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Abstract

The aim of this study was to evaluate the neurotrophic and neuroprotective properties of a series of immunophilin ligands and to
assess the potential involvement of FK506 Binding Protein 12 kDa (FKBP12) rotamase inhibition in this activity. Both FK506 and
rapamycin induced a potent inhibition of the FKBP12 rotamase activity (pICg, values of 7.3 and 7.4, respectively) but only a modest
inhibition was observed with 1-(3,3-dimethyl-2-oxo-pentanoyl)-pyrrolidine-2-carboxylic acid S-3-pyridin-3-yl-propyl ester (GPI 1046)
(5.8), its N-oxide (5.4) and thioester (6.3) analogues. Compared to nerve growth factor, al these immunophilin ligands only induced
marginal increases in neurite outgrowth of rat dissociated newborn dorsal root ganglia cells. Furthermore, systemic administration of GPI
1046 and its N-oxide and thioester analogues failed to prevent striatal dopamine depletion induced by acute or chronic i.p. treatment with
1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine (MPTP). These results suggest that inhibition of FKBP12 rotamase activity is not predictive
for neurotrophic and neuroprotective properties of immunophilin ligands and question their therapeutic utility in neurodegenerative

diseases like Parkinson’s disease. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Immunophilin is the generic term for a binding protein
of an immunosuppressive agent that belongs to the cy-
clophilin and /or FK506 Binding Protein 12 kDa (FKBP12)
families. This binding protein has been identified as a
potent peptidylprolyl cis—trans isomerase, also called rota-
mase, that catalyzes peptidyl proline cis—trans isomeriza
tion (Schreiber, 1991; Galat, 1993). Inhibition of this
rotamase activity is considered an important mechanism
through which immunosuppressant drugs provide benefi-
cial effects in animal models of neurodegeneration (Ham-
ilton, 1998). Indeed, neurotrophic effects of immunophilin
ligands have been demonstrated in vitro using PC12 cells
and cultured embryonic dorsal root ganglia treated with
FK506 (Lyons et al., 1994; Steiner et a., 1997a). The
neurotrophic effects were observed at low concentrations
and with a potency comparable to that reported for neu-
rotrophic proteins such as nerve growth factor (NGF),
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brain-derived neurotrophic factor (BDNF) and glial cell
line-derived neurotrophic factor (GDNF) (Dragunow et al.,
1997; Segal and Greenberg, 1996). Moreover, FK506 abol-
ished the toxicity induced by glutamic acid on cortical cell
cultures (Dawson et al., 1993) and displayed a neuropro-
tective effect in a rat model of ischemia (Butcher et al.,
1997) as well as neurotrophic properties in the sciatic
nerve crush model in the rat (Gold et al., 1997).

These findings have stimulated a search for small
molecules mimicking the FKBP12 binding domain of
FK506, thereby inhibiting the peptidylprolyl cis—trans
isomerase activity and exerting neuroprotective or neu-
rotrophic activities, but lacking immunosuppressive prop-
erties. 1-(3,3-dimethyl-2-oxo-pentanoyl)-pyrrolidine-2-
carboxylic acid S-3-pyridin-3-yl-propyl ester (GPI 1046)
has been reported to represent a very potent agent inducing
neurite outgrowth in cultured chick dorsal root ganglia
cells and showing protection in vivo in several anima
models of neurodegeneration (Steiner et al., 1997a). In
addition, GPI 1046 appears to improve spatial memory and
reverse cholinergic fiber atrophy in aged mice (Sauer et
al., 1999).
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Recent experimental data appears to contrast these find-
ings and thereby questions the therapeutic potential of
immunophilin ligands. Thus, GPI 1046 induced only
marginal effects in the chick dorsal root ganglia explant
model of neurite outgrowth and revealed only a modest
ability to enhance mesencephalic cell survival after [1-
methyl-4-phenyl 1,2,3,6 tetrahydropyridinium ion (MPP*)]
induced injury (Harper et al., 1999). Furthermore, the same
study reported no neurotrophic effects of GPl 1046 in the
sciatic nerve crush model and no neuroprotective proper-
ties in the 6-hydroxydopamine lesioned rat. Finally, GPI
1046 was recently reported to be inactive against neuronal
death in substantia nigra pars compacta following transec-
tion of the rat medial forebrain bundle (Winter et al., 2000)
and in a rat model of spinal cord injury (Bavetta et 4.,
1999), whereas activity was observed with FK506 in these
models.

