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N-acetylserotonin (NAS) is synthesized from serotonin by arylalkyl-
amine N-acetyltransferase (AANAT), which is predominantly ex-
pressed in the pineal gland and retina. NAS activates TrkB in a
circadian manner and exhibits antidepressant effects in a TrkB-de-
pendent manner. It also enhances neurogenesis in hippocampus in
sleep-deprived mice. Here we report the identification of NAS deriv-
atives that possess much more robust neurotrophic effects with
improved pharmacokinetic profiles. The compound N-[2-(5-hydroxy-
1H-indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide (HIOC) selectively
activates TrkB receptor with greater potency than NAS. It potently
protects retinas from light-induced retinal degeneration (LIRD), which
is tightly coupled with pronounced TrkB activation in retinas. Pharma-
cokinetic studies demonstrate that this compound is stable in serum
and liver microsomes. It can pass the blood-brain barrier and blood-
retinal barrier. Hence, HIOC is a good lead compound for further drug
development for treating retinal degenerative diseases.
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rylalkylamine N-acetyltransferase (AANAT) acetylates N-

acetylserotonin (NAS) from the neurotransmitter serotonin
in the pineal gland and retina. NAS is subsequently methylated
and converted into melatonin by hydroxyindole-O-methyl-
transferase (HIOMT). The three components of the melatonin
synthetic pathway, namely 5-HT, NAS, and melatonin, all display
dramatic circadian rhythms (1). It has long been thought that
NAS only acts as a precursor of melatonin in the process of
melatonin biosynthesis. Recently, we demonstrated that NAS
activates the TrkB receptor and exerts antidepressant effects in
a TrkB-dependent manner (2). Moreover, we reported that NAS
but not melatonin stimulates neurogenesis in the hippocampus
of sleep-deprived mice via activating TrkB receptor in dentate
gyrus (3). In addition to these findings, NAS has been shown to
facilitate memory (4), regulate hypothermic body temperature
(5), induce analgesia in central nervous system (6), and exert
antioxidative actions (7).

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family that also includes nerve growth factor
(NGF), Neurotrophin-3 (NT-3), and NT-4/5, exerts its biological
functions through two transmembrane receptors: the p75 neu-
rotrophin receptor (p75NTR) and TrkB receptor tyrosine ki-
nase. BDNF binding to TrkB triggers its dimerization and
autophosphorylation of tyrosine residues in its intracellular do-
main, leading to activation of the three major downstream sig-
naling cascades, including mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase (PI3K), and phospholi-
pase C-yl (PLC-yl) (8, 9). Through these pathways, BDNF
mediates a variety of neuronal activities involved in neuronal
survival, neurogenesis, and synaptic plasticity. Accumulating
evidence demonstrates that neurotrophins play critical roles in
the development of the retina and visual system (10-12). Lim-
iting amounts of neurotrophins in the target area of the superior
colliculus may control the apoptosis of retinal ganglion cells
(RGCs) during early postnatal period. NT-4/5 or BDNF injected
into superior colliculus promotes the survival of neonatal RGCs

3540-3545 | PNAS | February 28,2012 | vol. 109 | no.9

(13, 14). Intraocular injection of NGF, BDNF, and NT-4/5 res-
cues RGCs after axotomy (15-18). NT-4/5, in combination with
other trophic factors, is involved in the postnatal survival of
retinal neurons during both development and degeneration (19).
Despite the fact that BDNF is not required for RGC survival
during development (20), it promotes survival of RGCs in a va-
riety of experimental lesion models both in vitro and in vivo (15,
21-24). This is consistent with the findings that RGCs express
the BDNF receptor TrkB (20, 25, 26). Furthermore, BDNF is
a potent stimulator of neurite growth in RGCs (27). TrkB
receptors are also known to be expressed on a variety of other
retinal cell types including Miiller glia, horizontal cells, amacrine
cells, and the retinal pigment epithelial cells (28), and BDNF has
been shown to protect photoreceptors from light-induced retinal
degeneration (LIRD) (29, 30).

