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T he neurotrophins are dimeric protein growth fac-
tors that help regulate the peripheral and central
nervous systems and other tissues that express

the Trk and p75 neurotrophin receptors (1, 2). Trk recep-
tors are relatively selective for and bind with high affin-
ity (Kd �10�11 M) to the neurotrophin. Nerve growth fac-
tor (NGF) docks with TrkA, brain derived neurotrophic
factor (BDNF) interacts with TrkB (3), and neurotrophin-3
(NT-3) interacts preferentially with TrkC but can also
bind TrkA and TrkB (Figure 1, panel a). Ligand binding in-
duces phosphorylation (pTyr) of Trk receptors and asso-
ciated signaling partners and activation of the neurotro-
phic biological signals: cell growth, cell survival under
stress (trophic activity), and/or cellular differentiation
(neuritogenic or neurogenic activity) (4−6).

There is also a second receptor for the neurotro-
phins, p75, a member of the tumor necrosis factor (TNF)
receptor superfamily. All of the neurotrophins also bind
the p75 receptor, but with lesser affinities (10�9 to 10�11

M) than for the Trk receptors (7−9). The p75 receptor
can transduce signals that are either pro-survival, pro-
apoptotic, or pro-differentiation (10, 11), and it regulates
Trk function and ligand docking preference (12, 13).
The biology of p75 is complex and the cellular re-
sponses to ligands that bind both p75 and the Trk re-
ceptors are difficult to predict. Consequently, peptidomi-
metic ligands that target Trk receptors and exclude p75
are highly desirable.

Hypothesizing that �-turn structures (Figure 1,
panel b) on the periphery of the neurotrophin dimer are
important as the ligand hot-spots for binding to Trk re-
ceptors, we (14−17) and others (18−21) prepared and
tested disulfide-linked cyclic peptides with sequences
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ABSTRACT This study was initiated to find small molecule ligands that would in-
duce a functional response when docked with neurotrophin Trk receptors. “Mini-
malist” mimics of �-turns were designed for this purpose. These mimics are (i)
rigid, yet easily folded into turn-like conformations, and (ii) readily accessible from
amino acids bearing most of the natural side chains. Gram quantities of 16 of
these turn mimics were prepared and then assembled into 152 fluorescein-
labeled bivalent peptidomimetics via a solution-phase combinatorial method.
Fluorescence-based screening of these molecules using cells transfected with
the Trk receptors identified 10 potential ligands of TrkC, the receptor for
neurotrophin-3. Analogues of these bivalent peptidomimetics with biotin replac-
ing the fluorescein label were then prepared and tested to confirm that binding was
not due to the fluorescein. Several assays were conducted to find the mode of ac-
tion of these biotinylated compounds. Thus, direct binding, survival and neurito-
genic, and biochemical signal transduction assays showed 8 of the original 10 hits
were agonistic ligands binding to the ectodomain of TrkC. Remarkably, some pep-
tidomimetics afford discrete signals leading to either cell survival or neuritogenic
differentiation. The significance of this work is three-fold. First, we succeeded in
finding small, selective, proteolytically stable ligands for the TrkC receptor; there
are very few of these in the literature. Second, we show that it is possible to acti-
vate distinct and biased signaling pathways with ligands binding at the ectodo-
main of wild-type receptors. Third, the discovery that some peptidomimetics ini-
tiate different modes of cell signaling increases their potential as pharmacological
probes and therapeutic leads.
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corresponding to the neurotrophin turn regions. These
adopt �-turn conformations similar to regions of the pro-
teins from which they were designed (22, 23), bind se-
lectively to the appropriate Trk receptors, and function
as agonists or antagonists.

Our subsequent efforts to identify small molecules
that mimic or disrupt the interaction between the neuro-
trophins and their receptors (24) led to a set of “first
generation” �-turn mimics like D3 (Figure 1, panel b)
(25−28). Compound D3 showed interesting characteris-
tics as a partial agonist acting at the TrkA receptor (16,
28). Further, the compound induced significant improve-
ment of memory/learning in cognitively impaired aged
rats when administered in vivo (29). Monovalent com-

pounds such as this only mimic one hot-spot, but a
method was developed to assemble these into bivalent
mimics of two proximal turn regions (30, 31). These
bivalent mimics bind the Trk receptors more strongly
than the corresponding monovalent ones and elicit
functional cellular responses associated with activation
of Trk receptors by neurotrophins.