These conflicting results stimulated the present study to
perform experiments in which a series of immunophilin
ligands were compared in vitro for their (1) binding affin-
ity to FKBP12, (2) inhibition of FKBP12 rotamase activity
and (3) neurotrophic effects on rat dorsal root ganglia
cells. Selected immunophilin ligands were also tested in
vivo for their neuroprotective properties in the rodent
1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine (MPTP)
model of Parkinson’s disease (Gerlach and Riederer, 1996).
The aim was to evaluate the neurotrophic and neuroprotec-
tive properties of immunophilin ligands and to assess the
potential involvement of FKBP12 rotamase inhibition in
this activity.

2. Materials and methods
2.1. Drugs

GPl 1046 (1-(3,3-dimethyl-2-oxo-pentanoyl)-pyrroli-
dine-2-carboxylic acid S-3-pyridin-3-yl-propyl ester), its
N-oxide analogue (1-(3,3-dimethyl-2-oxo-pentanoyl)-pyr-
rolidine-2-carboxylic acid S-3-(1-oxy-pyridin-3-yl)-propyl
ester), and its thioester analogue (1-(3,3-dimethyl-2-oxo-
pentanoyl)-pyrrolidine-2-carbothioic acid S-(3-phenyl-pro-
pyl) ester) were synthesized as described in published
patents (WO 96 /40633; WO 98 /37885, WO 98,/29116)
(Fig. 1). These compounds were characterized by 'H
nuclear magnetic resonance (NMR), 3C NMR, mass spec-
trometry, infrared and thin layer chromatography. FK506

GPI 1046 N-oxide analogue
Fig. 1. Structures of GPI 1046 and its N-oxide and thioester anal ogues.

Thioester analogue

and cyclosporin A were obtained from Sigma. Rapamycin
was obtained from Calbiochem. All compounds were solu-
bilized in dimethylsulfoxide (DMSO) (0.1%) for in vitro
testing and in methylcellulose (1%)-DMSO (5%) for in
Vivo testing.

2.2. Animals

Dorsal root ganglia were excised for cell cultures from
3-day-old male Sprague-Dawley rats (IFFA Credo, Bel-
gium). The in vivo experiments used 8-week-old male C57
Black /6 mice (IFFA Credo, France) weighing 20-22 g.
The mice, fed ad libitum, were housed six to seven per
cage in a room with controlled temperature, humidity and
lighting. All experimental protocols were approved by the
local Ethical Committee for the use of laboratory animals
in Belgium.

2.3. FKBP12 binding assay

Binding of [*Hldihydro-FK506 (Amersham) to the
murine FKBP12 was performed as described by Siekierka
et al. (1989) with minor modifications. The fusion protein
glutathione S-transferase/FKBP12 was cloned into a glu-
tathione S-transferase expression vector pGEX-5X-1 and
over-expressed in Escherichia coli for further purification
on a Glutathione Sepharose column (Amersham Pharmacia
Biotech). Pure FKBP12 was recovered in the flow-through
following Factor Xa digestion. The rotamase activity of the
murine FKBP12 and itsinhibition by rapamycin and FK506
was identical to that of the human FKBP12 (data not
shown). Binding assays were performed at 25°C for 30
min in siliconized 96-well plates containing 20 mM Tris—
HCl (pH 7.2), 0.015% (w/v) Triton X-100, 50 ng/ml
FKBP12 and 2 nM [*H]di hydro-FK506. Bound radioligand
was separated from free radioligand by chromatography
through Sephadex LH-20 microcolumns and counted in a
Tri-Carb 2300 TR scintillation counter (Packard).