In the present study, we have identified and characterized
a NAS derivative that possesses much stronger stimulatory effect
on TrkB receptor than NAS. It specifically activates TrkB but not
TrkA receptor in mouse brain and retina upon i.p. administration.
It exerts neuroprotective actions in a TrkB-dependent manner.
Moreover, the compound strongly protects retinal photo-
receptors in a LIRD animal model, and this action is associated
with potent TrkB receptor activation in retinas. We also show that
this compound is quite stable in serum and liver microsomes, and
it can pass the blood-brain barrier (BBB) and blood-retinal
barrier (BRB), and exhibits half-lives of ~4 h and 1 h in brain and
retinas, respectively.

Results

NAS Derivatives Trigger TrkB Signal Cascades in Primary Neurons.
Recently, we showed that NAS but not melatonin or serotonin
selectively activates TrkB but not other Trk receptors (2, 3).
Nonetheless, NAS is labile, and its half-life in the circulatory system
is relatively short (31). To identify more stable and robust com-
pounds that provoke TrkB activation, we tested numerous NAS
derivatives (Fig. 14). Among these compounds, -[2-(5-hydroxy-1H-
indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide (HIOC) elicited
the strongest TrkB phosphorylation, which was followed by HIDD,
NAS, and ANAT. By contrast, GGS or melatonin did not elevate
TrkB phosphorylation compared with vehicle control (Fig. 1B, Top
three). The downstream effector Akt was also robustly activated
by HIOC as well (Fig. 1B, second from Bottom). The quantitative
p-Akt ELISA with the neuronal cell lysates also confirmed that
HIOC strongly increased Akt activation (Fig. 1B Bottom). Dosage
assay revealed that HIOC elicited prominent TrkB activation at
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500 nM, which was comparable to BDNF. By contrast, the other
compounds including NAS exhibited much lower effect than
HIOC. At 100 nM, the TrkB stimulatory activities by these com-
pounds were marginal (Fig. 1C). We also examined HIOC’s kinetic
profiles in primary neuronal cultures. HIOC activated TrkB re-
ceptor and its downstream Erk1/2 in a time-dependent manner.
HIOC increased p-TrkB at 15 min, and the signal increased at 1 h
and peaked at 6 h; p-TrkB activity declined at 12 h and faded away
at 24 h (Fig. 1D). Thus, HIOC selectively and potently activates
TrkB receptor and its downstream effector Akt in neurons.

HIOC Activates TrkB More Potently Than NAS in Mouse Brain. Among
these NAS derivatives, HIOC exhibits the most robust TrkB
stimulatory effect. As expected, HIOC displays robust neuro-
protection against glutamate excitotoxicity in primary neuronal
cell cultures (Fig. S1). Thus, we chose this compound to focus on
our following studies. To assess whether HIOC can provoke
TrkB activation in the brain, we injected mice (i.p.) with different
doses of the compounds, killed the animals at 2 h, and monitored
TrkB and TrkA activity in the brain lysates by immunoblotting.
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Fig. 1. HIOC reveals the most potent TrkB ac-
tivation activity in primarily cultured cortical
neurons. (A) Chemical structures of NAS and its
four derivatives (ANAT, HIDD, HIOC, and GGS).
(B) TrkB activation and downstream signaling in
primary cortical neurons treated with various
compounds. Primary rat cortical neurons from
E18 embryos (12 DIV) were treated with 500 nM
of the NAS derivatives for 30 min. As positive
controls, neurons were treated with 100 ng /mL
BDNF for 10 min. The neuron cell lysates were
collected and resolved by 10% SDS/PAGE. Im-
munoblotting was conducted with various anti-
bodies (Upper). The neuronal lysates were also
subjected to p-Akt ELISA analysis (Lower). (C)
The dosage titration assay. The primary cultures
were treated with 100 and 500 nM of various
compounds for 30 min. The cell lysates from the
neurons were analyzed by immunoblotting with

100 nM ANAT
500 nM HIOC
500 nM GGS
100 nM

500 nM ipp
100 nM

100 nM

BDNF 10 min

—— p-TrkB antibody. HIOC activated TrkB much

stronger at 500 nM than at 100 nM. (D) Time
course assay of TrkB activation in primary corti-
cal neurons treated with HIOC. Primary rat cor-
tical neurons from E18 embryos (12 DIV) were
treated with 500 nM compound for indicated
time. As positive controls, neurons were treated
with 100 ng/mL BDNF for 10 min. The neuron
cell lysates were collected and resolved by 10%
SDS/PAGE. Immunoblotting was conducted with
various antibodies.