Meanwhile, other researchers in the field have re-
ported a few small molecule Trk (32−37) and p75
(38−41) ligands. In a few cases, these compounds
were found by screening natural products or compound
libraries. In others, compounds with neurotrophin-like
activities have been identified, but it is not clear whether
they are acting via binding to the Trk receptors or by
some other mechanism (42−45).

The next phase of our work was to design even less
peptidic turn mimics A (Figure 1, panel c) that could be
prepared in solution, in gram quantities, and assembled
into bivalent molecules in solution (Figure 1, panel d)
(46). One potentially limiting feature of this design is
that the R1 side chain is derived from alkynes rather than
amino acids, and it can be inconvenient to obtain
alkynes where R1 corresponds to an amino acid side
chain. Further, even though some of these mimics
bound to cells transfected with the Trk receptors (deter-
mined via FACS assays), the compounds tested so far do
not have significant cellular activities.

The focus of this paper is the new �-turn mimic de-
sign B (Figure 1, panel d). These turn mimics are derived
from alkynes that are conveniently accessible from
amino acids, so the R1 side chain can correspond to
natural amino acids. Structurally, the “extra” amino
group in mimics B relative to A is a minor change, but
one that can have a significant impact on the interac-
tions these molecules generate at hot-spots, their solu-
bilities in aqueous media, and their pharmacological
properties. This paper describes how a library of
fluorescein-labeled bivalent molecules were assembled
from these monovalent building blocks B and tested
for binding to cells that are stably transfected with the
TrkA or C receptors. Analogues of the most strongly
bound compounds were prepared with biotin labels to
replace the fluorescein. These were retested in binding
assays to confirm that they still bound strongly and then
were screened via cell survival, neuritogenic differentia-
tion, and signal transduction assays. The first two of
these assays (survival and neurite outgrowth) monitor
effects the compounds have on the cells as a result of

Figure 1. Concepts for design of neurotrophin peptidomimetrics. a) In-
teractions of neurotrophins with their receptors; b) generic-turn struc-
ture and lead compound D3 that mimics one �-turn of NGF; c) the de-
sign of our second generation, triazole-based, monovalent �-turn
mimics; d) some salient features of the triazole monovalent mimics fea-
tured in this paper.
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these ligands binding the Trk receptors. The third assay
type (monitoring intracellular tyrosine phosphorylation)
is to elucidate pathways by which these effects occur.
One conclusion from the data collected here was antici-
pated: these modified bivalent compounds derived
from mimics B bind the TrkC receptor. However, an-
other finding was not: subsets of these mimics induce
divergent activities in ex vivo assays. Specifically, one
set of compounds only potentiated survival effect of
suboptimal NT-3 and did not induce neuritogenic out-
growth, whereas another did the reverse, and there was
no overlap between the two sets. Some implications of
these unusual findings are discussed.

RESULTS AND DISCUSSION
Library Syntheses. The most compelling feature of

the library synthesis is the simplicity with which mimics
with natural protein amino acid side chains can be con-
structed (Scheme 1). Two fragments were required to
synthesize the monovalent building mimics 1: an azide
and an alkyne, both conveniently derived from amino
acids (via methods shown in Supporting Information)
with the side chains indicated. In fact, most of the mono-
valent mimics were purified and stored in the pro-
tected forms 4 (see Supporting Information for com-
plete numbering system) and then deprotected
immediately prior to use. Table 1 indicates the side
chains of the compounds 4 and the deprotection
conditions.

