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The indirubins long have been used in Chinese medicine for treatment of myelocytic leukemia. Among the
many more recently described biological activities of the indirubins, attention has been directed toward the
ability of these compounds to inhibit GSK-3 and CDKs, kinases implicated in neurodegenerative conditions.
Little information is available on effects of indirubins on chemically-induced neurodegeneration. Here we
examined the influence of three indirubins on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- and
kainic acid (KA)-induced neurotoxicity in themouse. The three indirubins examined were 6-bromoindirubin-
3′-oxime (6BIO), 5-bromoindirubin-3′-oxime (5BIO) and 5-amino-6-bromoindirubin (5A6BI). The first two
derivatives were previously described indirubins with low nanomolar inhibitory activity against GSK-3
and CDKs. The third compound was synthesized by the dimerization of 5-amino-6-bromoisatin with 3-
acetoxyindol. The synthesis of the key compound 5-amino-6-bromoisatinwas based on the bromination of the
ketal of 5-amino-isatin. All indirubins examined decreased various measures associated with dopaminergic
neurotransmission in striatum. These effects occurred alone or over and above the decrements seen following
administration of the dopaminergic neurotoxicant, MPTP. Striatal serotonin and serotonin turnover were
decreased by the indirubins in MPTP-treated mice. None of these striatal effects of the indirubins alone were
associatedwith evidence of astrogliosis, an indicator of underlying neuropathology, nor did they potentiate the
astrogliosis accompanying administration ofMPTP. In general, the indirubins reduced KA-associatedmortality
and striatal but not hippocampal astrogliosis due to this toxicant. The data suggest that indirubins affect striatal
biogenic amine levels and turnover in intact mice. The data do not indicate a neuroprotective action of
indirubins in mice treated with MPTP but that they do suggest that they may be neuroprotective against KA-
induced injury of the neostriatum.
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The indirubins, have long been mainstays of Traditional Chinese
Medicine [18], Interest in indirubin and its analogues (collectively
referred to as indirubins) from an experimental perspective strongly
increased when they were discovered to inhibit cyclin-dependent
kinases (CDKs) [9], glycogen synthase kinase-3 (GSK-3) [15],
glycogen phosphorylase b [12], and to bind and activate the Aryl
Hydrocarbon Receptor (AhR), known also as the dioxin receptor
[1,7,13]. 6-Bromoindirubin-3′-oxime (6BIO) has been identified as a
strong and selective inhibitor of GSK-3, [17,27] while 5-bromoindir-
ubin-3′-oxime (5BIO) is a strong inhibitor of both GSK-3 and CDKs.
Recently, GSK-3 and CDKs, especially CDK5, have been shown to be
involved in cell-signaling events associated with injury-induced
neural damage and glial activation [5,19]. These observations raised
the possibility that indirubins may afford protective actions against
chemically-induced injury of the CNS. To address this issue we
evaluated the effects of three indirubins on two mechanistically
distinct neurotoxicity models, the dopaminergic terminal damage due
to the known dopaminergic neurotoxicant, MPTP, [26], and limbic and
striatal neuropathology induced by the rigid analogue of glutamate,
KA [3,4]. CDK5 has been implicated in the neurotoxic effects of both of
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these compounds [29,31,35], observations further strengthening the
potential for CDK inhibitory action to affect neurotoxic outcomes
following exposure toMPTP and KA. The data obtained do not support
a neuroprotective role of indirubins in MPTP neurotoxicity but do
suggest a potential protective role in KA neurotoxicity.

1. Methods

1.1. Chemistry

1.1.1. General chemistry procedures
All chemicals were purchased from Aldrich Chemical Co. NMR

spectra were recorded on Bruker DRX 400; chemical shifts are
expressed in ppm downfield from TMS. The 1H–1H and the 1H–13C
NMR experiments were performed using standard Bruker micropro-
grams. CI-MS spectra were determined on a Finnigan GCQ Plus ion-
trapmass spectrometer using CH4 as the CI ionization reagent. Column
chromatography was conducted using flash silica gel 60 Merck
(40–63 μm) with an overpressure of 300 mbars. All the compounds
gave satisfactory combustion analyses (C, H, N, within ±0.4% of
calculated values). 6-Bromoindirubin-3′-oxime (Polychronopoulos
et al., 2004) and 5-bromoindirubin-3′-oxime [30] were synthesized
as previously described.