Quantitative analysis of TrkB and TrkA phosphorylation signals
showed that TrkB but not TrkA was selectively phosphorylated
in the brain in a dose-dependent manner. Maximal TrkB acti-
vation was observed with 5-20 mg/kg of HIOC (Fig. 24). Hence,
HIOC specifically activates TrkB receptor in mouse brain. Ki-
netic analysis demonstrated that both NAS and HIOC activated
TrkB receptor at 1-2 h. NAS-induced TrkB phosphorylation
reached a peak at about 2 h, and the p-TrkB 816 signals were still
detectable at 16 h. Accordingly, Erk1/2 was also markedly acti-
vated by NAS at 1 h; activation was pronounced up to 4 h after
injection and decreased thereafter (Fig. 2B Left Top and Upper
Middle). HIOC induced longer lasting activation of TrkB and
Erk1/2 than did NAS. Activation of TrkB was observed within
1 h of HIOC injection and peaked between 8 and 16 h. This
temporal pattern tightly correlated with the downstream MAPK
activation in the mouse brain tissues (Fig. 2B Right Top and
Upper Middle). The quantitative analysis of the ratios of p-TrkB/
total TrkB in mouse brain is shown (Fig. 2C). Hence, these data
suggest that NAS and HIOC can penetrate the BBB and selec-
tively activate TrkB.
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Fig. 2. HIOC activates TrkB receptor in animals. (A) HIOC activates TrkB in
a dose-dependent manner in vivo. C57BL/6J mice were killed at 2 h after i.p.
injection with indicated dose of HIOC and hippocampal lysates were ana-
lyzed by immunoblotting with anti-pTrkB (Y816), anti-pTrkA (Y785), anti-
TrkB, and anti-TrkA antibodies. The ratios of p-TrkB/total TrkB and p-TrkA/
total TrkA were calculated according to the specific bands using Image J
software. HIOC activated TrkB in a dose-dependent manner, whereas it did
not activate TrkA receptor (n = 4)(mean + SEM, *P < 0.05, **P < 0.01, One-
way ANOVA). (B and C) HIOC reveals long lasting TrkB activation activity
than NAS in vivo. C57BL/6J mice were i.p. injected with 20 mg/kg of NAS or
HIOC for indicated time, and hippocampal and cortical lysates were analyzed
by immunoblotting with various antibodies. The ratios of p-TrkB/total TrkB
were calculated according to the density of specific bands using Image J
software. The data were from two sets of replicated experiments (n = 3;
mean + SEM).

HIOC Protects Neurons From Excitotoxicity in a TrkB-Dependent
Manner. To explore whether HIOC like NAS could exert its
neuroprotective actions via triggering TrkB activation in vivo, we
used TrkB F616A knock-in mice, where it has been shown before
that TrkB F616A can be selectively blocked by INMPP1, leading
to a TrkB-null phenotype (32). To assess whether HIOC could
mimic NAS, we prepared cortical neurons from TrkB F616A
knock-in mice. As expected, HIOC-provoked TrkB phosphory-
lation was selectively reduced by INMPP1, but not by K252a. As
a positive control, NAS exhibited the similar pattern (Fig. 34).
These findings suggest that HIOC strongly provokes both wild-
type TrkB and TrkB F616A tyrosine phosphorylation. To ad-
dress whether HIOC exerts a neuroprotective effect in vivo, we
used the kainic acid (KA) excitotoxicity model in TrkB F616A
knock-in mice. We hypothesized that blockade of TrkB F616A
signaling by INMPP1 in mice would make the neurons
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vulnerable to KA-provoked neuronal cell death. Injection of KA
caused marked caspase-3 activation in the brain (Fig. 3 B and C).
HIOC administration suppressed KA-induced caspase-3 activa-
tion and INMPP1 pretreatment greatly diminished HIOC’s
protective effect in TrkB F616A mice. Caspase-3 activation was
inversely correlated with TrkB activation by HIOC (Fig. 3B).
Hence, these data indicate that HIOC selectively activates TrkB
receptor and enhances neuronal survival in mice in a TrkB-
dependent manner.

