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Abstract During development, anesthetics activate neuro-
apoptosis and produce damage in the central nervous system
that leads to several types of neurological disorders. A
single dose of ketamine (40 mg/kg) during synaptogenesis
in a 7-day-old rat brain activated the apoptotic cascade and
caused extensive neuronal cell death in the forebrain. In this
study, we investigated the protective effect of nicotinamide
against ketamine-induced apoptotic neurodegeneration.
After 4 h, neuronal cell death induced by ketamine was
associated with the induction of Bax, release of cyto-
chrome c into the cytosol, and activation of caspase-3.
One single dose of 1 mg/g nicotinamide was administered
to a developing rat and was found to inhibit ketamine-
induced neuroapoptosis by downregulating Bax, inhibiting
cytochrome c release from mitochondria into cytosol, and
inhibiting the expression of activated caspase-3. TUNEL
and immunohistochemical analyses showed that ketamine-
induced cell death occurred through apoptosis and that it was
inhibited by nicotinamide. Fluoro-Jade-B staining dem-
onstrated an increased number of dead cells in the
cortex and thalamus after ketamine treatment; treatment
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with nicotinamide reduced the number of dead cells in these
brain regions. Our findings suggest that nicotinamide attenu-
ated ketamine-induced neuronal cell loss in the developing rat
brain and is a promising therapeutic and neuroprotective agent
for the treatment of neurodevelopmental disorders.
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Introduction

Ketamine ((#)-2-(2-chlorophenyl)-2-(methylamino) cyclo-
hexanone) is the most common agent used in emergency
departments (EDs) to provide sedation/analgesia to children
for painful procedures (Bhargava and Young 2007; Krauss
and Green 2006). During the peak of development (i.e.,
synaptogenesis), transient exposure of immature developing
rodent brains to anesthetic drugs including N-methyl-D-
aspartate (NMDA) glutamate receptor antagonists and y-
amino butyric acid type A (GABA,)) receptor agonists,
such as ethanol, which has both NMDA antagonist and
GABA mimetics properties, triggered extensive apoptosis
in neurons (Ikonomidou et al. 1999; Wozniak et al. 2004).
Commonly used general anesthetic agents such as barbitu-
rates, benzodiazepines, ketamine, isoflurane, and nitrous
oxide, caused considerable and widespread neuronal death
and learning/memory deficits (Ikonomidou et al. 1999;
Jevtovic-Todorovic et al. 2003). Excessive suppression of
neuronal activity by ketamine during the brain growth spurt
activated apoptosis in neurons (Ikonomidou et al. 1999;
Jevtovic-Todorovic et al. 2003; Olney et al. 2002).
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Nicotinamide, an amide of vitamin Bs, is the precursor
for coenzyme (-nicotinamide adenine dinucleotide, NAD",
and is considered to be necessary for cellular functions and
metabolism (Maiese and Chong 2003). Preclinical efficacy
of nicotinamide is well known, but the exact molecular
mechanism of neuroprotection remains to be elucidated.
As a result of severe cellular insult, the activity of poly
ADP-ribose polymerase, PARP-1, increased, which caused
NAD" depletion and apoptosis (Burkle 2001). In the pres-
ence of nicotinamide, NAD" stores and DNA damage were
restored (Maiese and Chong 2003; Ayoub et al. 1999).
Nicotinamide improved neuronal survival during or after a
variety of insults as a result of free radical exposure and
oxidative stress (Mukherjee et al. 1997; Klaidman et al.
2001), and its protective function is a result of many phar-
macological effects including lipid peroxidation (Klaidman
et al. 2001; Chong et al. 2004) and stabilization of the
mitochondrial membrane potential, which prevents cyto-
chrome ¢ release into the cytosol and inhibits caspase-9
and caspase-3like activity (Mukherjee et al. 1997; Chong
et al. 2004; Chong et al. 2002). Furthermore, nicotinamide
inhibited the activation of PARP-1 and the prevention of
apoptosis (Klaidman et al. 2003; Yang et al. 2002b;
Ungerstedt et al. 2003).