1.1.2. 5-Nitroisatin (2)
A solution of ΝaΝΟ3 (5.78 g, 0.068 mol) in H2SO4 (100 ml) at 0 °C

was added dropwise over 1 h to a solution of isatin (1) (10.0 g,
0.068 mol) in H2SO4 (120 ml). The reaction mixture then was poured
onto ice and the resulting precipitate was filtered and washed with
water to yield 5-nitroisatin (2) (11.88 g, 91%)with NMR data identical
to that previously described [8].

1.1.3. 5,5-Dimethyl-5′-nitrospiro[1,3-dioxan-2,3′-indol]-2′(1′H)-one (3)
2,2′-Dimethylpropan-1,3-diol (2.69 g, 25.9 mmol) and a catalytic

amount of p-toluenesulfonic acid (5%) was added to a suspension
of 5-nitroisatin (5.0 g, 26.0 mmol) (2) in cyclohexane (35 mL). The
reaction mixture then was refluxed for 12 h using a Dean-Stark
apparatus. The mixture then was cooled, the precipitate was filtered,
washedwith NaHCO3 (sat.), and dried to give the ketal of 5-nitroisatin
(3) (6.5 g, 90%).1H NMR data are: (DMSO, 400 MHz, δ ppm, J σε Hz)
8.28 (1H, dd, J=2.3, 8.6 Hz, H-6′), 8.07 (1H, d, J=2.3 Hz, H-4′), 7.03
(1H, d, J=8.6 Hz, H-7′), 4.48 (2H, d, J=10.9 H-6α, H-4α), 3.54 (2H,
d, J=11.1 Hz, H-6β, H-4β), 1.33 (3H, s, 5α-CH3), 0.83 (3H, s, 5β-CH3);
CI-MS m/z 279 (M+H)+.

1.1.4. 5′-amino-5,5-dimethylspiro[1,3-dioxan-2,3′-indol]-2′(1′H)-one (4)
The ketal of 5-nitroisatin (3) (3.0 g, 10.8 mmol) was suspended

in methanol (25 ml) and then 450 g of Pd/C (10%) were added. The
mixture was stirred at room temperature under H2 for 5 h. The
solution then was filtered with celite and activated carbon and the
filtrate was evaporated to yield the ketal of 5-amino-isatin (4) (2.57 g,
96%). 1H NMR data are: (DMSO, 400 MHz, δ ppm, J σεHz) 10.09 (1H, s,
N′-H), 6.77 (1H, d, J=2.1 Hz, H-4′), 6.59 (1H, dd, J=2.1, 8.1 Hz, H-6′),
6.54 (1H, d, J=8.1 Hz, H-7′), 4.47 (2H, d, J=10.8 H-6α, H-4α), 3.43
(2H, d, J=11.0 Hz, H-6β, H-4β), 3.93 (2H, brs, NH2), 1.28 (3H, s, 5α-
CH3), 0.80 (3H, s, 5β-CH3); CI-MS m/z 249 (M+H)+.

1.1.5. 5′-amino-6′-bromo-5,5-dimethylspiro[1,3-dioxan-2,3′-indol]-2′
(1′H)-one (5)

The ketal of 5-amino-isatin (4) (2.0 g, 8.06 mmol) was dissolved
in absolute ethanol (200 ml) and the solution was cooled to 0 °C. A
solution of Br2 (410 ml, 8.06 mmol) in chloroform (0.5 ml Br2
dissolved in 500 ml CHCl3) was added dropwise and the mixture
was stirred for a total of 3 h. The pH then was neutralized with
NaHCO3. The mixture was filtered and the filtrate was evaporated to
dryness. The solid residue was submitted to flash chromatography
using silica gel and 15:75 ratio of EtOH/cyclohexane as the eluent to
yield the ketal of 5-amino-6-bromoisatin (5) (1.2 g, 45%). 1H NMR
data are: (acetone-d6, 400 MHz, δ ppm, J σε Hz) 9.12 (1H, brs, N′-H),
7.03 (1H, s, H-7′), 6.91 (1H, s, H-4′), 4.76 (2H, brs, NH2), 4.62 (2H,
d, J=10.8 H-6α, H-4α), 3.45 (2H, d, J=11.0 Hz, H-6β, H-4β), 1.33
(3H, s, 5α-CH3), 0.83 (3H, s, 5β-CH3); CI-MS m/z 327, 329 (M+H)+.