HIOC Preserves Visual Function and Photoreceptor Morphology in
a LIRD Animal Model. Since NAS is mainly generated in pineal
gland and retinas, we extended our neuroprotective studies into
retinas. To test the possible neuroprotective actions, we exam-
ined the effects of HIOC on LIRD in Balb/C mice. The exper-
imental schematic plan is outlined in Fig. 44. We observed
significant reductions in scotopic a- and b-wave amplitudes (67%
and 50%, respectively) in mice exposed to bright light compared
with dim light controls (P < 0.001). In animals injected with
HIOC, the reduction in a-wave and b-wave ERG amplitudes was
2 and 27%, respectively, compared with mice treated with HIOC
under dim light (P < 0.001) (Fig. 4B). Therefore, treatment with
40 mg/kg of HIOC (i.p.) significantly attenuated loss of visual
function as assessed by ERG a-wave and b-wave amplitudes.
Bright light also triggered marked reduction of outer nuclear
layer (ONL) thickness and loss of photoreceptor outer segments
compared with the dim light controls (Fig. 4 C-E). Strikingly,
HIOC inhibited the light-induced photoreceptor disruption (Fig.
4C). Quantitative analysis of cell density of ONL cells at a dis-
tance of 2 mm superior and inferior from the optical nerve head
(ONH) showed that LIRD resulted in significant photoreceptor
cell loss in inferior and superior retina, in both vehicle-treated
animals and in HIOC-treated animals (*P < 0.05). However,
vehicle-treated animals had much more photoreceptor cell loss
than HIOC-treated animals subjected to LIRD (# P < 0.05)
(Fig. 4D). We also measured the ONL thickness and found
similar protective effects in HIOC-treated animals (Fig. 4E).
Hence, these data indicate that HIOC protects the retinas from
bright light-induced cell loss.

HIOC Strongly Activates TrkB Receptor in Retinas. To assess whether
the neuroprotective actions by HIOC is associated with TrkB
receptor activation in the central nervous system (CNS), we
monitored TrkB phosphorylation in the mice by immunohisto-
chemistry and immunoblotting. The experimental schematic plan
is summarized in Fig. 54. Compared with dim light vehicle
control, bright light slightly elevated TrkB phosphorylation sig-
nals mainly in ganglion cell layer (GCL) (Fig. 5B Left). Notably,
HIOC treatment strongly increased p-TrkB signals in an area
just above the outer nuclear layer, corresponding to the location
of the photoreceptor inner segments, at the border of the inner
nuclear (INL) and outer plexiform layer (OPL) and in the GCL.
The TrkB receptor activation was further increased in HIOC-
treated retina upon bright light stimulation. We also determined
p-TrkB signals by immunoblotting. Similar p-TrkB activation
patterns were observed in HIOC-treated retinas versus vehicle
control (Fig. 5B Right).

HIOC Is Stable in Vitro and Displays Longer Half-Life Than NAS in
Mouse Brain. Both melatonin and NAS are labile and their half-
lives in plasma are ~30 min or less in rats (31, 33). To investigate
whether HIOC is more stable and has longer half-life, we in-
cubated HIOC with mouse serum and liver microsomes, re-
spectively, extracted the compounds at several time points, and
analyzed the concentrations of HIOC by HPLC. We found that,
over the 120-min incubation period, the concentrations of
HIOC remained relatively stable (Fig. 64). We also extended
our experiments into animals. We extracted the compounds