The removal of ketamine and other anesthetic drugs from
clinical use would impair our ability to care for children in
the ED, the operating room, and any other location where
sedation, analgesia, and anxiolysis are needed. Therefore,
caution needs to be taken during animal studies that focus
on the clinical perspective, particularly the use of neuro-
protective agents. To understand the precise molecular
mechanisms that initiate the ketamine-induced neurodegen-
eration and the development of neuroprotective therapeu-
tics, it is important to improve the neurological outcome of
neonates and infants experiencing anesthesia-induced neu-
rotoxicity. This study examined the protective role of nico-
tinamide on ketamine-induced neurodegeneration in
developing rats. Our investigation revealed that nicotin-
amide effectively suppressed ketamine-induced apoptosis
in developing rat brains.

Materials and Methods
Animals

Seven-day-old Sprague—Dawley rat pups (average body
weight of 14-16 g) were used in all experimental paradigms
and were equally distributed in four different groups, i.e.,
control, ketamine, nicotinamide, and ketamine + nicotin-
amide. The number of animals and their suffering was
minimized. All the experimental procedures were approved

@ Springer

by the local animal ethics committee of the Division of
Applied Life Sciences, Department of Biology, Gyeongsang
National University South Korea.

Drug Treatment

Developing rats were injected subcutaneously with 40 mg/kg
ketamine and 1 mg/g of nicotinamide at different time points,
i.e., (-2 h) pretreatment, (0 h) cotreatment and (+2 h) post-
treatment. Animals were sacrificed 424 h posttreatment.
Saline injection of equal volume was used as the control.

Western Blot Analysis

Equivalent amounts of protein, 30 pg per sample, were
loaded onto 10-15% SDS PAGE gels under reducing con-
ditions and transferred onto a polyvinylidene difluoride
(PVDF) membrane (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Prestained protein marker, broad range: 6—
175 kDa (New England Biolabs, Inc., Ipswich, MA,
USA), was electrophoresed in parallel to detect the molec-
ular weights of the proteins. The membrane was blocked
with 5% (w/v) skim milk to reduce the nonspecific binding,
and immunoblotting was performed using rabbit-derived
antiBcl2, antiBax, and anticaspase-3 and goat-derived poly-
clonal anticytochrome ¢ (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Antif3-actin antibody (1:500; Sig-
ma, St. Louis, MO, USA) was used as a control to confirm
equal loading. The membrane was probed with a goat-
derived horseradish peroxidase-conjugated antirabbit IgG
(1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and immunocomplexes were visualized using
enhanced chemiluminescence ECL-detecting reagent
(Amersham Pharmacia Biotech, western blotting detection
reagents). The optical densities of the western blot bands
were analyzed by densitometry using the computer-based
Sigma Gel, version 1.0 (Jandel Scientific, San Rafeal,
Chicago, USA).

Tissue Collection and Sample Preparation

For morphological analysis, animals were sacrificed 24 h
after drug treatment. The brain sections from control rats
and rats injected with ketamine and nicotinamide for 24 h
were analyzed. For tissue analysis (n=3—4 per group), de-
veloping rat pups were transcardially perfused with 1x PBS
followed by 4% ice-cold paraformaldehyde, and the brains
were removed and postfixed in 4% paraformaldehyde over-
night and then transferred to 20% sucrose until the brains
sank to the bottom of the tube. Brains were frozen in O.C.T
compound (A.O. USA), and 14-um sections were sliced in
the coronal plane (Leica cryostat CM 3050 C, Germany).
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Fig. 1 Effects of nicotinamide on ketamine-induced expression of Bax
protein levels after 4 h. Representative western blot analysis shows
expression levels of Bax in the cortex and thalamus of 7-day-old rats
treated with 40 mg/kg ketamine in the absence or presence of nicotin-
amide, i.e., (—2 h) pretreatment, (0 h) cotreatment and (+2 h) posttreat-
ment of 1 mg/g nicotinamide. The protein bands from the western blot
were quantified using sigma gel software, and their differences are
represented in the graph. Actin was used as a protein loading control.
Density values are expressed as mean = SEM (n=4-6 animals/group)
of Bax. The density values on the Y-axis are expressed as arbitrary units
(AU). (a Significantly different from CTL, b significantly different
from nicotinamide, ¢ significantly different from ketamine + nicotin-
amide, d significantly different from ketamine). Significance=P<0.05

Sections were thaw-mounted on the probe-on plus charged
slide (Fisher).

