERK activation
induced by LM22A-3 and -4 in hippocampal neurons (Supple-
mental Figure 3, A-D). In addition, LM22A-1 to -4 each induced
AKT and ERK phosphorylation in TrkB-expressing fibroblasts but
not in TrkA- or TrkC-expressing cells (Supplemental Figure 4, A
and B). Finally, we found that inhibiting Trk phosphorylation in
3T3-TrkB cells with K252a was associated with inhibition of com-
pound-induced AKT and ERK activation (Supplemental Figure S,
A-D). Of note, K252a alone had no effect on AKT or ERK activa-
tion in these cells. These findings suggest that signaling induced
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by the LM22A compounds specifically requires TrkB and is associ-
ated with TrkB activation/phosphorylation. The question of the
differences in TrkB activation kinetics between BDNF and the com-
pounds remains for further study.

To further establish the pathways involved in LM22A activ-
ity, we investigated whether the compound’s neurotrophic activ-
ity was dependent on AKT and ERK activation. LY294002, a spe-
cific inhibitor of PI3K (an upstream activator of AKT), and the
MAPK kinase (an upstream activator of ERK) inhibitor PD98059
reduced the neurotrophic activity of BDNF and the LM22A com-
pounds (Figure SE). Together, these findings suggest that LM22A
compounds induce survival of hippocampal neurons in culture
through interactions with TrkB and downstream activation of
PI3K/AKT and MAPK/ERK pathways.

LM22A-4 activates TrkB, AKT, and ERK in vivo. To determine whether
aTrkB small molecule, non-peptide ligand would be capable of acti-
vating TrkB in the adult mammalian brain, LM22A-4 was selected
for in vivo studies. Preliminary pharmacokinetic studies in mice
indicated that LM22A-4 exhibited very low blood brain barrier pen-
etration (brain concentrations for 10 mg/kg LM22A-4 given i.p. for
1 hour, 62 + 7 nM; 3 hours, below detectable limit; by liquid chro-
matography/tandem mass spectrometry [LC-MS/MS]|, Absorption
Systems); therefore, the compound was applied to adult mice by
intranasal administration. After once-daily administration of vehi-
cle or LM22A-4 for 7 days, brains were harvested 2.5 hours after the
last dose, and hippocampal and striatal tissue were assessed for Trk,
AKT, and ERK activation. LM22A-4 induced an increase in activa-
tion of Trk, AKT, and ERK in hippocampus and striatum (Figure 6,
A-C). Given that a small portion of the cell population within each
sampled tissue expressed TrkB, the apparent increases in TrkB, AKT,
and ERK activation in whole tissue extracts point to particularly
robust signaling effects in these brain regions.

LM22A-4 matches BDNF efficacy in preventing neuronal death in
in vitro models of neurodegenerative diseases. Since the LM22A com-
pounds upregulated fundamental survival/stress resistance mech-
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anisms, we hypothesized that they would mitigate neuronal death
across a variety of mechanisms and disease models and examined
the effects of LM22A-4 in models of Alzheimer, Huntington, and
Parkinson diseases. Accumulation of toxic species of AP is likely
to play a critical role in the pathogenesis of Alzheimer disease, and
the neurodegenerative effect of AP in neuronal cultures serves as
an in vitro model (29). Previous studies have demonstrated that
BDNTF protects neurons from Af-induced neuronal death (30). In
6-7 days in vitro (DIV) hippocampal neurons treated with oligo-
meric AR, BDNF and LM22A-4 each led to a similar substantial
reduction in AP-induced death, and this protective activity was
inhibited by the Trk inhibitor K252a, consistent with a Trk-
dependent mechanism (Figure 7A). Application of MPP* (metabo-
lite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [MPTP]), a
mitochondrial toxin, to SH-SYSY human tumor line cells (31) is

