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Abstract

Fetal alcohol spectrum disorder (FASD) is the principal preventable cause of mental retardation in the western countries resulting
from alcohol exposure during pregnancy. Ethanol-induced massive neuronal cell death occurs mainly in immature neurons
during the brain growth spurt period. The cerebellum is one of the brain areas that are most sensitive to ethanol neurotoxicity.
Currently, there is no effective treatment that targets the causes of these disorders and efficient treatments to counteract or reverse
FASD are desirable. In this study, we investigated the effects of nicotinamide on ethanol-induced neuronal cell death in the
developing cerebellum. Subcutaneous administration of ethanol in postnatal 4-day-old mice induced an over-activation of
caspase-3 and PARP-1 followed by a massive neurodegeneration in the developing cerebellum. Interestingly, treatment with
nicotinamide, immediately or 2 h after ethanol exposure, diminished caspase-3 and PARP-1 over-activation and reduced ethanol-
induced neurodegeneration. Conversely, treatment with 3-aminobenzadine, a specific PARP-1 inhibitor, was able to completely
block PARP-1 activation, but not caspase-3 activation or ethanol-induced neurodegeneration in the developing cerebellum. Our
results showed that nicotinamide reduces ethanol-induced neuronal cell death and inhibits both caspase-3 and PARP-1 alcohol-
induced activation in the developing cerebellum, suggesting that nicotinamide might be a promising and safe neuroprotective
agent for treating FASD and other neurodegenerative disorders in the developing brain that shares similar cell death pathways.
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Abbreviations PAR Polymers of ADP-ribose
FASD Fetal alcohol spectrum disorder NAD+  Nicotinamide adenine dinucleotide
FAS Fetal alcohol syndrome NADP+ Nicotinamide adenine dinucleotide phosphate
EtOH Ethanol PD Postnatal days
PARP-1  Poly (ADP-ribose) polymerase
FJIB Fluoro-Jade-B
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continues for several years after birth and in rodents occurs
during the first two to three postnatal weeks [4—7]. The cere-
bellum is one of the regions particularly susceptible to EtOH
damage. Reduced cerebellar volume and altered cerebellar
function, including gait and walk impairment, alterations in
posture, balance, and motor coordination have been described
in FASD patients [8—10]. In rodent models, acute EtOH injec-
tion around postnatal days (PD) 4-5 induces caspase-3 acti-
vation and massive apoptotic cell death in the developing
cerebellum [11-13]. Alteration in cerebellar-dependent be-
havior has also been reported after ethanol exposure during
the postnatal period including deficits on rotarod, runway,
parallel bars, eyeblink conditioning, and dowel crossing
[14-18]. Despite efforts to increase consciousness of FAS
risks, consumption of alcohol during pregnancy—particularly
binge drinking—is unfortunately broadly diffuse, making ef-
ficient treatments to counteract or revert FAS desirable.

Nicotinamide, an amide of vitamin B3, is the precursor for the
synthesis of coenzyme [3-nicotinamide adenine dinucleotide,
NAD+, and the phosphorylated derivative NADP+, which are
involved in several cellular functions and metabolism [19].
Nicotinamide enhances neuronal survival following a multiplic-
ity of insults, such as free radical exposure and oxidative stress.
Furthermore, it has been demonstrated that nicotinamide has
neuroprotective effects in different animal models of neurode-
generation [20-23]. We have previously shown that nicotin-
amide prevents the neuronal cell death EtOH-induced in the
hippocampus, thalamus, and cingulate cortex of PD7 mice [5];
however, it is not known whether nicotinamide is also able to
inhibit the neurodegeneration induced by acute EtOH exposure
in the developing cerebellum. The exact molecular mechanism(s)
underlying the protective effects of nicotinamide in EtOH-
induced neurodegeneration is not completely understood.

Poly (ADP-ribose) polymerase (PARP-1) is a nuclear en-
zyme important for DNA repair, transcription, and chromatin
modification. Following activation, by binding to DNA strand
breaks, PARP-1 catalyzes the covalent addition of the
poly(ADP-ribose) moiety of NAD+ to nuclear proteins in-
cluding histones, transcription factors and PARP-1 itself.
Excessive PARP-1 activation under pathological conditions,
such as ischemia-reperfusion injury, oxidative stress, gluta-
mate excitotoxicity, and neurodegenerative diseases, con-
sumes NAD+ and ATP resulting in cellular dysfunction and
cell death [24-30]. It is, however, not known whether EtOH
administration may induce activation of PARP-1 in postnatal
cerebellum, and if nicotinamide is able to prevent this activa-
tion. Additionally, it is also not known if blocking PARP-1
activation is sufficient to prevent EtOH-induced neuronal
death during cerebellum development.