2.4. FKBP12 rotamase assay

The measurement of peptidyl-prolylisomerase (rota-
mase) activity of a recombinant human FKBP12 (Sigma)
was based on a previously described method (Fischer et
al., 1989). Briefly, the cis—trans isomerization of an ala-
nine—proline bond in a model substrate, N-succinyl-Ala
L eu-Pro-Phe-p-nitroanilide (Bachem), was monitored spec-
trophotometrically in a chymotrypsin-coupled assay, which
releases para-nitroanilide from the trans form of the
substrate peptide. Under equilibrium conditions, about 85%
of the peptide were in the trans form and were readily
cleaved by chymotrypsin.

The remaining peptide having a cis conformation was
cleaved upon enzymatic conversion to the trans form. In
order to increase the proportion of the cis conformation,
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the peptide was dissolved in 15 mM LiCl and trifluo-
roethanol to a final concentration of 100 wM. This solu-
tion was mixed with 50 mM HEPES (pH 7.8), 100 mM
NaCl, 1 mM dithiothreitol 0.02% (w /v) Triton X-100 and
30 nM FKBP12. Various dilutions of compounds in 0.1%
DMSO (final concentration) were added and the reaction
mixture was held a 10°C for 10 min to reach thermal
equilibrium and then transferred to the spectrophotometer
(Uvikon). Chymotrypsin (Sigma) was added to the assay to
initiate the enzymatic reaction and the change in ab-
sorbance at 390 nm was monitored for 120 s using a quartz
cuvette. First-order rate constants were calculated from a
non-linear regression analysis (GraphPad, Prism) and ex-
pressed as a function of inhibitor concentrations required
to generate plCg, values (—log of half-maximal enzyme
inhibition, 1Cg,).

2.5. Culture of rat dorsal root ganglia neuronal cells

After dissection, dorsal root ganglia from rat new born
(postnatal day 3 (P3)) were collected in phosphate buffered
sdine (PBS) /glucose at 4°C and incubated at 37°C for 45
min in 0.5% collagenase and 0.25% trypsine solution in
PBS. The ganglia were then mechanically dissociated in
N1 supplemented modified Eagle’'s medium (MEM)
(Gibco). The cells were resuspended in MEM containing
glucose 6 g/I and seeded on 96-well microculture plates
pre-coated with poly-ornithine and laminin (Becton Dick-
inson) at adensity of 3 x 10° cells per cm?. The cells were
incubated in a MEM + N1 cocktail in the presence of
compounds. All cultures were maintained in a humidified
atmosphere of 5% CO0,/95% air and 100% relative humid-
ity for 24 h. NGF (Harlan) at 5 ng/ml (1.9 nM) was used
as positive control.

2.6. Immunohistochemistry on neurofilaments and neurite
outgrowth process analysis

Immunohistochemistry on neurofilaments was per-
formed 24 h after plating as described by Malgrange et al.
(1994) with some modifications. Cultures were washed
three times in Tris-buffered sdine (TBS) and fixed in
acetone/methanol for 10 minat — 20°C. After three washes
in TBS, the cells were incubated with 1% H,0, for 15 min
at 37°C and then incubated for 30 min in a blocking buffer
containing 0.05% Tween-20 and 1.5% reconstituted non-fat
dry milk. The cells were then processed for immunocyto-
chemistry by incubating for 45 min at 37°C with a mouse
monoclonal antibody to neurofilaments (1:2000) (Stern-
berger Monoclonal, SMI 31, Affinity Research Products).
They were then processed for visuaization of tyrosine
hydroxylase using mouse EnVision TM + HRP DAB sys-
tem (Dako). The cultures were examined with bright field
microscopy using a Zeiss Axiovert microscope. Counting
and morphometric analyses of neurofilament positive cells
were performed by using a computerized video image

analysis system Zeiss KS-400. The percentage of cells
bearing neurites and the number of neurofilament positive
cells were determined in one field per well using an image
analysis process previously described (Malgrange et 4.,
1994). Cells with processes that were at least twice the
diameter of the cell body in length were counted as neurite
bearing. The experiments were performed on three inde-
pendent cultures and six wells per treatment.