Shen et al.
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from the plasma at different time points after i.p. injection of 40
mg/kg of HIOC. Quantitative analysis demonstrated that 10 min
after i.p. injection, HIOC reached 6,200 ng/mL in the plasma,
and its concentrations declined gradually from 30 to 60 min (Fig.
6B). The concentration sharply declined from 60 min to 120
min. The compound completely disappeared at 24 h. We made
similar observations for the i.v. injected HIOC. However, 10 min
after iv. injection, the HIOC plasma concentration was ap-
proximately 13,000 ng/mL, and it decayed swiftly at 30-60 min
(Fig. 6B). We also examined HIOC concentrations in mouse
brain (Fig. 6C). At 10 min, about 300 ng/g of HIOC was
detected in wet brain tissue after i.p. administration. The con-
centrations progressively decreased from 30 min to 120 min
(from 250 to 195 ng/g). Remarkably, the compound was still
detectable in brain 24 h after injection. The half-life for HIOC
in brain tissues was estimated to be ~4 h, but did not follow first
order kinetics (Fig. 6C). We also assessed its pharmacokinetic
profile in retinas. The half-life for HIOC in retina is estimated to
be ~45 min (Fig. 6D). We have also monitored NAS pharma-
cokinetic profiles in plasma, brain and retinas (Fig. 6 E-G).
Clearly, HIOC is much stable than NAS. Moreover, it can
penetrate the BBB and BRB, and distributes meaningful doses
into the CNS to trigger TrkB receptor activation.

Discussion

We have identified and characterized a NAS derivative HIOC
that exhibits a much stronger effect in promoting TrkB activation
in mouse brain and retinas. Moreover, it selectively triggers TrkB
but not TrkA activation and exerts its neuroprotective actions in
a TrkB-dependent way. Furthermore, we found that HIOC
prevents retinal degeneration induced by LIRD, and this effect is
closely correlated with TrkB activation in retina.

HIOC is much more stable than NAS and it displays a half-life
in mouse brain of ~4 h. The discrepant half-lives for HIOC in
plasma, brain, and retinas may reflect different biochemical
machinery implicated in metabolizing this compound. It has
been shown before that NAS can be modified through glucur-
onidation and sulfation on hydroxy group of the indole ring.
Moreover, the acetylamide group can be oxidized into 5-HIAL
or cyclic NAS with glucuronidation (34). Conceivably, the hy-
droxy group in HIOC can also be modified through glucur-
onidation and sulfation, which might account for its relatively
short half-life in the plasma. Nonetheless, the acetylamide group
of NAS is replaced with a spatial 2-oxopiperidine-3-carbox-
amide group in HIOC, which is much bigger in size. It could

Shen et al.

Saline

Fig. 3. HIOC exerts its neuroprotective
actions via TrkB receptor. (A) HIOC activates
TrkB F616A mutant. Cortical neurons from
TrkB F616A knockin mice were prepared and
pretreated with 1NMPP1 (100 nM) for 2 h,
followed by stimulation with NAS and its
derivative HIOC. Cell lysates were analyzed by
immunoblotting with anti-p-TrkB. (B) HIOC
suppresses kainic acid (KA)-induced neuronal
% cell death in TrkB F616A mutant mice, which
can be blocked by TNMPP1. TrkB F616A mice
were pretreated with 1NMPP1 (50 pM in
drinking water) or water 1 d before the ex-
periment. HIOC (20 mg/kg, i.p.) was injected
into TrkB F616A mice 1 h before KA (20 mg/
kg). Brain lysates were prepared 4 h after KA
treatment and analyzed by immunoblotting
with anti-active caspase 3 and anti-p-TrkB. (C)
Caspase-3 ELISA. The above brain lysate
samples were subjected to quantitative active
caspase-3 ELISA analysis. The data were from
three sets of replicated experiments (mean +
SEM). (*P < 0.05, Student t test).

INMPP1
HIOC + KA

INMPPI1 + HIOC + KA

exert steric hindrance to block the hydrolysis of the amide bond
to prevent 5-HIAL formation or cyclization, resulting in stabi-
lization of HIOC. The escalated stability of HIOC might shed
light on its sustained TrkB stimulatory effect in mouse brain
(Fig. 2B).