The aim of this study was to investigate whether nicotin-
amide was able to counteract the neurotoxic effects of EtOH
exposure in postnatal mice cerebellum and to assess if this
effect was PARP-1-dependent.

Methods

Animals Pregnant CD1 female were purchased from Charles
River Laboratories. Postnatal 4-day-old (PD4) CD1 mice
were injected subcutaneously with 20% EtOH in saline solu-
tion delivering 5 g/kg body. This protocol produces blood
alcohol concentrations above the toxic threshold of 200-
400 mg/dl for several hours [5]. Nicotinamide (0.25, 0.5,
and | g/kg) and 3-aminobenzadine (30 mg/kg) were adminis-
tered subcutaneously immediately (0 h) or 2 h after EtOH
injection. Saline injections of equal volume were used as con-
trols for EtOH, nicotinamide, and 3-aminobenzamide (3-
ABA) injections. In each litter, both male and female were
used and distributed equally into the different treatment
groups. Twenty-four different litters were used for all the ex-
perimental procedures. All animal procedures were approved
by the Institutional Animal Care and Use Committees of Weill
Cornell Medical College and were conducted in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Histology Mice were deeply anesthetized and transcardially
perfused with 4% of paraformaldehyde in 0.1 M phosphate
buffer (PB) pH 7.4 and post-fixed over night at 4 °C. The
brains were cut into 40-um-thick transverse sections on a
vibratome, and sections were stored at —20 °C in a cryopro-
tectant solution (30% glycerol, 30% ethylene-glycol and 40%
0.1 m PB, pH 7.4).

Western Blot Western Blot analysis was performed as previ-
ously reported [5]. Cerebellums were lysed in boiling SDS
buffer (250 mM Tris-HCl pH 6.8, 2.5% SDS), briefly sonicat-
ed and centrifuged at 14,000xg for 20 min. Protein concentra-
tion was determined using a DC Protein Assay Kit (Bio-Rad,
Hercules, CA, USA). Equal amounts of proteins were loaded
in a SDS-PAGE gel and transferred to a PVDF membrane
(Immobilon P, Millipore, Bedford, MA, USA). Membranes
were saturated with 5% nonfat milk in TBS-T and then incu-
bated overnight at 4 °C with the following primary antibodies:
anti-active caspase-3 antibody (1:1000; Cell Signalling,
Beverly, MA, USA), anti-poly(ADP-ribose) (1:2000;
Biomol, Hamburg, Germany), and anti-alpha-tubulin anti-
body (1:40,000; Sigma, St. Louis, MO, USA). Membranes
were washed and incubated with the appropriate horseradish
peroxidase-conjugated secondary antibodies. Peroxidase im-
munoreactivity bands were revealed by chemiluminescence
method (Pierce, Rockford, IL, USA). Immunoreactive bands
were scanned and intensity quantitated by the NIH Image
software (Scion, Frederick, MD, USA).

Fluoro-Jade B Staining Fluoro-Jade B staining was per-
formed as previously described [5]. Briefly, sections were

fixed on slides and dried over night. Slides were dipped in
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a solution of 1% sodium hydroxide and 80% EtOH for
5 min and then into 70% alcohol for 2 min and next
washed in distilled water. Slides were immersed in
0.06% potassium permanganate solution for 10 min.
Slides were rinsed in distillated water and transferred in
a solution of 0.1% acetic acid and 0.0004% Fluoro-Jade B
(Calbiochem, San Diego, CA, USA) for 20 min. Slides
were washed three times in water, let dry at 55°C for
10 min, and mounted with Krystallon (EMD Chemicals,
Gibbstown, NJ, USA).

Cell Counting Fluoro-Jade-positive cells were counted by
using a Nikon Eclipse E600 with a Nikon 40X objective
as previously described [5]. Outline of the different re-
gions was traced with a computer, and the area was cal-
culated by the MicroBrighField Stereoinvestigator
Software (MBF Bioscience, Williston, VT, USA). The
relative area densities (counts/mm?) of Fluoro-Jade B pos-
itive cell profiles were estimated using the fractionator
probe and systematic random sampling with a CE of
0.1-0.08. Sections were counted between 2 and 5 days
after staining the sections for Fluoro-Jade B. Counting
was performed in a blind manner.

Data Analysis Statistical analyses were performed with
GraphPad Prism 6 (GraphPad Software, La Jolla, CA,
USA). Data are presented as mean =+ standard error of the
mean (SEM). Statistical analyses were performed by the anal-
ysis of variance (ANOVA) and the Dunnet’s post-hoc proce-
dure was used for comparing time 0 group vs all the other time
groups, or EtOH group vs all the other groups.