6 The Journal of Clinical Investigation

a widely used Parkinson disease model. Here, BDNF and LM22A-
4 blocked MPP*-induced cell death to a similar extent, and this
protective activity was inhibited by K252a (Figure 7B). Finally, a
model for Huntington disease involves the administration of the
excitotoxin quinolinic acid (QA), an N-methyl-D-aspartate recep-
tor agonist (32, 33). In preliminary studies, QA caused increasing
cell death in cultures of striatal neurons, from 1.25 to 50 mM;
7.5 mM was selected in order to ensure a clear toxic effect. BDNF
and LM22A-4 led to a similar substantial reduction in QA-induced
death, and this protective activity was again inhibited by K252a
(Figure 7C). Together, these studies indicate the potential broad
application of TrkB agonists to neurodegenerative processes.
LM22A-4 improves motor learning after TBI. Motor learning and
plasticity have been associated with TrkB and/or BDNF expres-
sion in the cortex (34, 35) and cerebellum (34), and BDNF has
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Figure 6

LM22A-4 activates Trk, AKT, and ERK signaling in vivo. LM22A-4 or
saline control was administered intranasally (0.22 mg/kg/d) to adult
mice for 7 days. Protein extracts of hippocampus and striatum were
assessed by Western blot analysis for (A) Trk, (B) AKT, or (C) ERK
phosphorylation. n = 11 mice for each assay. *P < 0.05.

been reported to improve motor recovery and increase measures
of neuronal remodeling after cortical ischemia (36, 37) and cer-
ebellar pedunculotomy (38). Though BDNF infusion has been
reported to have no effect on spatial learning after TBI (39, 40),
motor learning was not assessed in those studies. We therefore
examined the effects of LM22A-4 on changes in rotarod perfor-
mance over repeated trials, a measure of motor learning (41), after
TBI. Rats subjected to parietal controlled cortical impact injury
showed a trend toward decreased rotarod performance relative to
sham-operated animals at 1 week after TBI, and this was similar
with or without LM22A-4 treatment (Figure 8). With repetition
at 2 and 3 weeks after injury, LM22A-4-treated animals showed
significant improvements in performance, indistinguishable from
sham-operated controls, whereas animals subjected to TBI and
treated with vehicle showed no improvements (Figure 8). In addi-
tion, at 21 days after injury, there was no difference between the
lesion volumes of compound-treated and vehicle alone-treated
groups (Supplemental Figure 6). This suggests that LM22A-4 may
reverse deficits in motor task learning caused by TBI, though it
has no effect on gross total injury.

Discussion

These studies describe what we believe to be the first reported
small molecules mimicking a specific neurotrophin domain,
capable of functioning as ligands to selectively and potently acti-
vate the TrkB receptor.

We initially theorized that using loop subdomain pharmaco-
phore modeling and virtual screening, the a priori likelihood of
identifying compounds functioning through TrkB would be sub-
stantially greater than that for compounds identified in conven-
tional high-throughput screening for neurotrophic activity (which
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would identify compounds functioning through any mecha-
nism). As in our previous studies on p75NTR (42), we found that
this method provides a manageable group of compounds for bio-
logic testing, with a high rate of recovery (5 activated of 7 tested)
of the desired activity relative to that which would be obtained
using high-throughput screening (<1%, refs. 43, 44), and similar
to that of other virtual screens beginning with more structural
information (45). Multiple lines of experimental evidence suggest
that these small molecules function as TrkB ligands, including:
specific activation of TrkB and two primary downstream signaling
intermediates; inhibition of activity by the kinase inhibitor K252a
and a monoclonal antibody directed to the ECD of TrkB; blocking
of compound binding to the ECD of TrkB by BDNF; compound
effects on TrkB-expressing, but not TrkA- or TrkC-expressing,
NIH-3T3 cells; and inhibition of BDNF binding to TrkB, with
no inhibition of neurotrophin binding to TrkA, TrkC, or p75NTR,
in addition to a negative Cerep screen. While the present studies
failed to detect interaction of LM22A-4 with p75NTR or prevention
of cell death through p75N®, future studies will address whether
such ligands might nevertheless affect its complex intracellular
adaptor/signaling milieu. The lack of effect of BDNF antibodies,
compound inhibition of BDNF maximal activity, and LM22A-4
induction of greater neurite outgrowth than maximal BDNF sug-
gest that the LM22A compounds do not act as BDNF secreta-
gogues. Thus, we suggest that the identification, within this small
group of tested compounds, of chemically diverse compounds
sharing the common mechanism of TrkB activation supports the
validity of the model employed in these studies.