A large number of studies support the findings that BDNF
strongly protects the retina from damaging stimuli. For instance,
BDNF protects retinal neurons against ischemia-induced and
light-induced damage (29, 35, 36). It also promotes the survival
and regeneration of axotomized retinal ganglion cells (RGCs)
(17, 37). Moreover, pre-exposure of the retina to BDNF has
a neuroprotective effect against the KCN-triggered retinal de-
generation (38). Our findings support the hypothesis that NAS
but not serotonin or melatonin mimics BDNF and activates
TrkB receptors in the brain and retina. Moreover, it would be
beneficial to use this small compound and its derivatives in
recipients, rather than BDNF, which has poor BBB penetration
capability and is rapidly degraded in the circulatory system (39).
We report here that HIOC is a stable and potent NAS de-
rivative. It can pass the BBB and promote TrkB activation in
retina (Figs. 5 and 6). It does not trigger TrkB degradation in
primary neurons even 24 h after incubation (Fig. 1D), whereas
BDNF induces swift TrkB polyubiquitination and degradation
(40, 41). Hence, it exerts pronounced neuroprotective effect
against excitotoxicity and LIRD (Figs. 3 and 4). Our data
demonstrate that HIOC can protect the retina from light-in-
duced damage. Since BDNF/TrkB signalings are implicated in
various neurological diseases, identification of HIOC as a stable
and potent stimulator that activates TrkB receptors provides
a promising lead compound for further medicinal chemistry and
drug development for various neurodegenerative diseases in
addition to retinal degeneration.

Materials and Methods

Reagents, Cells, and Mice. BDNF was from PeproTech. Anti-TrkA, Phospho-
Akt-473, anti-Akt, and anti-phospho-Erk1/2 antibodies were from Cell Sig-
naling. Anti-p-TrkB Y817 antibody was from Epitomics. Anti-TrkB antibody
was from Biovision and Cell Signaling. Phospho-TrkB Y816 antibody has been
characterized and reported (3, 42). The anti-serum was affinity purified. This
phospho-TrkB Y816 was used for immunostaining the brain and retinal
sections. Phospho-Akt 473 Sandwich ELISA was from Cell Signaling. TrkB 664
mice and wild-type C57BL/6 mice were bred in a pathogen-free environment.
Animal experiments were conducted according to the institutional ethical
guidelines for animal experiments and approved by the Institutional Animal
Care and Use Committee at Emory University.
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Fig. 4. HIOC mitigates retinal damage induced by bright light. (A) Sche-
matic experimental schedule. BALB/c mice (n = 4-5 per group) were ad-
ministered i.p. injections of 40 mg/kg of HIOC once daily, for 6 consecutive
days. On day 3, they were exposed to bright light (1 h at 8,000 lux) in
a cylindrical light damage apparatus. HIOC was injected 30 min before and
after light exposure. Electroretinogram (ERG) recordings were conducted
on day 8 and retinas were harvested on day 18 to determine the extent of
cellular and tissue damage. (B) ERG recordings. ERG a-wave amplitudes
(Left) were measured at a flash intensity of 6.28 cd-s /m?2. Light-induced
retinal damage (LIRD) results in significant degradation of ERG a-wave
amplitude in vehicle-treated animals (*P < 0.05), but not in HIOC treated
animals. Furthermore, vehicle-treated animals have degraded ERG a-wave
amplitudes compared with HIOC treated animals subjected to LIRD (#P <
0.05). ERG b-wave (Right) amplitudes were measured at a flash intensity of
6.28 cd-s/m%. LIRD results in significant degradation of ERG b-wave am-
plitude in both vehicle-treated animals and in HIOC-treated animals (*P <
0.05). Furthermore, vehicle-treated animals have degraded ERG b-wave
amplitudes compared with HIOC treated animals subjected to LIRD (#P <
0.05). (C) Toluidine blue stain of retinas. Eyes were harvested, fixed in
2.5% glutaraldehyde/sodium cacodylate buffer, and processed for tolui-
dine blue staining. Vertical sections (10 um) of the retina were obtained
through the optic nerve head (ONH) for eyes from all experimental groups
of mice. (D) The cell density of outer nuclear layer (ONL) cells was mea-
sured at a distance of 2 mm superior and inferior from the ONH. LIRD
results in significant photoreceptor cell loss in inferior and posterior retina,
in both vehicle-treated animals and in HIOC treated animals (*P < 0.05).
Further, vehicle-treated animals have more photoreceptor cell loss com-
pared with HIOC treated animals subjected to LIRD (#P < 0.05). (E) The
thickness of the ONL was measured at a distance of 2mm superior and
inferior from the ONH. LIRD results in reduced ONL thickness in the in-
ferior retina in both vehicle-treated animals and in HIOC treated animals
(*P < 0.05). LIRD results in reduced ONL thickness in the posterior retina
only in vehicle-treated animals (*P < 0.05), but not in HIOC-treated ani-
mals. Further, vehicle-treated animals have much thinner ONLs in inferior
and superior retina compared with HIOC treated animals subjected to LIRD
(# P < 0.05).
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Fig. 5. HIOC activates TrkB receptor in the retinas. (A) Schematic exper-
imental design. BALB/c mice were administered i.p. injections of 40 mg/kg
of HIOC once daily, for 3 consecutive days. On day 3, they were exposed to
bright light (1 h at 8,000 lux) in a cylindrical light damage apparatus. HIOC
was injected 30 min before and after light exposure. One hour after the
second administration of HIOC, mice were killed. Retinas from two mice
per group were harvested for Western blotting. Two mice per group for
immunohistochemistry staining were perfused with 4% PFA, and tissues
were harvested for paraffin sections. (B) HIOC activates TrkB receptor in
the retinas. Immunohistochemistry staining was conducted (Left). Phos-
pho-TrkB was detected in ganglion cells (black arrows), possibly amacrine
cells, and Muller glial cells (asterisks), in the outer plexiform layer (+ signs;
possibly Muller glial and microgial processes), and in outer segments
(# signs). Phospho-TrkB was demonstrable to some extent in HIOC-treated
animals exposed to dim light (HIOC, Dim) and in some ganglion cells in
vehicle-treated animals exposed to bright light (Vehicle, Bright). The
nucleus was stained with hematoxylin. ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer. TrkB in retinas was potently activated by HIOC
using Western blot assay. Fifty micrograms of retinal lysates were sub-
jected to 10% SDS/PAGE and immunoblotted with anti-pTrkB (Y816) and
anti-TrkB.