The monomers 1 were assembled into the bivalent
molecules 5 (shown below in nonionized forms) using
a modification of our published procedure (see Support-
ing Information) (46). The goal of this combinatorial
technique is to easily prepare large numbers of biva-
lent molecules in adequate purities for a first pass bio-
logical screen (typically �85�90%). The simplest pre-
diction would be that monovalent molecules would tend
to be antagonists that block the neurotrophins from
binding, whereas bivalent compounds could occupy
two hot-spots on one receptor molecule giving bivalent
antagonists, or on two different receptor molecules giv-
ing bivalent agonists. However, the work presented here
illustrates that prediction is overly simplistic. Purities as-
sessed via UV detection at 254 nm or via evaporative
light scattering (ELS) are different because the tech-
niques have different sensitivity profiles. The crude
purities assessed via both methods for the library of
molecules 5 were excellent (�90%) or acceptable

(85�90%) except in the cases where serine-containing
monovalent molecules were involved, i.e., fragments
r�u. Thus, crude materials were used in the FACS-based
screening described below, except for the latter com-
pounds; those were purified by preparative HPLC be-
fore screening.

Direct Binding Studies on Fluorescein-Labeled
Peptidomimetics. Direct FACScan-based binding as-
says were performed using fluorescein-labeled com-
pounds, testing the binding on NIH-3T3 cells stably
transfected to express the neurotrophin receptors: TrkA,
TrkC, or p75. These are the receptors to which an NT-3

SCHEME 1. Preparation of the deprotected monomers
1
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mimic could potentially bind. NIH-3T3 cells stably trans-
fected to express IGF-1R receptors were used as a con-
trol for selectivity.

From a library of 152 fluorescein-labeled-peptid-
omimetics, we found 10 that bind significantly and se-
lectively to TrkC cells. Of those 10 hits, 5 peptidomimet-
ics also bind with lower affinity to p75 (Figure 2, panel a;
for binding data on all fluorescein-labeled compounds,
see Supplemental Table 1).

Syntheses of Biotinylated Analogues of the
Fluoresceinated Peptidomimetics Showing Binding.
The direct FACS binding assays described above (Figure 2,
panel a) showed that 10 of the bivalent mimics 5 bound
relatively well to transfected cells expressing the TrkC re-
ceptor. Consequently, 10 of these compounds were
reprepared with a biotin label replacing the fluorescein.
The purpose of this change was 2-fold. First, repetition of
the FACS binding assays would expose any cases in
which the fluorescein label (of compounds 5) contrib-
uted significantly to the binding, since the correspond-
ing biotinylated forms 6 would presumably not bind
strongly in those cases. In our experience, fluorescein-
containing peptides and peptidomimetics are generally
less water-soluble and have higher background than
their unlabeled or biotin-containing counterparts (un-
published data). Second, the biotinylated forms are
more water-soluble. This is an advantage because data
from the cell survival assays that are described below
are more reliable if no organic solvents are used to intro-
duce the compounds into the cell medium.

Table 2 shows the structures of the eight members
of series 6 that emerged as the most interesting. The
table does not show the structures of 6I (a combina-
tion of the amino acid side chains “YI” and “IE”) and 6J
(“YI” and “YE”) because these bound the TrkC trans-
fected cells more weakly than their parent fluoresceiny-
lated compounds 5px and 5vx, respectively.

Direct Binding Studies on Biotin-Labeled
Peptidomimetics. To verify that the fluorescein moiety
was not relevant to the binding, the biotinylated form of
the 10 hits were synthesized (6A�J) and tested. For
binding assays using biotinylated peptidomimetics, the
cells were first incubated with the compounds at 50 �M,
followed by fluorescein-avidin. After washing, cells were
analyzed by FACS. The results of these binding assays
were similar to those obtained with parental fluorescein-
labeled peptidomimetics with the following exceptions.
First, 6I (analogue of 5px) and 6J (analogue of 5vx) bind