Recent studies show that small molecules may bind with relatively
high affinity to protein surfaces through “hot spots,” small groups
of residues that contribute significant energy to the protein-protein
interaction of interest. Small molecule binding can disrupt protein-
protein interactions and inhibit the functions they mediate (46-50).
Moreover, the small molecule may induce conformational changes in
the binding domain that differ from those associated with binding of
the natural ligand (48). Given the findings of small molecule-medi-
ated TrkB agonism presented here, and our previous findings with
p75NTR ligands (42), we suggest that hot-spot binding and induction
of conformational changes in the receptor may allow these small
molecules to act as activating ligands, though there may be differenc-
es from the natural ligand with respect to the coupling and kinetics
of the induced signaling. Further structural studies of compound-
receptor complexes will be needed to confirm this hypothesis.

Of note, other natural ligands of TrkB may also induce signal-
ing quantitatively and qualitatively different from that induced by
BDNF. Mutation of the SHC-binding site of TrkB in mice caused
loss of NT-4-dependent, but not BDNF-dependent, neurons in
vivo and decreased survival of sensory neurons in culture and ERK
activation in response to NT-4 relative to BDNF (51). In another
study, c-fos promoter activity in cortical neurons was found to be
more responsive to exogenous NT-4 than BDNF (52). Such differ-
ential activation of downstream signaling by ligands may reflect
and/or play an active role in partial agonism and may therefore be
significant in the effects of LM22A compounds on endogenous
BDNF actions. Moreover, the effects of differential activation by
small molecule ligands may vary with respect to other native TrkB
ligands (NT-4, NT-3) and lead to unexpected inhibition or syn-
ergy. Further studies comparing signaling activation kinetics and
pathways between the compounds and protein ligands, including
coexposure, will be needed to evaluate these possibilities.
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Additionally, it would be reasonable to expect that the meth-
odology presented here would also yield pure BDNF/TrkB antag-
onists, though we have not specifically assayed for these as of
yet. Unfortunately, the small numbers of compounds and lack
of available close structural analogs make detailed structure-
activity relationship analysis infeasible at this point; this will be
addressed in future studies employing larger libraries and/or syn-
thesis of directed analogs.

The lack of rotational symmetry of LM22A-1 and -3 and the
small size of the compounds suggest that they are functionally
monovalent (i.e., do not interact with more than one receptor
monomer). This apparent monovalency raises interesting ques-
tions regarding mechanisms of TrkB activation by the compounds.
Previous studies have characterized synthetic peptides modeled on
loop regions of BDNF, with the goal of using active peptides to
derive active non-peptide small molecules that might function as
BDNF mimetics (24, 53, 54). In each of these studies, peptides with
neurotrophic activity were found; however, the ability to activate
TrkB was either not described (24, 53) or not detected (54). Hence
whether such peptides can function as ligands that activate TrkB
remains to be determined. Unlike TrkA and TrkC, for which there
is evidence that “monovalent” cyclic peptidomimetics can exhibit
small degrees of agonist activity (55, 56), for TrkB only “dimeric”
peptides have as yet been found to demonstrate trophic activity.
This finding is consistent with the classical model in which the
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BDNEF dimer is thought to induce dimerization leading to activa-
tion (autophosphorylation) of TrkB. If the compounds act in a
monomeric fashion, one possible mechanism by which this activa-
tion might occur is that the compound binds to a TrkB monomer,
inducing a conformational change that promotes dimerization.
Also, if, as has been proposed for TrkA, the unliganded receptor
monomer is in equilibrium with dimeric or higher multimeric
states (57), then the compounds might stabilize and/or promote
phosphorylation of complexes, without inducing dimerization.
It is unlikely that each of the 4 compounds characterized here
is capable of forming high-affinity, bivalent dimers in solution,
which then function as dimeric ligands. Co-crystallization and
other future kinetic and structural studies will address the ques-
tions of how the mechanisms of activation and binding of the
small molecules to TrkB compare with those of BDNF.