Primary Rat Cortical Neuron Culture. Primary rat cortical neurons were pre-
pared as follows. E18 rat pups were decapitated and cortex was extirpated,
cross chopped and suspended by pipetting for separation in 5% (vol/vol) FCS,
5% (vol/vol) horse serum (HS) DMEM. The cell suspension was then
centrifuged at 250 x g for 5 min. This operation was repeated. Cells were
seeded into polyethyleneimine-coated six-well plates at 37 °C in 5% (vol/
vol) CO, and 95% (vol/vol) air. After 3 h, the culture medium was changed
to Neurobasal containing B-27 supplement (Invitrogen) and incubated for
4 d. For maintenance, half of the medium is changed to fresh Neurobasal/
B27 every 4 d. After 12 d, the cultured neurons were used in various
experiments.

Statistical Analysis. Data are presented as mean + SEM. Statistical evaluation
was carried out by Student t test or two-way analysis of variance with
Tukey multiple comparison test. Data were considered statistically signifi-
cant when P < 0.05.
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in mouse serum and liver microsomes in vitro. HIOC and NAS were in-
cubated in mouse serum or liver microsomes for 15, 30, 45, 60 and 120 min
at 37 °C. Data present mean of 2-3 samples per time point + SEM of two
duplicated samples. (B-D) Pharmacokinetics of HIOC in the plasma (B) (n =
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Fig. 6. Pharmacokinetic profiles of HIOC. (A) HIOC and NAS stability assay

3; Results were expressed as mean + SEM, *, **, or ##, P <0.01; *** or ##,
P < 0.001, compared the groups detected at 10 min; one-way ANOVA), the
brain (C) (n = 3; Results were expressed as mean + SEM, *, ** and ***P <

0.01, One-way ANOVA) and the retinas (D) after i.p. injection. Adult
BALB/c mice (n = 3 per time point) were i.p. injected with 40 mg/kg of
HIOC. Blood, retinas and brains were collected at 10, 30, 60, 120, 360, and
1,440 min after single injection. (E-G) Pharmacokinetics of NAS in the
plasma (E), the brain (F), and the retinas (G) after i.p. injection. Adult
BALB/c mice (n = 3 per time point) were i.p. injected with 90 mg/kg of NAS.
Blood, retinas, and brains were collected at 10, 30, 60, 120, 360, and 1,440
min after a single injection. Data for B-G represent mean of three animals
per time point + SEM.
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