1.1.6. 6-Bromo-5-acetamidoisatin (7)
The ketal of 5-amino-6-bromoisatin (5) (1.08 g, 3.30 mmol) was

dissolved in pyridine (10 ml). Acetic anhydride (311 µl, 3.30 mmol)
then was added and the reaction mixture was stirred for 12 h at 0 °C.
The solvent was removed under reduced pressure to yield the ketal of
6-bromo-5-acetamidoisatin (6). This latter compoundwas suspended
in a saturated solution of oxalic acid (30 ml) and heated to 60 °C for
12 h. The mixture then was filtered and washed with water to yield
the 6-bromo-5-acetamidoisatin (7) (690 mg, 81%). 1H NMR data
are: (DMSO, 400 MHz, δ ppm, J σε Hz) 11.17 (1H, s, N-H), 9.64 (1H, s,
AcN-H),7.61 (1H, s, H-7), 7.20 (1H, s, H-4), 2.14 (3H, s, CH3CO); CI-MS
m/z 283, 285 (M+H)+.

1.1.7. 5-Amino-6-bromoisatin (8)
6-Bromo-5-acetamidoisatin (7) (680 mg, 2.40 mmol) was dis-

solved in H2SO4 (9.5 ml, 30%) and refluxed for 1.5 h . The solution then
was cooled and stirred to yield the 6-bromo-5-amino-isatin sulfate
(645 mg) as a precipitate. After filtration and an acetone wash, the
sulfate salt was dissolved in hot water (25 mL) and boiling Na3BO3

(520 mg) was added. The resulting precipitate was recovered by
filtration after washing with water (500 mg, 86%). 1H NMR data are:
(DMSO, 400 MHz, δppm, JσεHz) 10.74 (1H, br s, N-H), 6.96 (1H, s,H-7),
6.91 (1H, s, H-4), 5.28 (2H, s, NH2); CI-MSm/z 241, 243 (M+H)+.

1.1.8. 5-Amino-6-bromoindirubin (9)
Methanol (80 ml) was stirred under N2 for 20 min followed by

addition of 5-amino-6-bromoisatin (8) (500 mg, 2.07 mmol) and 3-
acetoxyindol (350 mg, 2.0 mmol). After 5 min, dry Na2CO3 (450 mg)
was added and the reaction was allowed to continue for 3 h. The
resulting precipitate was recovered by andwashedwith 100 ml of a 1:1
mixture of water and methanol solution. 5-Amino-6-bromoindirubin
(9) (650 mg, 90%) was obtained as the end product. 1H NMR data
are: (DMSO, 400 MHz, δ ppm, J σε Hz) 11.01 (1H, s, N′-H), 10.58 (1H,
brs, N-H) 8.38 (1H, s, H-4), 7.65 (1H, d, J=7.5 Hz, H-4′), 7.58 (1H,
t, J=7.5 Hz, H-6′), 7.42 (1H, d, J=7.5, Hz, H-7′), 7.02 (1H, t,
J=7.5 Hz, H-5′), 6.86 (1H, s, H-7), 4.98 (2H, s, 5-NH2); CI-MS m/z 356,
358 (M+H)+.

1.2. Protein kinase assays

1.2.1. Biochemical reagents
Sodium ortho-vanadate, EGTA, EDTA, Mops, ß-glycerophosphate,

phenylphosphate, sodium fluoride, dithiothreitol (DTT), glutathione-
agarose, glutathione, bovine serum albumin (BSA), nitrophenylpho-
sphate, leupeptin, aprotinin, pepstatin, soybean trypsin inhibitor,
benzamidine, histone H1 (type III-S) were obtained from Sigma
Chemicals. [γ-33P]-ATP was obtained from Amersham. The GS-1
peptide (YRRAAVPPSPSLSRHSSPHQSpEDEEE) was synthesized by the
Peptide Synthesis Unit, Institute of Biomolecular Sciences, University
of Southampton, Southampton SO16 7PX, U.K.

1.2.2. Buffers
TheHomogenization Buffer contained 60 mMß-glycerophosphate,

15 mMp-nitrophenylphosphate, 25 mMMops (pH 7.2), 15 mMEGTA,
15 mM MgCl2, 1 mMDTT, 1 mM sodium vanadate, 1 mM NaF, 1 mM
phenylphosphate, 10 µg leupeptin/ml, 10 µg aprotinin/ml, 10 µg
soybean trypsin inhibitor/ml and 100 µM benzamidine. Buffer A
contained 10 mM MgCl2, 1 mM EGTA, 1 mM DTT, 25 mM Tris–HCl
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pH 7.5, 50 µg heparin/ml. Buffer C contained homogenization buffer
and 5 mM EGTA but did not contain NaF or protease inhibitors.