The ability of the prototype compound LM22A-4 to trigger acti-
vation of TrkB and its downstream signaling intermediates in the
hippocampus and striatum is consistent with the observed effects
on motor learning after TBI, though the anatomic substrates and
mechanisms of that effect will require further investigation.

These findings, along with the compound’s ability to improve
cell survival in several in vitro neurodegenerative disease models,
open new opportunities for the further development of derivatives
that may have therapeutic effects in a large number of acute and
chronic neurological and neuropsychiatric disorders. The prospect

hetp://www.jci.org
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Figure 8

LM22A-4 restores motor learning after TBI. Adult male Sprague-Daw-
ley rats were trained on an accelerating rotarod task and subjected to
parietal controlled cortical impact injury (filled symbols) or sham sur-
gery (open symbols). Injured animals were treated intranasally with
vehicle alone or containing LM22A-4 beginning immediately after injury
then daily for 2 weeks, as indicated. Symbols indicate the mean + SEM
of the dwell time on the rod from the average of 2 trials per animal/
week; n = 5 animals for vehicle and sham, and n = 6 for LM22A-4;
significance was determined by repeated-measures ANOVA and post-
hoc Holm-Sidak analysis. **P < 0.01.

that small molecule TrkB ligands could have the BDNF-like effects
of promoting neurogenesis and synaptic function suggests further
novel therapeutic applications of such compounds. The finding
that BDNF interaction with p75NTR promotes mechanisms under-
lying pain (23) raises the interesting possibility that small mol-
ecules activating TrkB without mimicking BDNF-p75NTR interac-
tions might reduce the likelihood of pain as a side effect occurring
in BDNF-based therapeutics. In addition, the partial agonist pro-
file of the compounds described here may support their use under
circumstances where excessive TrkB signaling is undesirable.

The methods and compounds described here provide a basis for
drug discovery in other receptor systems and for designing and
characterizing novel non-peptide TrkB ligands optimized for blood
brain barrier penetration and other pharmacological features.

Methods

Materials. 5-Oxo-L-prolyl-L-histidyl-L-tryptophan methyl ester (LM22A-1,
catalog BAS 0380372), 2-[2,7-bis[[(2-hydroxyethyl)amino]sulfonyl]-
9H-fluoren-9-ylidene]-hydrazinecarboxamide (LM22A-2, catalog BAS
0461519), and N-[4-[2-[5-amino-4-cyano-1-(2-hydroxyethyl)-1H-pyrazol-
3-yl]-2-cyanoethenyl|phenyl]-acetamide (LM22A-3, catalog BAS 0548227)
were purchased from Asinex Corp., with purity of more than 90% deter-
mined by NMR spectroscopy. N,N',N"'-tris(2-hydroxyethyl)-1,3,5-benzen-
etricarboxamide (LM22A-4, catalog CHS 0233913) was purchased from
ChemBridge Corp., with purity of more than 95% determined by NMR
and LC-MS. The molecular weights and formulae of these 4 compounds
were further confirmed in our laboratory by high-resolution mass spec-
trometry. Other chemicals were purchased from Sigma-Aldrich unless oth-
erwise stated. Other sources include the following: LY294002, K252a, and
PD98059, Calbiochem; mouse monoclonal anti-phospho-ERKT202/Y204)
rabbit polyclonal anti-ERK42/44, mouse monoclonal anti-phospho-
AKTS#73, rabbit polyclonal anti-AKT, and site-specific rabbit polyclonal
anti-Trk¥#90, Cell Signaling Technology Inc. Antibodies were obtained

from the following sources: mouse monoclonal anti-BDNF, Sigma-
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Aldrich; rabbit polyclonal TrkA and TrkB antibodies, Upstate USA Inc.;
mouse monoclonal TrkB antibody, BD Transduction Laboratories; TrkC
rabbit polyclonal antibody, Santa Cruz Biotechnology Inc.; rabbit DARPP-
32 polyclonal antibody, Millipore; recombinant human NGF, Invitrogen;
recombinant human BDNF, Sigma-Aldrich; recombinant chimeric pro-
teins ephrin-A5-Fc and Trk-Fc, R&D Systems.