TABLE 1. Peptidomimetics 4 and 1

aFrom intermediate 3 (see Supporting Information) after flash chromatography.
bAfter removing the side-chain benzyl protection.
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Figure 2. FACScan binding assays. a) Fluorescein-labeled compounds. Cells expressing the indicated receptor were bound with test ligand (20 �M) at
4 °C for 20�30 min. Immediately after washing, cells were acquired and analyzed by FACScan/CellQuest. The background mean channel fluorescence
(MCF) of NIH-IGF-1R were subtracted to analyze the specific binding to test cells. As positive controls, antireceptor mAbs were used for each cell line
(anti-TrkA mAb 5C3 for NIH-TrkA, anti-TrkC mAb 2B7 for NIH-TrkC, anti-p75 mAb MC192 for NIH-p75, and �IR3 for NIH-IGF-1R; data not shown). Re-
sults shown are average MCF � sem, n � 5 independent experiments. b) Biotin-labeled compounds. Cells expressing the indicated receptor were first
bound with test ligand (50 �M), followed by fluorescein-avidin at 4 °C for 20�30 min. After washing, cells were acquired and analyzed by FACScan/
CellQuest. The background MCFs of NIH-IGF-1R was subtracted to analyze the specific binding to test cells. Results shown are average fold-increase in
MCF versus background � sem, n � 3 independent experiments.
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more weakly to TrkC than their parental fluorescein-
labeled compounds (Figure 2, panel b). For this reason,
6I and 6J were excluded from the ex vivo studies de-
scribed below. Second, 6A�C have less selectivity for
TrkC versus p75, but these compounds were not ex-
cluded from further consideration.

Cell Survival Studies. The eight biotinylated-
peptidomimetic hits shown in Table 1 at 20 �M concen-
tration were exposed to the parent cell lines in com-
plete media containing serum. None of the compounds
showed significant cytotoxicity in quantitative MTT as-
says (17), with the possible exception of 6H, which
caused a 20% reduction of normal growth in all cells
(data not shown).

Figure 3 shows effects of the peptidomimetics on
receptor-mediated cell survival using NIH-3T3 cells ex-
pressing TrkA, TrkC, or IGF-1R. When cells were placed
in serum-free media (SFM), they underwent apoptosis.
However, they can be protected by their appropriate
growth factors (NIH-TrkA is protected by NGF, NIH-TrkC
is protected by NT-3, NIH-IGF-1R is protected by IGF-1).
Growth factor protection of cells from apoptosis in SFM
is dose-dependent, and suboptimal doses of growth
factor can be used that result quantitatively and consis-
tently in reduced survival (�30�40% of maximal).

Five of the “hit” peptidomimetics, 6A�E, potentiate
the survival-promoting effect of NT-3, acting as partial
agonists. However, these compounds do not afford sig-

nificant intrinsic trophic activity to cells cultured in SFM
in the absence of neurotrophin. The only exception is
that, for the TrkC/p75-expressing cells, compounds 6C,
6D, and 6E exhibited some partial agonistic activity in
SFM (Figure 3, panel c) in the absence of neurotrophin.
The other three hits from the FACS studies, 6F�H, have
no significant biological effect (Figure 3, panel a).

In receptor-selectivity controls, none of the eight hit
compounds afford trophic protection of TrkA-expressing
cells, nor do they potentiate the survival-promoting ef-
fect of NGF (Figure 3, panel b). Likewise, none alter the
survival of IGF-1R-expressing cells, nor do they potenti-
ate the survival-promoting effect of IGF-1 (data not
shown). These data are consistent with the binding
data and confirm that cell survival is TrkC receptor-
dependent.

As further confirmation of selective activity, similar
data were obtained when these three cell lines were
tested in survival assays using the fluorescein-labeled
compounds (data not shown). The fluorescein-labeled
compounds promoted survival only for TrkC-expressing
cells.

Data from the FACS studies indicated the hit com-
pounds exhibited low but significant binding to cells
that overexpress the p75 receptor. Cellular conse-
quences of activation of the neurotrophin Trk and p75
receptors can be interdependent in some cases. Posi-
tive data from the cell survival assays described above
featured cells that overexpress only the Trk receptors. To
gauge the potential impact of p75, survival was tested
in cells expressing TrkC and p75 (nnr5-TrkC: nnr5 cells
stably expressing TrkC) or control TrkA and p75 (PC12
cells). The parent nnr5 cells are a variant of PC12 that
lost TrkA expression. The objective of these experiments
was to determine if the functional effects discussed
above changed for cells that also express the p75 recep-
tor. The survival data in Figure 3, panel c for these cells
are comparable to those obtained with NIH-3T3 cells ex-
pressing TrkC or TrkA in the absence of p75 (not shown),
indicating that potentiation of trophic survival effects
by 6A�E are not affected by p75 coexpression. Further,
the compounds that did not promote cell survival in the
TrkC-expressing cells, 6F�H, do not gain trophic sur-
vival promoting activity when p75 is coexpressed.