2.7. Acute MPTP model

The mice received a single intraperitonea (i.p.) injec-
tion of MPTP (Sigma) (25 mg/kg) or saline (10 ml /kg)
on day 1. Vehicle or GPI 1046 (20 mg/kg), its N-oxide
analogue (4 mg,/kg) or thioester analogue (4 mg/kg) were
administered i.p. 30 min prior to MPTP, followed by twice
daily administration for 3 days. On day 4, mice received a
last administration of vehicle/drug 5 h before sacrifice.
The doses used of GPI 1046 and its N-oxide and thioester
analogues were chosen based on published reports and
patents showing activity with these doses in the acute
MPTP model in mice after systemic administration (Steiner
et a., 1997a; WO 96,/40633; WO 98/37885;, WO
98,/29116).

2.8. Chronic MPTP mode

MPTP (10 mg/kg) or saline was administered i.p.
twice a week for 3 weeks. GPI 1046 (20 mg/kg i.p.), its
N-oxide analogue (4 mg/kg i.p. or 100 mg/kg per os,
(p.0.)) and thioester analogue (4 mg/kg i.p.) were admin-
istered once daily during this period after which the mice
were sacrificed on day 22.

2.9. Dopamine concentration in the striatum

The mice were decapitated, the brains quickly removed
and the striatum dissected and frozen instantaneoudly in
liquid nitrogen. Striatal dopamine was extracted with a
solution containing EDTA 0.3 mM, HCIO, 0.1 N and
Heparin 1400 1U/ml (1/20 w/v). Homogenized tissue
was centrifuged 15 min at 12000 X g. The supernatant
was anadyzed by high-pressure liquid chromatography
(Kontron 465) coupled with amperometric detection (An-
tec Decade), with a reverse phase column (Nucleosil®
300-5 C18 ET 125/2 mm, Macherey—Nagel). The mobile
phase consisted of NaH,PO, 0.1 M, Pic B8 1 mM, EDTA
0.1 mM, NaCl 10 mM and pH adjusted to 3.0 with
orthophosphoric acid. The results were calculated as
nanogram of dopamine per milligram of tissue wet weight.

2.10. Satigtical analysis
For neurite outgrowth and cell survival experiments,

statistical significance was assessed by comparison of me-
dians with a Kruskal-Wallis test followed by a non-para-
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metric test corrected for multiple comparisons vs. control.
For in vivo experiments, statistical significance was as-
sessed by an unpaired Student’s t-test. Differences were
considered statistically significant when P < 0.05.

3. Results
3.1. FKBP12 hinding assay

The competitive binding assay in which [*H]dihydro-
FK506 bound to FKBP12 is separated from the free radi-
oligand by size exclusion chromatography showed sat-
urable and reversible binding of [*H]dihydro-FK506 (data
not shown). The radioligand binds to one single-site per
protein with a K4 vaue of 0.35+0.05 nM (n=3).
Competition-binding data (Fig. 2A) were analyzed with a
single-site model. The pIC,, values for FK506 and ra-

A. Bocquet et al. / European Journal of Pharmacology 415 (2001) 173-180

pamycin were calculated to be 9.4 + 0.2 (n=3) and 9.7 +
0.1 (n=3), respectively. This is in agreement with bind-
ing results reported previously (Siekierka et al., 1989).
Cyclosporin A, at concentrations up to 10 wM, failed to
compete with [*H]dihydro-FK506 for binding. Surpris-
ingly, similar results were obtained with GPI 1046, which
also had no effect on the binding of [*H]dihydro-FK506 at
concentrations up to 10 pM.