Immunohistochemical Staining

Immunohistochemical analysis with some modification was
performed to reveal the activation of caspase-3 as previously
described by Young et al. (2005). The slides were washed in
0.01 M PBS, quenched for 10 min in methanol containing
3% hydrogen peroxide, and then incubated for 1 h in block-
ing solution (2% BSA/0.2% milk/0.1% Triton-X 100 in
PBS) followed by incubation overnight in rabbit antiactive
caspase-3 antiserum (Cell Signaling Technology, Beverly,
MA) diluted 1:1,000 in blocking solution. Following incu-
bation with primary antiserum, the sections were incubated
for 90 min in secondary antiserum (goat antirabbit 1:200 in
blocking solution) and then reacted in the dark with ABC
reagents (standard Vectastain ABC Elite Kit; Vector Labo-
ratories, Burlingame, CA) for 90 min. The sections were
washed two times with PBS and incubated with VIP
reagent (Vector VIP substrate kit for peroxidase, Vector
Labs, Burlingame, CA) until the reaction turned purple.
Images were viewed on a fluorescence light microscope.

Active caspase-3-positive cells in the cortex and thalamus
were counted by observer blinded to the treatment conditions.

Fluoro-Jade-B (FJB) Staining

Fluoro-Jade-B (FJB) staining, with some modification, was
performed as previously described by Sas et al. (2008).
Twenty-four hours following drug treatment, animals were
deeply anesthetized and transcardially perfused with 0.9%
saline followed by ice-cold 4% paraformaldehyde in 0.1 M
PBS. Briefly, brain sections were mounted on slides and
then air-dried over night. The slides were immersed in a
solution of 1% sodium hydroxide and 80% ethanol for 5 min,
70% alcohol for 2 min, and then 2 min in distilled water. Slides
were transferred to 0.06% potassium permanganate solution for
10 min. After rinsing with water, slides were immersed in 0.1%
acetic acid and 0.01% FJB (Chemicon International, USA) for
20 min. Slides were washed two times in distilled water and
allowed to dry for 10 min. Glass coverslips were mounted on
glass slides using mounting medium. Fluoro-Jade-B was
detected using an FITC filter (Green color) on a confocal laser
scanning microscope (Fluoview FV 1000, Olympus, Japan).
FIB-positive cells in the cortex and thalamus were counted by
an observer blinded to the treatment conditions.
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Fig. 2 Effects of nicotinamide on ketamine-induced cytosolic cyto-
chrome c¢ protein levels after 4 h. Representative western blot analysis
shows cytosolic cytochrome c proteins levels in the cortex and thala-
mus of 7-day-old rats treated with ketamine in the absence or presence
of nicotinamide. The protein bands from the western blot were quan-
tified using sigma gel software, and their differences are represented in
the graph. Actin was used as a protein loading control. Density values
are expressed as mean = SEM (n=4-5 animals/group) of cytochrome c.
The density values on the Y-axis are expressed as arbitrary units (AU).
(a Significantly different from CTL, b significantly different from
nicotinamide, ¢ significantly different from ketamine + nicotinamide,
d significantly different from ketamine). Significance = P<0.05
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TUNEL and DAPI Staining

Apoptotic cell death detection was performed using terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick
end labeling (TUNEL) on cryosections (14 pm) of