1.2.3. Kinase preparations and assays
Kinase activities were assayed in Buffer A or C, at 30 °C, at a final ATP

concentration of 15 µM. Blank values were subtracted and activities
calculated as pmoles of phosphate incorporated for a 10 min incubation.
The activities are usually expressed in % of the maximal activity, i.e. in
the absence of inhibitors. Controls were performed with appropriate
dilutions of dimethylsulfoxide.

CDK5/p25 was reconstituted by mixing equal amounts of recom-
binant mammalian CDK5 and p25 expressed in E. coli as GST
(glutathione-S-transferase) fusion proteins and purified by affinity
chromatography on glutathione-agarose (vectors kindly provided by
Dr. J.H. Wang) (p25 is a truncated version of p35, the 35 kDa CDK5
activator). The kinase activity was assayed in buffer C, with 1 mg
histone H1/ml, in the presence of 15 µM [γ-33P] ATP (3000 Ci/mmol;
10 mCi/ml) in a final volume of 30 µl. After 30 min incubation at 30 °C,
25 µl aliquots of supernatant were spotted onto 2.5×3 cm pieces of
Whatman P81 phosphocellulose paper, and, 20 s later, the filters were
washed five times (for at least 5 min each time) in a solution of 10 ml
phosphoric acid/liter of water. The wet filters were counted in the
presence of 1 ml ACS (Amersham) scintillation fluid. [15].

GSK-3α/β was purified from porcine brain by affinity chromatog-
raphy on immobilized axin [28]. It was assayed, following a 1/100
dilution in 1 mg BSA/ml 10 mM DTT, with 5 µl 4 µM GS-1 peptide
substrate, in buffer A, in the presence of 15 µM [γ-33P] ATP (3000 Ci/
mmol; 10 mCi/ml) in a final volume of 30 µl. After 30 min incubation
at 30 °C, 25 µl aliquots of supernatant were processed as described
above.

1.3. Neurotoxicity experiments

1.3.1. Animals
Female C57BL/6 J mice (Jackson Laboratories, Bar harbor, ME), 3–

4 months of age were used for all experiments. The colony room was
controlled for temperature (22±2 °C) and humidity (30–40%) and
was maintained on a 12-h light/12-h dark cycle. Access to chow and
water was allowed ad libitum. The animal protocol governing the
experiments was approved by the Institutional Animal Care and Use
Committee of the Centers for Disease Control and Prevention-National
Institute for Occupational Safety and Health. The Animal Care and Use
Facility is accredited by the American Association for Accreditation of
Laboratory Animal Care.

1.3.2. Toxicant administration and brain tissue preparation
Female mice were used in all experiments based on our historical

data for single dose effects of MPTP & KA in this gender and because
larger number of females can be group-housed for future long-term
time point evaluations. In our hands, the neurotoxic effects of single
doses of MPTP or KA do not differ between male and female C57Bl6J
mice [20,21,32,33]. Mice were administered a single dose of MPTP
(12.5 mg/kg, s.c.) or KA (20 mg/kg, s.c.) or vehicles (0.9% saline or
DMSO for the indirubins) alone or in combination with 6BIO, 5BIO or
5A6BI (50 mg/kg, s.c.). A dosage of 50 mg/kg was used for the three
indirubins based on dose-range evaluations (10, 25, and 50 mg/kg)
showing this to be an effective dosage level for effects of all indirubins
on all endpoints examined (data not shown). DMSO was limited to
50 µl per injection; no effects of DMSO alone were observed for any
measures compared to data obtained for saline vehicle or uninjected
mice. For the combination dosing experiments, the indirubins or
vehicle were given once daily for four days; MPTP or KA were given
1 h after the second dose of indirubin. Mice were sacrificed by focused
microwave irradiation [24] 72 h after administration of MPTP, KA or
vehicle; this time point yields maximum increases in GFAP after
exposure to either toxicant [3,21]. Focused microwave irradiation
sacrifice was used because it preserves steady-state protein phos-
phorylation by heating brain tissue to a level sufficient to abolish
enzymatic action of kinases and phosphatases [25,32]. A portion of the
SDS tissue homogenates (see below) was retained for future analysis
of specific phosphoproteins. After sacrifice, brains were allowed to
cool and then were dissected free-hand. The selected regions from
one side of the brain were frozen for subsequent analysis of brain
amines and the regions from the other side of the brain were
homogenized in hot (80–90 °C) 1% (w/v) SDS for subsequent analysis
by specific ELISA.