Results

Nicotinamide Blocks Ethanol-Induced Caspase-3
Activation in the Developing Cerebellum

We first assessed the time course of caspase-3 activation
in the cerebellum after EtOH exposure. PD4 mice were
injected with 5 g/kg of EtOH and sacrificed after 2, 4, 8,
12, and 24 hours (h). Activated caspase-3 levels were
increased 4 h after EtOH treatment, reached the peak at
8 h (p<0.001), and returned to basal levels at 24 h
(Fig. 1a, b).

We previously showed that nicotinamide reduces
caspase-3 activation and EtOH-induced neurodegenera-
tion in the forebrain at PD7 [5]. In order to assess whether
nicotinamide was also able to inhibit the EtOH-induced
caspase-3 activation in the cerebellum at PD4, we admin-
istered different doses of nicotinamide (0.25; 0.5; 1 g/kg)
immediately after EtOH exposure (0 h), or 2 h later. Mice
were then sacrificed 8 h after EtOH treatment, when the
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Fig. 1 Nicotinamide inhibits ethanol-induced caspase-3 activation in the
developing cerebellum. a, b Time course of activated caspase-3 after
EtOH exposure. P4 mice were injected with 5 g/kg of EtOH and
sacrificed at different time points. Representative western blot for
activated caspase-3 (a) and densitometric quantification (b). One-way
ANOVA (Fs5,5=5.996; p=0.002) followed by Dunnet’s multiple
comparison test; ***p <0.001 vs 0 h. (N =four pups/group; three
litters). ¢, d Mice were treated with different doses of nicotinamide
immediately (0 h) or after EtOH exposure (2 h). Representative western
blot image of activated caspase-3 measured 8 h after EtOH injection (c)
and densitometric quantification (d). One-way ANOVA (F7 53 =5.042;
p=0.0002) followed by Dunnet’s multiple comparison test; *p <0.05;
*#p <0.01; **#%p <0.0001 vs EtOH. (N=six to ten pups/group; eight
litters). Sal saline, EtOH ethanol, Nic nicotinamide

caspase-3 activation was highest. Our results showed that
only 1 g/kg of nicotinamide significantly reduced the
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cleaved caspase-3 levels induced by EtOH (0 h p <0.01;
2 h p<0.05) (Fig. lc, d).

Nicotinamide Reduces Ethanol-Induced
Neurodegenaration in the Developing Cerebellum

Next we assessed whether 1 g/kg of nicotinamide was
also able to inhibit EtOH-induced neurodegeneration by
measuring the total amount of Fluoro-Jade-B (FJB)-posi-
tive cells in the cerebellum. We specifically counted num-
ber of FIB positive cells in the lobules III, IV, IX, and X
among the most sensitive cerebellar regions to EtOH
treatment [31, 32]. Twelve hours after EtOH treatment,
the lobules III, IV, IX, and X showed a significantly great-
er number of FIB-positive cells compared with the control
(»<0.001) (Fig. 2). Remarkably, EtOH-treated mouse
pups injected with nicotinamide immediately after EtOH
exposure showed a significant reduction of FJB positive
cells compared with EtOH treatment alone (p <0.05) in
all the lobules analyzed, while administration of nicotin-
amide 2 h after EtOH exposure significantly reduced the
number of FJB only in the lobules IX (p <0.001) and III
(p <0.05), indicating that the neuroprotective effect of
nicotinamide was superior when administered shortly af-
ter EtOH exposure.

Nicotinamide Inhibits Ethanol-Induced PARP-1
Activation in the Developing Cerebellum

Administration of nicotinamide was able to inhibit caspase-3
activation and the subsequent EtOH-induced neurodegenera-
tion in the cerebellum. It is well known that nicotinamide may
exert its neuroprotective effects also by blocking the activity
of PARP-1, a DNA repair enzyme that may induce cell death
when excessively activated [22, 33]. However, it is not known
whether EtOH may induce activation of PARP-1 and if nico-
tinamide may prevent this activation in the developing cere-
bellum. We first assessed whether EtOH was able to induce
PARP-1 activation by measuring the formation of polymers of
ADP-ribose (PAR) levels at 2, 4, 8, 12, and 24 h after EtOH
treatment. PAR levels started to increase at 2 h after EtOH
exposure, peaked at 8-12 h (p <0.001) and returned to base-
line at 24 h (Fig. 3a, b). In order to determine whether nico-
tinamide was able to inhibit the EtOH-induced PARP-1 acti-
vation, PD4 mouse pups were treated with different doses of
nicotinamide or with 3-aminobenzamide (3-ABA), a specific
PARP-1 inhibitor, immediately after EtOH exposure or 2 h
later. We found that all the doses of nicotinamide and 3-
ABA were able to block PARP-1 activation when adminis-
tered both immediately and 2 h after EtOH treatment
(p<0.001) (Fig. 3c, d).