Neuritogenic Differentiation. Neuritogenic differentia-
tion is a biological end point when neuronal cells are en-
gaged by a neurotrophic growth factor. Moreover,
it is known that coexpression of p75 regulates TrkC-

TABLE 2. Summary of the effects of key compounds 6A�H on
cells

potentiate survival effect of suboptimal NT-3 induce neurogenic differentiation

6 A B C D E F G H

R1 i i i y y y y y
R2 y y y i i w w w
R3 l i i l i l i s
R4 w w y w w k k k
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mediated differentiation (47). Thus, the peptidomimet-
ics were tested, at 20 �M, in assays of neuritogenic dif-
ferentiation on cells expressing TrkC and p75 (nnr5-TrkC,
Figure 4, panel a). Quantification of these data is shown
in Figure 4, panel b.

NT-3 is known to induce dose-dependent cellular dif-
ferentiation in cells expressing TrkC and p75 (nnr5-TrkC),
optimally at 2 nM and suboptimally at 0.1 nM. Mimet-
ics 6F�H also were shown to induce significant differen-
tiation of these cells, to a degree comparable to that
with 0.1 nM NT3. These compounds also potentiate the
differentiation induced by 0.1 nM NT3 in what appears
to be an additive manner (data not shown). In cellular
selectivity controls, none of the peptidomimetics that in-
duce the differentiation of nnr5-TrkC cells promote the
differentiation of PC12 cells, nor do they potentiate the
differentiation induced by 0.2 nM NGF (data not shown).

It is notable that the compounds that promote cellu-
lar differentiation do not promote survival (e.g., see
Figure 3). Hence, these compounds promote one neuro-
trophic activity (neurogenic differentiation) but not the
other (trophic survival).

Conversely, the mimetics that promote survival
(6A�E) do not induce significant differentiation of nnr5-
TrkC cells and do not significantly potentiate the differ-
entiation promoted by 0.1 nM NT-3 (data not shown).
Hence, these compounds promote one neurotrophic ac-
tivity (trophic survival) but not the other (neurogenic dif-
ferentiation).

Signal Transduction and Receptor Activation. The
fact that peptidomimetics 6F�H afford neurogenesis
but not survival merited further study of the biochemi-
cal signals arising from these ligands. Consequently,
biochemical assays were done by Western blot analy-
ses of the tyrosine phosphorylation and activation state
of TrkC, Akt, and MAPK (Figure 5). Thus, PC12 (express-
ing TrkA and p75) or nnr5-TrkC (expressing TrkC and
p75) cells were exposed to the peptidomimetics at
20 �M (and, in controls, to NTFs at 2 nM) for 5�20
min, and detergent lysates were studied by Western
blotting. After 20 min, 6F�H induce significant tyrosine
phosphorylation of TrkC and Akt in nnr5-TrkC cells
(Figure 5, panel a; see panel d for quantification). Ty-
rosine phosphorylation of these proteins is a measure
of activation. In control PC12 cells, there is no activation
of TrkA, Akt, or MAPK by these compounds at any time
point (Figure 5, panel b, 20 min time point shown for
p-Akt). These data confirm that the signals activated by

these ligands require expression of TrkC. The kinetics
of activation are slower than for NT-3. At 5 min of ligand
exposure, these compounds do not afford significant ty-
rosine phosphorylation in nnr5-TrkC cells (e.g., Figure 5,
panel c). In addition, there was no significant activation
of MAPK by these compounds at any time point in the
�TrkC/�p75 cells (data not shown). These biochemi-
cal data correlate well with the biological data, as it is
known that in the cells tested AKT activation is impor-
tant for differentiation, whereas MAPK activation is
mainly associated with survival.

Conclusions. Table 2 shows a summary of the struc-
tures and activities. Peptidomimetics 6A�E that afford
cell survival effects in TrkC-expressing cells all contain
an isoleucine (8 of 10 monovalent units) or leucine (2 of
10) side chain in conjunction with tyrosine (6 of 10
monovalent units) or tryptophan (4 of 10). However,
the peptidomimetics that induced neuritogenic differen-
tiation 6F�H all contained the monovalent unit with Tyr
and Trp side chains, in conjunction with another: x-Lys
where x � leucine, isoleucine or serine.