Institutional review of animal protocols. All animal protocols used in the
present study were approved by the Institutional Animal Care and Use
Committee of the University of North Carolina-Chapel Hill, Stanford
University, or the San Francisco VA Medical Center.

Computational modeling and pharmacophore generation. Beginning with a
configuration derived from the crystal structure of a BDNF/NT-3 het-
erodimer (58), the structure of loop II was further processed by the addi-
tion of a hydration shell and 100 ps of molecular dynamics simulation
(using the CFF91 force field with the Discover MD engine of InsightII,
sampled every 50 fs [Accelrys Inc.]), followed by extraction of a structure
averaged spatially over the simulation. The loop structure was exported to
Catalyst (Accelrys Inc.) to generate the chemical feature hypothesis used
for virtual screening, as illustrated in Figure 1A.

AP preparations. AP 4, peptide oligomeric preparations were derived
as described previously, and their oligomeric state was confirmed using
atomic force microscopy (29).

Primary neuronal cultures and bioassays. Hippocampal neuron cultures were
prepared from E16 CF1 mouse fetuses as described previously (59). Under
the low-density conditions used here, neuronal survival is dependent, in
part, on the addition of exogenous neurotrophins (60). LM22A-1,-2,and -3
were initially dissolved in 100% DMSO and diluted in culture medium to
0.005% DMSO for use. LM22A-4 was dissolved in water. Solvents were dilut-
ed in culture media in equivalent amounts for controls. Cell survival after
a 48-hour exposure to BDNF or compounds was measured by morpho-
logical criteria using staining for GAP-43, a standard method that allows
visualization of neurites and cell bodies (42) in combination with assess-
ment of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) metabolism (42); or by TUNEL with DAPI staining (29, 59). Fitting
of dose-response curves was performed with SigmaPlot (Systat Software
Inc.). For signaling inhibitor studies, K252a, LY294002, or PD98059 were
added to cultures at final concentrations of 200 nM, 10 uM, and 50 uM,
respectively, concomitantly with BDNF or LM22A compounds. For antibody
inhibition studies, mouse monoclonal BDNF or TrkB antibodies and con-
trol non-immune serum were used at a final dilution of 1:400 (0.25 pg/ml)
and added concomitantly with BDNF or LM22A compounds.

Assays employing in vitro models for Alzheimer, Huntington, and
Parkinson disease were based on previously published protocols and are
described below.

NIH-3T3 cell cultures and survival assays. Mouse NIH-3T3 cells expressing
TrkA (NIH-3T3-TrkA) or p75NTR (NIH-3T3-p75NTR) were provided by Wil-
liam Mobley, Stanford University. NIH-3T3 cells expressing TrkB (NIH-3T3-
TrkB) or TrkC (NIH-3T3-TrkC) were provided by David Kaplan, Montreal
Neurological Institute, Montreal, Quebec, Canada. Cells were propagat-
ed in DMEM supplemented with 10% fetal bovine serum (Invitrogen)
and 200-400 pug/ml geneticin (for Trk-expressing cells) or 400 ug/ml
hygromycin (for p75NTR-expressing cells). Cells were seeded into 24-well
plates (30,000 cells/well) and cultured in medium consisting of 50% PBS
and 50% DMEM without supplements. After exposure to growth factors
or compounds for 72-96 hours, cells were suspended in 50 ul PBS and
transferred to 96-well white, opaque tissue culture plates, and survival was
measured using the EnzyLight Cytotoxicity Assay Kit (BioAssay Systems).