aggregates. TUNEL staining was performed according to
supplier recommendations using an In Situ Cell Death
Detection Kit, Fluorescein (GenScript, USA). Aggregate
cryosections (16 pm) were then incubated with DAPI
(Molecular Probes, Eugene, OR, USA) for 10 min at
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Fig. 3 a Effects of nicotinamide on ketamine-induced expression of
activated caspase-3 protein levels after 4 h. Representative western blot
analysis shows expression levels of activated caspase-3 protein in the
developing rat brain treated with ketamine in the absence or presence
of nicotinamide. Density values of cytochrome c¢ and activated
caspases-3 are expressed as mean + SEM (n=4-5 animals/group).
The density values on the Y-axis are expressed as arbitrary units
(AU). (a Significantly different from CTL, b significantly different
from nicotinamide, ¢ significantly different from ketamine + nicotin-
amide, d significantly different from ketamine). Significance = P<
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0.05. b Effects of nicotinamide on ketamine-induced expression of
activated caspase-3 after 24 h. Representative photomicrographs of
immunohistochemical analysis show neuronal cells after treatment
with ketamine in the absence or presence of nicotinamide. Represen-
tative images of staining were obtained from sections prepared from at
least three to four animals per group. Panels a—f'show caspase-3 stained
brain tissue at a higher magnification of 40x objective field (scale
bar=100 pum). (a Significantly different from saline, b significantly
different from ketamine + nicotinamide, ¢ significantly different from
ketamine). Significance = P<0.05
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room temperature and then rinsed with distilled water.
Glass cover slips were mounted on glass slides using
mounting medium. TUNEL-positive (Green, FITC filter)
and DAPI (Blue, DAPI filter)-staining patterns were ac-
quired using a confocal laser scanning microscope (Fluo-
view FV 1000, Olympus, Japan). TUNEL-positive cells in
the cortex and thalamus were counted by observer blinded
to the treatment conditions.

Data Analysis and Statistics

The bands from western blots were scanned and analyzed by
densitometry using the Sigma Gel System (SPSS, Inc.,
Chicago, IL). Density values were expressed as mean +
SEM. Statistical difference was determined using a one-
way analysis of variance (ANOVA) followed by Student’s
t-test. In all experiments, the acceptance level for statistical
significance was considered P<0.05.

Results

Effects of Nicotinamide on Ketamine-induced Upregulation
of Bax Protein Levels in the Developing Rat Brain

Nicotinamide prevents neuronal cell apoptosis by regu-
lating pro- and antiapoptotic proteins (Maiese and
Chong 2003; Mukherjee et al. 2005). Therefore, we mea-
sured the levels of Bax and Bcl-2 in the cortex and thalamus
of young rats following 4 h of ketamine treatment in

Saline Ketamine

Cortex

Thalamus

Fig. 4 Effects of nicotinamide on ketamine-induced neuronal cell
death after 24 h. Representative photomicrographs of FJB staining
show damaged and dead neuronal cells after 40 mg/kg ketamine
treatment in the absence or presence of 1 mg/g nicotinamide. Images
are representative of staining obtained in sections prepared from at

the presence and absence of nicotinamide. Bax levels in
the cortex and thalamus increased following ketamine
treatment as compared to the control group. Treatment
with nicotinamide significantly reversed the ketamine-
induced increase of Bax (Fig. 1), whereas there was no
significant change in expression level of Bcl-2 (data not
shown). The effect of nicotinamide on the ketamine-
induced increase was observed at different time points,
e., (-2 h) pretreated, (0 h) cotreated, and (+2 h) post-
treated. At all time points, the nicotinamide effects were
strongest when cotreated with ketamine (Fig. 1). These
results show that treatment with ketamine for 4 h resulted in
an increase in the Bax/Bcl-2 ratio that leads toward neuro-
apoptosis, whereas nicotinamide supplementation signifi-
cantly reduced the Bax/Bcl-2 ratio that leads toward
neuroprotection (Fig. 6).

Effects of Nicotinamide on Ketamine-induced Cytosolic
Cytochrome ¢ Protein Levels in the Developing Rat Brain

Translocation of mitochondrial cytochrome c into the cytosol
induces the formation of the apoptosome and, subsequently,
neuronal death (Li et al. 1997). Western blot analysis showed
that after 4 h of ketamine treatment, there was an increase in
the levels of cytosolic cytochrome c in the cortex and
thalamus, whereas treatment with nicotinamide resulted in
significantly reduced cytosolic cytochrome c levels com-
pared to the ketamine treated group. Similar to its effects
on Bax levels, nicotinamide was the most effective when
cotreated with ketamine (Fig. 2).
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least three to four animals per group. a—f FJB-stained brain tissue at
higher magnification of 60x objective field (scale bar=50 pum). (a
Significantly different from CTL, b significantly different from nico-
tinamide, ¢ significantly different from ketamine + nicotinamide, d
significantly different from ketamine). Significance=P<0.05
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Effects of Nicotinamide on the Expression of Activated
Caspase-3 after 4 h of Ketamine Treatment
in the Developing Rat Brain