The fact that some peptidomimetics can afford tro-
phic survival but completely lack neuritogenic differen-
tiation, while others induce neuritogenic differentiation
but lack survival-promoting action, shows it is possible
to uncouple these signals by using synthetic ligand. Pre-
viously, this uncoupling has only been achievable by
mutagenesis of the intracellular domain of receptors,
e.g., a deletion of five amino acids in the intracellular
juxtamembrane region of TrkA abolishes differentiation
without affecting survival (48).

In general, it is quite unusual for agonistic ligand
binding at the ectodomain to uncouple signals that are
mediated by intracellular adaptor proteins. In principle,
this would require the ligand to cause a partial confor-
mational change in the receptor intracellular domain
such that only some (but not all) adaptor proteins can
be activated. However, two additional scenarios would
also explain the biology of peptidomimetics as biased
agonists. First, prolonged MAPK signaling leading to dif-
ferentiation can take place by interaction of the ARMS
protein with Trks (49). Potentially a TrkC-ARMS complex
may be preferentially activated by the peptidomimetics
that afford differentiation. Second, sustained versus
transient signal transduction and also the kinetics of
ligand-induced receptor internalization can affect the
functional outcome toward differentiation or survival
(50). It is possible that the peptidomimetics that afford
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Figure 3. Cell survival assays. NIH-3T3 cells expressing either (a) TrkC (NIH-TrkC), (b) TrkA (NIH-TrkA), or (c) TrkC and
p75 (nnr5-TrkC cells) were cultured in SFM supplemented with the indicated peptidomimetics (20 �M) with or with-
out the appropriate growth factor (NGF for TrkA, NT-3 for TrkC) at optimal or suboptimal concentrations as indicated.
Survival was measured in MTT assays and was calculated relative to optimal neurotrophin (2 nM; 100% survival; 0.2
nM is therefore a suboptimal dose). Results shown are average � SEM, from at least three independent assays, with
each assay n � 4�6.
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survival may have sustained kinetics of activation, and
kinetic studies are in progress.

Biased agonists are of great biological interest, but
very few have been documented for receptor tyrosine ki-
nases. Aberrant expression of trkC mRNA and dysfunc-
tional NT-3 responsiveness have been correlated with
neurodegenerative diseases such as Alzheimer’s dis-
ease (AD) (51) and motor neuron diseases such as
amyotropic lateral sclerosis (ALS) (52). Thus, survival-
promoting peptidomimetics may be particularly interest-
ing as therapeutics when trophic support is desired
without inducing new neuritic growth and new connec-
tions. Neuritogenesis-promoting peptidomimetics may
be interesting to study the mechanisms of axonal
growth inhibition.

Finally, we note that the side chains supported on
the turn mimics used in this study were chosen by con-
sidering ones that are frequently found in hot-spots for
protein�protein interactions in general (e.g., Trp, Ile,
Lys) and not for correspondence with the turns of the
neurotrophins. It is therefore surprising that so many ac-
tive compounds were identified. Current studies are de-
voted to an analogous library where the side chains do
correspond with those of the neurotrophins; it will be in-
triguing to see the cellular activities that these com-
pounds induced. After that comparison, the next steps
will be to investigate related unnatural amino acids and
then move the most promising compounds on to in
vivo studies in models for specific neurodegenerative
diseases.

METHODS
Cell Lines. NIH3T3 fibroblasts transfected with either human

trkA cDNA (NIH-TrkA), human trkC cDNA (NIH-TrkC), or human
IGF-1R cDNA (NIH-IGF-1R) were drug-selected (0.5 mg mL�1

G418), and stable expressing subclones were isolated that ex-
press relatively high levels of their receptor (�200,000�
500,000 receptors cell�1). Cells are grown under drug selection
and are routinely screened for receptor expression by FACScan
using monoclonal antibodies directed to the receptor extracellu-
lar domains.

For the differentiation assays we used PC12 cells (express
TrkA and p75 neurotrophin receptors and respond to NGF) and
nnr5-TrkC cells (a variant of PC12 that lost TrkA and into which
human trkC cDNA was stably transfected, respond to NT-3) (53,
54).