3.2. FKBP12 rotamase activity

Assessment of the rotamase activity of FKBP12 re-
vealed potent inhibition by FK506 and rapamycin (Fig.
2B). Calculations from concentration—response curves
showed plCq, valuesfor rapamycin and FK506 of 7.4 + 0.0
(n=3)and 7.3+ 0.1 (n = 3), respectively. In contrast, the
cyclophilin inhibitor, cyclosporin A, had no effect on
inhibition up to 10 wM, but GPI 1046, its N-oxide and
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Fig. 2. Inhibition of [*H]dihydro-FK506 binding to FKBP12 and its rotamase activity. (A) Competitive binding of [*H]dihydro-FK506 with various
concentrations of test drugs. The data points were fitted using a one-site model. (B) After incubation of FKBP12 aong with increasing concentrations of
various test drugs, chymotrypsin is added and rotamase activity determined. The data shown represent results from one typical experiment and were fitted
using a sigmoidal function to yield the plCg, values. Each experiment was repested three times.
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thioester analogues showed plIC., values of 5.8 + 0.1 (n =
3),54+01(n=23) and 6.3+ 0.1 (n= 3), respectively.

3.3. Neurite outgrowth and cell survival studies on
DRG cells

Putative neurotrophic activity of immunophilin ligands
was examined in vitro on primary cultures of dissociated
new born rat (P3) dorsal root ganglia cells. The culture
was maintained in a serum-free medium supplemented
with N1 in order to avoid any possible interaction of
compounds with serum (Harper et al., 1999). The neu-
rotrophic activity of immunophilin ligands was evaluated
by determining the percentage of cells bearing neurites
after 24 h (Table 1). At the same time, the effect of these
putative neurotrophic agents on neurona survival was
assessed by counting the number of neurofilament-positive
cells per captured field (Table 1).

Addition of NGF produced a concentration-dependent
effect (data not shown) and markedly (P < 0.001) pro-
moted neurite outgrowth at 5 ng/ml (1.9 nM) (Table 1).

Table 1

Effect of rapamycin, FK506, GPI 1046, its N-oxide and thioester ana-
logues on neurite outgrowth and number of neurofilament-positive cells
in dorsal root ganglia cells

Treatment Percentage of Number of
cells-bearing neurofilament
neurites positive cells

(count /field)

Experiment 1

Control 3.1(1.6-6.8) 52.0(32.5-70.0)

FK-506 1 nM 8.9(3.1-14.8) 56.0 (49.0-67.5)

FK-506 100 nM 9.5(4.0-14.5) 57.5(42.5-72.0)

FK-506 10 pM 6.1(2.8-10.6) 55.5 (39.0-68.5)

GPI 1046 1 nM 7.3(5.5-9.9) 55.5 (45.5-73.0)

GPI 1046 100 nM 6.5(3.9-10.8) 50.0 (40.5-60.5)

GPI 1046 10 pM 7.9(29-11.1) 50.5 (42.0-67.0)

NGF 1.9 nM (5 ng/ml) 30.1(25.0-45.4)2 103.5(88.0-116.5)2

Experiment 2

Control 8.4(4.4-10.1) 55.5 (46.5-66.0)

Rapamycin 1 nM 12.3(9.6-15.7)*  76.0(57.5-86.0)°

Rapamycin 100 nM 11.2 (6.4-14.8) 67.5 (56.5-81.5)°

Rapamycin 10 uM 11.1(7.8-12.9) 61.5 (48.0-75.5)

Thioester analogue 1 nM 12.5(7.0-14.6) 64.0 (54.5-81.5)

Thioester analogue 100 nM 9.5 (5.1-13.4) 715 (62.0-80.0)°

Thioester anadlogue 10 uM 8.4 (7.1-13.7) 63.0 (53.0-78.0)

N-oxide analogue 1 nM
N-oxide analogue 100 nM
N-oxide analogue 10 .M
NGF 1.9 nM (5 ng/ml)