1.3.3. GFAP and TH ELISAs
Glial fibrillary acidic protein (GFAP) and tyrosine hydroxylase (TH)

were assayed using the detergent-based sandwich enzyme-linked
immunosorbent assays (ELISAs) developed in this laboratory. Detailed
protocols for the GFAP ELISA procedure have been described [22,24].
The modifications used for assaying TH also have appeared [32].
Briefly, “capture” antibodies were coated on the wells of Immunlon-2
microtiter plates (Thermo Labsystems, Franklin, MA). The SDS
homogenates of specific brain regions and standards were diluted in
PBS containing 0.5% Triton X-100. Nonspecific binding was blocked
with 5% nonfat dry milk in PBS and then aliquots of the homogenates
and standards were added to the wells and incubated. Following
4 sequential washes, a different host specifies antibody to GFAP or
TH from the ones used as “capture” were added to “sandwich” the
antigen between the antibodies. An alkaline phosphatase or perox-
idase conjugated secondary with fluorogenic substrate was used
as a reporter for quantification of GFAP and TH, respectively, via
spectrophotometry and fluorometry.

1.3.4. HPLC measurement of DA, 5HT and metabolites
Dopamine (DA), serotonin (5-HT) and their metabolites were

quantified by HPLC with electrochemical detection (Waters, Milford,
MA). The frozen striata were homogenized in 300 μl of ice-cold 0.2 M
perchloric acid, containing 1 μM dihydroxybenzylamine as internal
standard, and centrifuged at 10,000×g for 10 min at 4 °C. The super-
natant was filtered through a 0.2 μm membrane, and an aliquot (10 μl)
of the sample was injected via an automatic sample injector (Waters
717 plus Autosampler) connected to aWaters 515 HPLC pump. Reverse
phase C18 chromatography was used for sample separation followed
by electrochemical detection as described previously [32].

2. Statistics

Analyses were performed using the JMP (version 6.0.3) statistical
analysis software package. The test of significance for individual
variables was performed using one-way analysis of variance (ANOVA)
followed by Student–Newman–Keuls test. Mortality data were
evaluated using the Chi Square statistic. In all cases, the alpha level
was set at 0.05.

3. Results

In addition to 6BIO and 5BIO, known inhibitors of GSK-3 and CDK5,
we synthesized 5-amino-6-bromoindirubin (9) (5A6BI) (Fig. 1). In
the past we have clearly shown [17,27], that the 6-bromo substitution
is responsible for increased selectivity of 6BIO towards GSK-3.
Recently, it was found [2] that the introduction of an amino functional
group at position 5 of the indirubin skeleton favors inhibitory activity
against CDK-5. In this context, we envisaged the combination of the
5-amino substitution with a bromine atom at position 6.

3.1. Synthesis of 5-amino-6-bromoindirubin

5-Amino-6-bromoindirubin (9) (5A6BI) was synthesized by the
dimerization of 5-amino-6-bromoisatin with 3-acetoxyindol (Fig. 1).



Fig. 1. Synthetic scheme for synthesis of 5-amino-6-bromoindirubin (5A6BI). The structures of 6BIO and 5BIO are shown for comparison.

Table 1
Inhibitory activity against GSK-3 and CDK5/p25 (IC50 values in μΜ).

Compound GSK-3 CDK5/p25

5BIO 0.018 0.028
6BIO 0.005 0.083
5A6BI 0.600 0.054
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The synthesis of the key compound 5-amino-6-bromoisatin was
based on the bromination of the ketal of 5-amino-isatin. Nitration of
isatin led selectively and in high yield to 5-nitroisatin which then was
protected by the formation of a ketal at position 3. Subsequent
catalytic hydrogenation led to the ketal of 5-aminoisatin (4). Careful
bromination of 4 with Br2 in chloroform resulted in a 45% yield to the
ketal of 5-amino-6-bromoiasatin. Direct deprotection of this com-
pound was highly problematic and for this reason the amino group
was acetylated and the ketal was hydrolyzed with oxalic acid. Final
hydrolysis of the acetamido group with sulfuric acid led to 5-amino-
6-bromoisatin (8) followed by formation of 5A6BI (9) via reaction
with 3-acetoxyindol. The structures of 6BIO and 5BIO are shown for
comparison (Fig. 1).