LM22A-4 binding assays. For direct binding measurements, protein G
agarose beads (10 ul) were washed twice with PBS binding buffer (pH 8.0)
and incubated with 300 pmol TrkBF®P-Fc or ephrin ASFCP-Fc at room
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temperature overnight. After 2 PBS washes, 600 pmol of BDNF or PBS
was added. After incubation at room temperature for 1 hour, 300 pmol
of LM22A-4 was added, followed by a 1 hour incubation. Bead-receptor-
ligand complexes were washed twice with 500 ul PBS over a filter vacuum
system to remove excess ligand. After washing, filters were placed in vials,
and receptor-ligand complexes were separated from beads by eluting for
15 minutes at 4°C with 1 ml of 0.1-M glycine pH 2.5, followed by incuba-
tion with 100 ul of 1-M Tris pH 8.0 neutralizing buffer. The mixture was
centrifuged, and the supernatant elution mixture was submitted for deter-
mination of LM22A-4 levels using LC-MS/MS by Absorption Systems Inc.
For the fluorescence anisotropy competition binding assay, TrkB ECD was
labeled with Cy3B-NHS ester (Amersham) using standard protein coupling
protocols recommended by the manufacturer. Samples containing varying
LM22A-4 concentrations (0 nM-500 nM) with 100 nM BDNF or NGF, and
100 nM Cy3B-TrkB in binding buffer (PBS, 0.7% BSA), were prepared in
150 ul rotal volume and incubated overnight at 4°C. Fluorescence anisot-
ropy was measured 6-9 times per sample using Fluorolog-3 (HORIBA) in
quartz cells (Starna Cells).

In cell-based binding assays, NIH-3T3 wild-type cells and cell expressing
one of the 4 neurotrophin receptors were seeded on poly-L-lysine-coated
96-well plates (Fisher Scientific). After reaching 85%-95% confluency,
Trk-expressing cells were incubated with their cognate neurotrophin, and
p75NTR cells were incubated with BDNF, each at multiple neurotrophin
concentrations with or without LM22A-4 (100 nM) for 45 minutes at 4°C
with gentle shaking. After 1 wash with ice-cold PBS, cells were fixed with
4% paraldehyde for 15 minutes, rinsed twice with PBS, and then incubated
with anti-mouse monoclonal NGF antibody (1 pg/ml, Abcam), anti-mouse
monoclonal BDNF antibody (1 ug/ml, Sigma-Aldrich), or anti-rabbit
polyclonal NT3 antibody (1 ug/ml, Abcam) for 1 hour at room tempera-
ture. Cells were then rinsed twice with PBS and incubated with DyLight
549-conjugated secondary antibody (1:500, Jackson ImmunoResearch
Laboratories Inc.) for 1 hour at room temperature, followed by 2 washes.
Fluorescent signal was measured at an excitation wavelength of 549 nm
and emission of 568 nm using a plate reader (Molecular Devices). Dupli-
cate wells were measured for each neurotrophin concentration. For each
condition, data were derived by subtracting background signal, which was
established as the signal obtained from wells containing NIH-3T3 cells
lacking neurotrophin receptors incubated with a maximal level of neuro-
trophin. Data were normalized to the signal representing maximal bind-
ing of each neurotrophin to cells expressing its corresponding receptor.
LM22A-4 was submitted to Cerep Inc. for receptor binding screening using
their standard protocols.

Protein extraction and Western blot analysis. For assays of Trk, AKT, and ERK
activation, hippocampal neurons derived from E16 mice were cultured
in poly-L-lysine-coated 6-well plates (Corning Inc.) (5 x 10 cells/well) in
DMEM/F12 containing 10% FBS for 2 hours, Neurobasal culture medium
plus B27 for an additional 44 hours, and then serum-free DMEM/F12 for
2 hours before addition of neurotrophins or compounds. At the indicated
time points, neurons were harvested and processed for Western blot analy-
sis as described previously (61).