11.3(7.3-15.3)°
14.8(11.8-19.9)°
14.0 (8.4-18.8)°
30.1(32.8-44.2)2

72.5 (60.0-87.0)°
72.0 (62.5-85.5)°
70.0 (62.0-84.5)°

111.0(97.0-125.5)%

Concentrations of 1 nM, 100 nM and 10 wM of the compounds were
added to the culture medium for 24 h. The results are expressed as
medians (lower-upper quartiles) of three separate cell cultures (n=8
fields per culture).
®Indicate statistically significant difference from control of P < 0.001.
®|ndicate statistically significant difference from control of P < 0.05.
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Fig. 3. Effect of immunophilin ligands on acute MPTP-induced dopamine
depletion in the striatum of C57 Black/six mice. MPTP (25 mg/kg) or
saline (n=7) was administered once i.p. on day 1. The immunophilin
ligand GPI 1046 (20 mg/kg, n=7), and its N-oxide (4 mg/kg, n=7)
and thioester analogues (4 mg/kg, n=7) or vehicle (methylcellulose
1%,/DMSO 5%, n = 6) were administered i.p. twice daily for 3 days with
the first administration 30 min before the MPTP injection and once on
day 4 (5 h before sacrifice). All results are expressed as means+ S.D.
(n=6-7). ®Indicates statistically significant difference of P < 0.001
between the vehicle/saline and vehicle/MPTP-treated groups.

The percentage of cells bearing neurites was 30—39% after
24 h exposure whereas control cultures only showed 3—8%
of cells with neurites. The number of neurofilament-posi-
tive cells was confirming the trophic activity of NGF. In
contrast, the immunophilin ligands only marginaly in-
creased the percentage of dorsal root ganglia cells bearing
neurites and the survival of neurofilament-positive cells
after 24 h (Table 1).

3.4. Acute MPTP model

A singlei.p. injection of MPTP (25 mg/kg) induced a
significant decrease (47%) in dopamine levels in the stria-
tum when compared to basal levels (Fig. 3). GPI 1046 (20
mg/kg), its N-oxide analogue (4 mg/kg) and thioester
analogue (4 mg/kg), administered i.p. failed to prevent
this decrease in dopamine levels (Fig. 3).

3.5. Chronic MPTP mode

Administration of MPTP i.p. (10 mg/kg) twice a week
for 3 weeks produced a progressive decrease of 31%, 36%,
and 42% of basa striatal dopamine levels, respectively,
after 1, 2 (data not shown) and 3 weeks of MPTP treat-
ment (Fig. 4). GPI 1046 (20 mg/kg), its N-oxide analogue
(4 mg/kg) and thioester analogue (4 mg/kg) administered
i.p. or p.o. administration of the N-oxide analogue (100
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Fig. 4. Effect of daily administration of immunophilin ligands on chronic
MPTP-induced dopamine depletion in the stristum of C57 Black/six
mice. MPTP (10 mg/kg) or sdine (n = 12) was administered i.p. twice a
week for 3 weeks. The immunophilin ligands GPI 1046 (20 mg/kg,
n=>5), and its N-oxide (4 mg/kg, n=5), and thioester analogues (4
mg/kg, n=6) or vehicle (n=9) were administered i.p. daily for 21
days. The N-oxide analogue (100 mg/kg, n= 6) or vehicle (n=6) was
also administered p.o. daily for 21 days in a separate experiment. All
results are expressed as means+ S.D. (n=5-12). ®Indicates statistically
significant difference of P < 0.001 between the vehicle/saline and vehi-
cle/MPTP-treated groups.

mg/kg) daily during 21 days did not counteract this
reduction in dopamine levels (Fig. 4).

4, Discussion

The main finding of the present study was the lack of
relationship between inhibition of FKBP12 rotamase activ-
ity and neurotrophic effects in vitro among a series of
immunophilin ligands. Furthermore, the neurotrophic ef-
fect observed was only modest and none of the im-
munophilin ligands showed any neuroprotection in vivo in
the MPTP moded of Parkinson's disease. This questions
both inhibition of FKBP12 rotamase activity as the mecha
nism for neurotrophic activity of immunophilin ligands
and the potential therapeutic utility of these compounds for
neurodegenerative diseases like Parkinson’s disease.