Antibodies. Mouse anti-TrkA mAb 5C3 (55), mouse anti-TrkC
mAb 2B7 (56), and mouse anti-IGF-1R mAb alphaIR3 were puri-
fied using protein G-Sepharose (Pharmacia, Baie d’Urfe, Que-
bec, Canada).

FACScan Analyses. Cells (2 � 105) in 100 mL of FACScan bind-
ing buffer (phosphate-buffered saline, 0.5% BSA, and 0.1%
NaN3) were immunostained as described (17). Saturating mAbs
or nonbinding mouse IgGs (background control) were added to
cells for 20 min at 4 °C, excess primary antibody was washed off,
and cells were immunostained with fluoresceinated goat anti-
mouse IgG (fluorescein-G-a-M) secondary antibody. As addi-
tional cellular controls NIH3T3 cells not expressing NGF recep-
tors were used (e.g., NIH-IGF-1R or wild type NIH3T3 cells). Cells
were acquired on a FACScan, and bellshaped histograms were
analyzed using the LYSIS II program.

FACScan Analyses of Peptidomimetics. Peptidomimetics la-
beled with fluorescein were used in FACScan binding studies,
as described above. The assay was slightly modified to extend
the incubation of the “primary” reagent to 40 min, followed by
two washes to remove unbound material. No secondary reagent
was added, as the compounds are directly labeled. In the cases
where peptidomimetics were labeled with biotin, the second-
ary reagent was fluorescein-avidin and the study progressed as
described above. For binding assays using biotinylated peptido-
mimetics, the cells were first incubated with the compounds at
50 �M, followed by fluorescein-avidin. After washing, cells were
fixed with 1% paraformaldehyde and analyzed by FACS.

Proliferation and Survival Assays. Cells (5,000�10,000 cells
well�1) were added to 96-well plates (Becton Dickinson, Lin-
coln Park, NJ) and cultured either in media containing 5% fetal
bovine serum or in serum free media with 0.1% BSA (SFM). Se-
rial dilutions of neurotrophins or peptidomimetics were then
added. A suboptimal dose of neurotrophins (0.1�0.2 nM, af-
fording �25% of survival) was used to test the effect of combi-
nation of neurotrophin with peptidomimetics. The proliferative/
survival profile of the cells was quantitated using the tetrazolium
salt reagent (3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide, Sigma) and optical density (OD) readings
as described (57).

Neuritogenic Differentiation Assays. The assays were per-
formed as described (53, 54). Briefly, PC12 cells or nnr5-TrkC
cells were plated at low density in complete media and allowed
to adhere to the dish. Then the indicated treatment (NGF, NT-3,
or peptidomimetics) was added for 48�72 h. The morphology of
the cells was scored from pictures taken randomly and in a
blinded fashion (4 pictures/well, 4 independent wells per condi-
tion).

Western Blots. Blots were performed as described (57).
Briefly, cells were detergent-solubilized, and protein concentra-
tions were determined. Lysates were fractionated by SDS�PAGE
under reducing conditions, transferred to PDVF membranes (Xy-
motech Biosystems, Montreal, Quebec, Canada), and immunob-
lotted with antiphosphotyrosine (a-pY) antibody 4G10 (Upstate
Biotechnology, Lake Placid, NY), anti-phosphoMAPK, or anti-
phosphoAKT as indicated. Blots were visualized using the en-
hanced chemiluminescence (ECL) system (NEN Life Science
Products), and data were standardized to total protein loaded,
as determined by reprobing membranes with total MAPK, total
AKT, and from Coomassie blue staining of the gels.
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Figure 4. Differential regulation of neuritogenesis by peptidomimetics. Cells expressing TrkC and p75 (nnr5-TrkC) were plated in full
medium (untreated cells), � neurotrophin � peptidomimetics (20 �M). Fields were photographed 72 h after treatment. Neurite out-
growth was determined as percentage of cells with neurites (defined as length �2 cell bodies). Average � SEM from three indepen-
dent experiments; in each experiment measured, five random pictures/condition were scored. Similar assays using PC12 cells re-
sulted in cellular differentiation by NGF but not by peptidomimetics (data not shown). a) Representative pictures from nnr5-TrkC cells.
b) Quantification of nnr5-TrkC cell differentiation.
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