3.2. In vitro evaluation for GSK-3α/ß and CDKs inhibition

The in vitro inhibitory activity of the indirubins against GSK-3α/ß
and CDK5 is summarized in Table 1. The presence of an amino group
in position 5 enhanced the selectivity of the compounds towards
CDK5/p25 versus GSK-3α/ß. 5A6BI showed reduced overall kinase
inhibitory activity against GSK-3α/ß in comparison to the actions
of 5BIO and 6BIO (Table 1). On the other hand, 5A6BI was found to
be very soluble in apolar solvents like dichloromethane (data not
shown). This is the first example of an indirubin with this property
among the hundreds of derivatives of indirubins previously synthe-
sized. This solubility feature of 5A6BI should make it more practical to
administer for in vivo experiments, in contrast to 6BIO, 5BIO and their
corresponding ketones, which exhibit poor solubility inmost solvents.
Whether the solubility of 5A6BI affects it bioavailability for CNS
targets remains to be evaluated.
3.3. Effect of indirubins on MPTP-induced neurotoxicity

The indirubins alone and in combination with MPTP affected
a variety of striatal measures (Fig. 2). The three indirubins alone
significantly decreased dopamine (DA) while the 5BIO and 5A6BI
compounds decreased the dopamine metabolite, DOPAC; 6BIO
also slightly decreased HVA. Striatal levels of 5-HT and its metabolite,
5-HIAA, were not affected by the indirubins alone Except for a small



Fig. 2. Indirubins affect striatal biogenic amines alone andafter administration of thedopaminergic neurotoxicant,MPTP.Micewere administered either salineorDMSOasvehicle controls
for MPTP (12.5 mg/kg, s.c.) or indirubin (50 mg/kg, s.c.), respectively. Saline and DMSO controls did not differ; DMSO controls are shown. Indirubins were given once daily for four days;
MPTPwas given 1 h after the seconddose of indirubins. Biogenic amines andmetaboliteswere quantified byHPLCwith electrochemical detection; tyrosine hydroxylasewas quantified by
sandwich ELISA. Values represent the mean±S.E.M. for five independent observations. *Significantly different from control. #Significantly different from MPTP alone.
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decrease observed for 5BIO, the levels of the striatal dopaminergic
terminal marker, TH, were not affected by the indirubins alone. These
findings are suggestive of a regulatory action of the indirubins because
DA levels/metabolism were altered in the absence of corresponding
changes in a dopaminergic nerve terminal marker. The known dopa-
minergic neurotoxicant, MPTP, caused the expected decrease in all
dopaminergic indices. Levels of 5-HT and 5-HIAA, as expected, were
not affected by MPTP. When given in combination with MPTP, the
three indirubins resulted in greater decreases in dopamine, with the
effects of 5BIO and 5A6BI being significantly greater than the dopa-
mine decrements seen with MPTP alone. The 5A6BI compound, when
givenwithMPTP, further reduced levels of the DAmetabolites, DOPAC
and HVA, and caused a further decrease in TH.With respect to the two
serotoninergic measures, all three indirubins resulted in decreases in
5-HT and 5-HIAA, when given in combination with MPTP. Thus, in
essence, the indirubins rendered MPTP a 5-HT as well as a dopa-
minergic acting agent. Despite the effects of indirubins on striatal
DA and TH, when given alone or in combination with MPTP, they did
not appear to initiate or exacerbate damage, respectively, because
damage-related astrogliosis (induction of GFAP) observed with MPTP
was not seenwith the indirubins alone and the increases in GFAP seen
with MPTP were not further enhanced by the indirubins (Fig. 3).
Moreover, consistent with the known selective effects of MPTP on
nigro-striatal dopaminergic neurons, induction of GFAP by MPTP in
the presence and absence of indirubins was confined to striatum and
did not extend to hippocampus (Fig. 3).

3.4. Effect of indirubins on KA-induced neurotoxicity

Consistent with our previous findings [3,4], systemic administra-
tion of KA was associated with significant mortality (Table 2). All
indirubins examined reduced KA-associated mortality (Table 2).
We also observed a significant increase in striatal and hippocampal
GFAP after a single dose of the excitotoxic compound, KA (Fig. 4).
These findings are consistent with our prior data and the known
neuropathology and astrogliosis associated with exposure to this
agent [3,4]. The KA-induced astrogliosis in striatum was prevented by
all three indirubins (Fig. 4). Together, these findings were suggestive
of a protective action of the indirubins against KA toxicity, in general,
and a region-selective neuroprotective effect against neurotoxicity.
These latter findings underscore the possibility that region-specific
substrates of the indirubins may play a role in their neuroprotective
actions.