Severa in vitro studies have observed an impressive
promotion of neurite outgrowth with NGF and other growth
factors like BDNF and GDNF (Mocchetti and Wrathall,
1995; Gavazzi et a., 1999). However, the therapeutic
utility of these peptides is hampered by their poor ora
absorption and lack of brain penetration. Intrastriatal or
intracerebroventricular injection of GDNF in the rat pro-
vides almost complete protection of 6-hydroxydopamine
lesioned nigral dopaminergic neurons (Rosenblad et al.,
1999). Furthermore, GDNF improves the symptoms of
pharmacologically induced Parkinson's disease in mon-

keys (Walton, 1999). These results support the idea of
developing small orally active non-peptide molecules that
possess neuroprotective and neurotrophic properties able to
stimulate recovery in neurodegenerative diseases. This
highlights the interest in FKBP12 activity as a drug discov-
ery target for the identification of non-immunosuppressive
analogues of FK506 with neurotrophic and neuroprotective
properties.

Contrasting reports exist regarding the potency of im-
munophilin ligands as neurotrophic compounds. A number
of published articles report that FK506 and GPI 1046
display a neurotrophic potency equal to NGF (Lyons et 4.,
1994; Steiner et al., 1997a). In contrast, marginal neurito-
genic effects of GPI 1046 on cultured chick dorsal root
ganglia explants have also been reported (Harper et al.,
1999). These discrepancies may relate to different models
(dissociated dorsal root ganglia vs. explants; embryonic vs.
postnatal dorsal root ganglia; chick vs. rat) and/or to
different culture conditions giving rise to various growth
factor requirements as well as to different levels of en-
dogenous growth factors in the culture. The fact that dorsal
root ganglia cells in culture consist of a mixture of cells
coming from different segmental levels with distinct sub-
populations responding differently to a variety of trophic
factors may also explain this discrepancy (Carreau et al.,
1997; Gavazzi et a., 1999).

It has been reported that GPI 1046 promotes re-growth
and functional recovery of dopaminergic neurons after
subcutaneous and oral administration in anima models of
Parkinson’s disease (Steiner et al., 1997a). Another series
of immunophilin ligands also appear to protect striatal
dopaminergic innervation in the MPTP mouse model of
Parkinson’s disease after oral administration (Costantini et
al., 1998). The present study contrasts these reports by a
lack of activity of immunophilin ligands after i.p. and p.o.
administration in both the acute (Fig. 3) and chronic (Fig.
4) MPTP mouse models, which reproduce the biochemical
events that occur in Parkinson’s disease, in particular the
loss of dopamine content in striatum. Thus, despite a weak
but significant activity in vitro on neurite outgrowth ob-
served with GPI 1046 N-oxide analogue, neither GPI 1046
nor its two analogues did protect against the decrease in
dopamine levels induced by MPTP, even after chronic
administration for 3 weeks. It should be noted that previ-
ous studies (Costantini et al., 1998; Steiner et al., 1997a)
measured the density of the tyrosine hydroxylase positive
fibers in the striatum, but this is thought to correlate with
striatal dopamine levels that were measured in the present
study (Costantini et al., 1998). In the MPTP mouse model,
85% and 40% protection were obtained with subcutaneous
injections of GPI 1046 (20 mg/kg) before and after
administration of MPTP, respectively. Significant protec-
tion of striatal tyrosine hydroxylase-immunostaining was
also observed in MPTP-treated mice after oral administra-
tion of 10-100 mg/kg of GPI 1046 (Steiner et al., 1997b).
Similar results were subsequently reported for another
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immunophilin ligand (V-10,367) administered oraly at
doses of 100-400 mg,/kg (Costantini et al., 1998). The
absence of any neuroprotective action of GPI 1046 in our
in vivo model could be explained by a rapid hydrolysis of
the ester function, conferring a very short half-life to this
compound (WO 98/37885). However, the N-oxide ana-
logue was also inactive despite a markedly longer half-life
and improved bioavailability (W098,/37885). This sug-
gests that the absence of in vivo activity may reflect the
minor neurotrophic effects observed in vitro. Thus, it
appears that future studies, involving more potent ligands
with sufficient bioavailability, are required in order to fully
elucidate the therapeutic potential of immunophilin ligands
in animal models of Parkinson’s disease.