Caspases are cysteine proteases that play a key role in
apoptosis, and its increased expression and activation con-
tribute to neuronal cell death (Rupinder et al. 2007). Western
blot analysis showed that the levels of activated caspase-3
significantly increased in the cortex and thalamus of the
developing rats following 4 h of ketamine administration
compared to the control group treated with saline
(Fig. 3a). Nicotinamide treatment with ketamine signifi-
cantly decreased the level of activated caspase-3 in both
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Fig. 5 Effects of nicotinamide on ketamine-induced apoptotic neuro-
degeneration after 24 h. Representative photomicrographs of TUNEL
staining show apoptotic dead neuronal cells following ketamine
cotreated with nicotinamide. Representative images of staining were
obtained from sections prepared from at least three to four animals per
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brain regions compared to animals treated with ketamine
alone.

Effects of Nicotinamide on the Expression of Activated
Caspase-3 After 24 h of Ketamine Treatment
in the Developing Rat Brain

In support of the western blot results for caspase-3, immuno-
histochemical analysis was used to investigate the role of
activated caspase-3 in the pathogenesis of neuronal death.
Twenty-four hours after ketamine treatment, numerous
injured and dead neurons showed strong active caspase-3

Ketamine + Nic

Ketamine

group. a—h TUNEL-stained brain tissue at a magnification of 60x
objective field (scale bar=20 pm). (a Significantly different from
saline, b significantly different from ketamine + bicotinamide, c sig-
nificantly different from ketamine). Significance=P<0.05
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immunoreactivity in the cingulate cortex and LDN of thala-
mus (Fig. 3b, subpanels b and ¢). Active caspase-3-positive
cells in the cortex and thalamus were decreased when
nicotinamide was treated with ketamine (Fig. 3b, subpanels ¢
and f).

Effects of Nicotinamide on Ketamine-induced Apoptotic
Neurodegeneration in the Developing Rat Brain After 24 h

Fluoro-Jade-B (FJB) was used to stain dead neurons be-
cause it is a reliable marker for neuronal vulnerability
(Anderson et al. 2005). Many dead neuronal cells in the
anterior cingulate cortex and LDN of thalamus were
found 24 h after ketamine treatment. There was a sig-
nificant increase in the total number of FIB-positive
cells in the anterior cingulate cortex and LDN of the
thalamus following ketamine treatment (Fig. 4, panels b
and e¢). In contrast, rat pups that received nicotinamide
with ketamine showed a significant reduction in the
number of FJB-positive cells in these brain regions (Fig. 4,
panels ¢ and f).

The nuclear morphology of the brain tissue was exam-
ined using TUNEL and DAPI staining to determine the
ketamine-induced neuroapoptosis in the developing rat
brain cortex and thalamus. Ketamine treatment increased
the number of TUNEL positive cells in the cortex and

Fig. 6 A schematic diagram
showing that nicotinamide
protects against ketamine-
induced neurodegeneration in
the brain of developing rats.
Ketamine (red filled circle) that
binds with GABA or NMDA
receptors (blue filled rectangle)
causes neurodegeneration by
the production of ROS and
activation of mitochondria-
dependent apoptosis that is
initiated by the upregulation of
proapoptotic Bax, an increase in
cytochrome c release from
mitochondria to cytoplasm and
induction of activated caspase-3.
Nicotinamide, as indicated by
the X sign, inhibits production
of ROS by maintaining the
mitochondrial membrane
potential (A¥m) and inhibiting
several key elements in the
apoptotic cascade resulting

in protection from ketamine-
induced apoptotic cell death in
the developing rat brain
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thalamus (Fig. 5, panels b and f). When counterstained with
DAPI, most of the TUNEL-positive cells in the cortex and
thalamus showed apoptotic neuronal cell death with small
multiDNA masses, which is a common feature of apoptosis
(Fig. 5, panels ¢ and g). Nicotinamide treatment with ket-
amine significantly reduced the number of TUNEL-positive
cells in these brain regions (Fig. 5, panels d and h).