4. Discussion

A variety of biological and medicinal activities have been
attributed to the indirubins [18]. Among these actions, the recently



Fig. 4. The astroglial reaction to KA-induced neurotoxicity is attenuated by indirubins in
the striatum but not the hippocampus. Mice were administered either saline or DMSO
as vehicle controls for KA (20 mg/kg, s.c.) or indirubin (50 mg/kg, s.c.), respectively.
Saline and DMSO controls did not differ; DMSO controls are shown. Indirubins were
given once daily for four days; KA was given 1 h after the second dose of indirubins.
GFAP was quantified by sandwich ELISA. Values represent the mean±S.E.M. for
five independent observations. *Significantly different from corresponding control.
# Significantly different from KA alone.

Fig. 3. The astroglial reaction to MPTP-induced neurotoxicity is not affected by the
indirubins. Mice were administered either saline or DMSO as vehicle controls for MPTP
(12.5 mg/kg, s.c.) or indirubin (50 mg/kg, s.c.), respectively. Saline and DMSO controls
did not differ; DMSO controls are shown. Indirubins were given once daily for four days;
MPTP was given 1 h after the second dose of indirubins. GFAP was quantified by
sandwich ELISA. Values represent the mean±S.E.M. for five independent observations.
*Significantly different from control.
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identified inhibitory properties of indirubins against GSK-3 and CDK5,
kinases implicated in neurodegenerative diseases, such as AD and
PD [6,29], as well as in neurotoxic responses [29,31], suggest that
indirubins may have therapeutic actions on the CNS. The two existing
indirubins, and the novel indirubin for which we now have provided
the synthetic scheme, were shown to have marked inhibitory activity
in vitro against GSK3 and CDK5. Therefore, we chose to evaluate the
effects of these compounds in two models of neurotoxicity that we
have extensively characterized in our laboratories and for which
CDK5 had been implicated in their effects. These models, MPTP- and
KA-induced neurotoxicity, affect different brain regions and primarily
affect dopaminergic nerve terminals in striatum and glutamatergic
Table 2
Mortality of animals for the tested compounds.

Treatment group Number of animals Survival Mortality % Mortality

Sal 5 5 0 0%
DMSO 5 5 0 0%
6BIO 5 5 0 0%
5BIO 5 5 0 0%
5A6BI 5 5 0 0%
MPTP 5 5 0 0%
6BIO/MPTP 5 5 0 0%
5BIO/MPTP 5 5 0 0%
5A6BI/MPTP 5 5 0 0%
KA* 14 5 9 64%
6BIO/KA 5 5 0 0%
5BIO/KA 8 5 3 38%
5A6BI/KA 8 6 2 25%

*When compared to Saline controls, KA caused a significant increase in mortality
(χ2=10.3; 0.01<P<0.001). 6BIO completely protected against KA-induced mortality
(χ2=10.3; 0.01<P<0.001); 5A6BI provided some protection (χ2=3.14; 0.01<P<0.05)
and 5BIO was not protective (χ2=1.5; 0.5<P<0.10).
pyramidal neurons in hippocampus, respectively. Thus, these agents
would seem to serve as useful regional and subcellular denervation
tools associated with CDK5 activity with which to examine potential
neuroprotective actions of the indirubins. The data obtained are
among the first to show neurobiological actions, in vivo, for the
indirubins.

In the striatum, our results demonstrated significant effects of
the indirubins alone and in combination with MPTP that were not
indicative of neuroprotection. We found a novel depleting action of all
three indirubins on striatal DA and metabolites. When administered in
combinationwithMPTP, decreases in 5-HT and itsmetabolite alsowere
observed. Decrements in dopaminergic measures were seen with the
compounds alone and these effectswere generally additive to the loss of
the same dopaminergic markers after co-administration with the
dopaminergic neurotoxicant, MPTP. This additivity over and above the
known toxic action of MPTP on dopaminergic nerve terminals was
suggestive of a regulatory action of indirubins on dopaminergic
metabolism. This possibility is consistent with the observation that
inhibition of GSK-3 activation can prevent loss of nigral dopamine
neurons while only minimally affecting striatal dopamine levels due to
dopamine synthesis impairment [34]. Although speculative, the
possibility exists for serine-directed phosphorylation and activation of
tyrosine hydroxylase by GSK-3, which would be inhibited by the
indirubins, leading to declines in dopamine levels. On the other hand,
another conclusion that could tentatively be drawn from the data is that
inhibition of GSK-3 might not be critical for MPTP toxicity, given the
potentiated rather than protective effects of the indirubins (especially
5A6BI) against dopaminergic measures. Surprisingly, and in contrast to
effects on dopaminergic markers, decreases in 5-HT and metabolites
only occurred when indirubins were combined with MPTP. While