In vitro models for Alzheimer, Huntington, and Parkinson diseases. In AP assays,
E16 hippocampal neurons were plated at 80,000-100,000 cells per well
and matured for 6-7 days (29). BDNF, LM22A compounds, and signaling
inhibitors were added concomitantly with 10 uM A, followed by 72 hours
incubation. Cell death was assessed using TUNEL/DAPI staining. For QA
assays, striatal neurons derived from (E16) CF1 mice were seeded on glass
coverslips in 24-well plates, matured for 6-7 days, and then treated with fresh
Neurobasal B27 medium containing QA at a final concentration of 7.5 mM
in the presence or absence of BDNF or LM22A-4 with or without K252a
(200 nM). After 24 hours, neurons were immunostained with DARPP-32
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antibody, followed by Cy3-conjugated secondary antibody. DARPP-32-
positive neurons were counted in systematically preselected fields. MPP*
assays were conducted as described previously using human SH-SYSY
neuroblastoma cells (31). After retinoic acid- and TPA-induced differen-
tiation, cells were pretreated with LM22A-4 for 3 days. Fresh medium was
added containing LM22A-4 (10 nM) with or without K252a (200 nM),
and 30 minutes later MPP* (100 uM) was added. After incubation for 48 hours,
the number of surviving cells in each of 8 wells per condition was deter-
mined by MTT/morphology criteria.

LM22A-4—induced signaling in vivo. Adult male C57BL/6] mice (2-4 months
of age) were randomly divided into vehicle (normal saline [NS]) and treat-
ment (LM22A-4 dissolved in NS) groups. Mice were given 10-15 ul vehi-
cle or a 0.5-mg/ml solution of LM22A-4 into the right naris 3-5 times at
2- to 4-minute intervals (providing a dose of 0.22 mg/kg body weight), once
daily for 1 week. Hippocampal and striatal brain regions were harvested
2.5 hours after the last dose and processed for Western blot analysis.

TBI, LM22A-4 treatment, and rotarod performance. Male Sprague-Dawley
rats (8 weeks old) were anesthetized with 80 mg/kg ketamine/10 mg/kg
xylazine i.p. A rectal thermistor and heating pad were used to maintain
rectal temperature at 37°C, throughout the procedure and recovery.
The skull was exposed by midline incision and reflection of the scalp
and temporalis muscle, and a 4-mm craniotomy was placed over the left
parietal cortex midway between the lambda and bregma sutures, 2 mm
from the lambda, and 1 mm from the sagittal suture. Injury was
induced using a computer-controlled electromagnetic linear motor
fitted with a slightly rounded 2-mm-diameter impact tip positioned
perpendicularly to the meningeal surface (62, 63). Impact velocity
was 1.5 m/s, depth 2.5 mm, and dwell time 120 ms, producing corti-
cal disruption and mild damage to the underlying hippocampus. The
incisions were then sutured, and the animals were allowed to recover.
Sham-operated animals received a craniotomy but no impact. Injured
animals received 3.4 ug LM22A-4 in a gel containing Carbopol 934P
(0.7%), hydroxypropyl methylcellulose (1.3%), triethanolamine (2.5%),
sodium deoxycholate (1%), sodium metabisulfite (0.01%), and methyl-
paraben (0.05%) (to enhance retention and delivery; ref. 64) or vehicle
alone, with 15 ul delivered to the left nares immediately after injury,
then daily for 14 days. Motor testing was performed on an accelerat-
ing rotarod (increasing 1 rpm/5 s; SDI Rotor-Rod, San Diego Instru-
ments Inc.) with time to fall recorded. Animals received training of 2
trials on the 2 consecutive days prior to TBI and then were tested with
2 trials weekly thereafter by an observer blinded to treatment. To evalu-
ate compound effects on lesion size, male Sprague-Dawley rats injured
and treated as above were terminally perfused with phosphate-buffered
saline containing 4% paraformaldehyde (PFA) 21 days after injury, and
their brains were postfixed in 4% PFA overnight, followed by soaking in
30% sucrose for 48 hours. Serial sections encompassing the injured area
were cut at 40-um intervals using a Leica CM 1850 microtome. Sections
were Nissl stained and every fifth section evaluated in a blinded fashion
for lesion size, using Adobe Photoshop pixel counting.

Statistics. Statistical analyses applied the Student’s ¢ test, ANOVA with
Dunnett’s or Tukey-Kramer correction, or repeated-measures ANOVA,
with pairwise multiple comparisons using the Holm-Sidak method. For
all graphs, mean + SEM is shown. o = 0.05 for all tests.
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