Inhibition of FKBP12 rotamase activity by FK506 and
analogues like rapamycin involves a complex interaction
between those ligands and certain domains of the FKBP12
protein (see Hamilton and Steiner, 1998 for review). It has
been shown that the pipecolinyl and the pyranose rings, the
keto-amide linkage as well as a portion of the cyclohexyl-
propeny! ester side chain found in the structure of FK506
are crucial elements allowing it to bind to FKBP12. The
pipecolinyl-keto-amide part of the molecule is considered
to represent a transition-state that mimics the natural pep-
tidylprolyl substrate. Since GPI 1046 contains bioisosteric
elements of al the above mentioned chemical features
necessary for binding to this “FKBP12 binding portion of
FK506” (prolyl ring instead of pipecolinyl ring, keto-amide
linkage, and a pyridine-propenyl ester side chain instead of
the cyclohexylpropenyl ester) (Fig. 5), it was expected that
this molecule would displace the binding of [*H]dihydro-
FK506 to FKBP12. Furthermore, X-ray crystal structure
andysis of high affinity FKBP12 ligands (FK506, ra-
pamycin and small non-immunosuppressive pipecolyl ester
derivatives) showed that all molecules display an analo-
gous hinding site (Holt et al., 1993). The binding results
obtained in the present study with GPI 1046 deviate from

[sosteric
Replacement

GPI 1046

FKBP-binding
domain

Effector domain

FK506
Fig. 5. Structural relationship between FK506 and GPl 1046.

this assumption and confirms a recent report showing that
GPl 1046 had a marked lower (10.000 fold) affinity for
FKBP12 in a similar binding assay (Rabinowitz et al.,
2000). This suggests that GPlI 1046 may inhibit the rota-
mase activity of FKBP12 via a different binding site than
that of FK506.

The neuroprotective and neurotrophic actions of im-
munophilin ligands are believed to be mediated via the
inhibition of the enzyme FKBP12 (Hamilton, 1998). How-
ever, neurotrophic activity with FK506 has been demon-
strated on hippocampal primary cell cultures from FKBP12
knock out mice (Gold et al., 1999). Interestingly, recent
studies have demonstrated that pretreatment with a mono-
clonal FKBP52 antibody abolishes the neurotrophic action
of FK506 on neuroblastoma SH-SY5Y cells. This suggests
that other receptors in the FKBP family, like FKBP52,
may represent more relevant immunophilin binding sites.
Indeed, it has been suggested that FKBP12 does not
mediate the neurite outgrowth promoting effect of im-
munophilin ligands since their neurotrophic activity ap-
pears mediated by dissociation of the FKBP52/HSP90/
steroid receptor complex augmenting the mitogen-associ-
ated protein signaling pathway (Gold et al., 1999).

In summary, the present study did not reveal neuropro-
tective and neuroregenerative properties of GPl 1046 and
related analogues in mice models of Parkinson's disease
and only minor neurotrophic effects were observed in vitro
on dorsa root ganglia neurite outgrowth. Based on the
findings obtained in the present study, there appears to be
no relationship between the neuroprotective effectsin vitro
and inhibition of FKBP12 rotamase activity, suggesting
that the latter is of minor relevance to the neurotrophic
activity of immunophilin ligands. Thus, it remains for
future studies to elucidate the precise neurotrophic mecha-
nism that would permit a systematic search for new im-
munophilin ligands with improved neurotrophic properties
relevant for the treatment of neurodegenerative diseases
such as Parkinson’s disease.
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