http://dx.doi.org/10.3389/neuro.02.002.2009
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analogues of MPTP are known to deplete and perhaps damage 5-HT-
containing neurons (e.g. see [16]), broadening the selectivity ofMPTP to
include 5-HT as well as DA systems by co-administration of another
drug has not been documented. While speculative again, a possible
mechanism throughwith acute depletion of 5-HT and 5-HIAAmay have
occurred could be related to the structural similarities between the
indirubins and 5-HT, which have two indole-like moieties and a single
indoleamine, respectively. This possibility seems unlikely, however,
because effects on 5-HT measures should have been seen with the
indirubins alone and not just in combination with MPTP. In aggregate,
our data suggest that biogenic amine depletion is a novel biologic effect
of the indirubins examined. One also could posit that the data reflect
damaging aspects of indirubins on both the dopaminergic and
serotonergic pathways. This possibility seems unlikely for two reasons.
First, the aforementioned additive depleting effects of indirubins when
combined with MPTP suggest different mechanisms are involved to
achieve the decreases observed. Second, because the dopaminergic
nerve terminal damage-related increase in striatal astrogliosis (increase
in GFAP) by MPTP was not exacerbated by the indirubins, nor did the
indirubins alone result in an astroglial activation, strongly argues for a
depleting rather than a neurodegenerative action of the indirubins. Also
consistent with these views is the fact that depletion of striatal biogenic
amines with reserpine does not result in evidence of astrogliosis [23].

Systemic injection of KA is associated with significant neuronal loss
and attendant astrogliosis. Dose-related increases in GFAP, a biomarker
of astrogliosis, have been shown to reflect dose-related damage to
known neurotoxicants, including those that selectively damage nerve
terminals or neuronal perikarya (reviewed in [26]).We assessed striatal
and hippocampalGFAP levels as an index of KA-induced astrogliosis and
underlying neuronal damage [3,4]. The KA-induced astrogliosis in
striatum, but not hippocampus, was prevented by all three indirubins.
Presumably, similar excitotoxic mechanisms result in neural damage
and astrogliosis in striatum and hippocampus, therefore, the apparent
neuroprotective effects of the indirubins for striatum alone may reflect
actions of these compounds on substrates distinct from shared actions
of KA across striatum and hippocampus. KA-induced excitotoxicity
and neurodegeneration are engendered by binding of KA to KA and
AMPA subtypes of the glutamate receptor. Glutamate receptor-evoked
neural damage can involve GSK-3-mediated intracellular signaling
potentially affected by indirubin pretreatments [10]. Finally, the
distribution of KA and AMPA receptor subtypes differs between the
striatum and hippocampus [14]. Accordingly, it is possible that these
different distribution profiles may contribute to the divergent neuro-
protective action of the indirubins in striatum and hippocampus.
While the 50 mg/kg dosage we used to achieve effects on multiple CNS
endpoints may seem high, the bioavailability of the indirubins for CNS
targets has not been established. Reduced entrance of these compounds
into the brain may have dictated the need for high pretreatment
dosages. We also note that, with respect to the relevance of the present
findings to potential therapeutic actions of indirubins, our short-term
pretreatment may not be of sufficient duration to afford neuroprotec-
tion, given that a clinical course of indirubin therapy would presumably
be given on a months-long basis [18].

In summary, our data are indicative of complex neurobiological
actions of indirubins on CNS substrates in striatum. While our data do
not point to a unifying mechanism of action, the known inhibitory
properties of indirubins on GSK-3 and CDK5, kinases implicated in
neurodegenerative responses in various brain areas, including striatum
[11,19], suggest that these kinases and their downstream effectors [11],
should be the subject of future investigation of indirubin actions. The
apparently unique propensity of the indirubins to broaden the action of
MPTP to serotonergic systems also deserves further scrutiny.
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