Discussion

Exposure of newborn rat pups to anesthetic and anticon-
vulsant drugs leads to accelerated neurodegeneration and
long-term behavioral, learning/memory deficits (Anand
and Soriano 2004; Jevtovic-Todorovic et al. 2003). Ket-
amine, an NMDA receptor ion channel blocker, is a widely
used anesthetic agent that was recently reported to enhance
neuronal death in rats during the critical period of neuronal
development, which resulted in neurotoxicity and neuro-
degeneration in several major brain areas (Ikonomidou et
al. 1999; Scallet et al. 2004). Neurotoxicity in postnatal day
7 (PND-7) rats, presumably due to the dysregulation of
NMDA receptors, has been proposed to be an important
mechanism of apoptotic neurodegeneration induced by ket-
amine (Slikker et al. 2007; Wang et al. 2005; Wang et al.
2006). Exposure of developing brains to ketamine caused
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selective cell death through a compensatory upregulation of
NMDA receptor subunits (Wang et al. 2005; Wang et al.
2006). Upregulation of NMDA receptors initiates a cascade
that begins with Ca®" influx, which produces an increase in
reactive oxygen species (ROS), mitochondrial membrane
depolarization and activation of an apoptotic cascade
(Johnson et al. 1998; Slikker et al. 2005; Wang et al.
2000; Bernardi et al. 2006; O’Rourke et al. 2005).

Nicotinamide is necessary for cellular maintenance and
acts as a cytoprotectant in the brain to prevent neurodegen-
eration induced by a variety of insults including oxidative
stress (Maiese and Chong 2003; Yang et al. 2002a). Nico-
tinamide treatment with ketamine inhibited induction of the
apoptotic cascade by blocking active caspase-3, which is
responsible for the activation of PARP-1; therefore, this
treatment interfered with NAD" depletion as well as
inhibited necrosis and other nonapoptotic cell death mech-
anisms (Ungerstedt et al. 2003; Chong et al. 2005). Our
results show that nicotinamide inhibited ketamine-induced
neuroapoptosis through downregulation of Bax, inhibition
of cytochrome c translocation into the cytosol and inhibition
of active caspase-3, which is involved in the activation of
PARP-1 and formation of apoptotic bodies (Hengartner
2000; Zamzami and Kroemer 2001).

Immunohistochemical findings were consistent with the
molecular results. Both western blotting and immunohisto-
chemistry showed that ketamine treatment significantly in-
creased the expression of active caspase-3 in the cortex and
thalamus. TUNEL analysis also showed that the neuronal
cell death induced by ketamine was apoptosis and was
inhibited by nicotinamide. Nicotinamide can cross the
blood—brain barrier (Klaidman et al. 1996) and function
as a critical protective agent in various neurodegenerative
diseases in which the mitochondrial apoptotic pathway is
involved. Previously a similar pathway of apoptotic neuro-
degeneration by ethanol that share similar response to ex-
ogenous administration of nicotinamide is investigated by
Laraci and Herrera (2006). In our results, we showed that at
all time periods, nicotinamide showed its neuroprotective
effect but the strongest effect was observed when it was
cotreated with ketamine. In the present study, we found that
nicotinamide cotreatment with ketamine in the developing
rat brain was associated with a decrease in neuroapoptosis
and improved brain histomorphological outcome.

Our results show that the protective effect of nicotin-
amide on ketamine-induced apoptosis involves the mainte-
nance of mitochondrial integrity and the repression of Bax,
inhibition of the mitochondrially-mediated release of cyto-
chrome c into the cytosol, inhibition of activated caspase-3
and apoptosis (Fig. 6). This study showed the efficacy of
nicotinamide in protecting against neuroapoptosis induced
by ketamine and recommends it as a promising, safe neuro-
protective agent for clinical use. We conclude from this
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study that nicotinamide treatment provides neuroprotection
against ketamine in the developing rat brain, thereby pre-
venting apoptotic neuronal cell death.
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