Blocking PARP-1 Activation Is Not Sufficient

to Prevent Ethanol-Induced Neurodegeneration
and Caspase-3 Activation in the Developing
Cerebellum

Several studies have shown that inhibition of PARP-1 can
prevent the neuronal death induced by excitotoxicity and
oxidative stress [34-36]. In order to study whether
blocking the activation of PARP-1 was sufficient to pre-
vent the EtOH-induced neurodegenaration in the postnatal
cerebellum, we injected subcutaneously PD4 mice with
nicotinamide immediately after EtOH exposure, when
the neuro-protective effect of nicotinamide was higher
(Fig. 4) or with 3-ABA immediately and 2 h after EtOH
exposure. Fluoro-J-B quantification revealed that only
nicotinamide was able to significantly reduce the neuro-
degeneration induced by EtOH treatment (p <0.05) (Fig.
4).

Although 3-ABA was able to totally block the PARP-1
over-activation, it did not prevent the EtOH-induced neu-
rodegeneration in the cerebellum; therefore, we decided to
assess the influence of 3-ABA on EtOH-induced caspase-
3 activation. We administered nicotinamide immediately
after EtOH exposure as a positive control. As expected,
we found that nicotinamide reduces the levels of cleaved
caspase-3 induced by EtOH exposure (p <0.001), while
3-ABA was not able to decrease this caspase-3 activation
(»>0.05) (Fig. 5).

These results suggest that nicotinamide exerts its neuropro-
tective effect against EtOH-induced neurodegeneration main-
ly by blocking caspase-3 activation, while solely inhibition of
PARP-1 is not sufficient to prevent this neuronal cell death.

Discussion

In the present study, we have found that administration of
nicotinamide prevents or reduces the activation of the cell
death pathways and the consequent neurodegeneration in-
duced by EtOH exposure in the postnatal developing cer-
ebellum. We have demonstrated here for the first time that
pharmacologically blocking EtOH-induced PARP-1 over-
activation is not sufficient to prevent the cerebellar neu-
rodegeneration induced by EtOH exposure.
Nicotinamide, a vitamin B3 amide necessary for cellu-
lar function and metabolism, can cross the blood—brain
barrier reaching the brain where it is converted to
NAD+ [37] preventing the neurodegeneration induced
by several insults including oxidative stress [20-23].
Our results showing that nicotinamide reduces EtOH-
induced neurodegeneration in 4 days old postnatal cere-
bellum extend our previous findings that nicotinamide
was able to prevent the EtOH-induced neuronal cell death
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Fig. 2 Nicotinamide reduces
ethanol-induced
neurodegeneration in the
developing cerebellum. a—d
Representative images of Fluoro-
Jade-B staining 12 h after EtOH
exposure. e-h Quantification of
Fluoro-Jade-B-positive cells in
the lobules X (e), IX (f), VI (g),
and III (h) of cerebellum.
Nicotinamide was co-
administered (0 h) or post-
administered (2 h) with EtOH.
One-way ANOVA (e F5 9=
15.09, p <0.0001; f F5 190=6.94,
p=0.0024; g F;5 19=16.07,
p<0.0001; and h F5 19 =6.66;
p=0.0029) followed by Dunnet’s
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in the hippocampus, thalamus, and cingulate cortex of
7 days old mice [5]. Additionally, we have found that
nicotinamide not only reduces the caspase-3 activation,
as previously reported [5], but also inhibits the EtOH-
induced over-activation of PARP-1. This suggests a fur-
ther mechanism of action of nicotinamide against neuro-
toxicity triggered by EtOH exposure. Importantly, these
neuroprotective effects were still evident when nicotin-
amide was administered 2 h after EtOH treatment.

EtOH is a well-recognized neuroteratogen factor, and its
exposure during pregnancy may cause FASD. The detrimental
effects of EtOH in the developing brain include reduction of
neurogenesis, inhibition of differentiation, disturbance of
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neuron migration, alteration of cell—cell interaction, and in-
duction of neuronal cell death [38, 39]. This provides a pos-
sible explanation for the reduced brain mass and neurobehav-
ioral disturbances associated with the human FASD.
Obviously, the most appropriate and effective method to pre-
vent EtOH-induced neurodegeneration in the human fetal
brain is to avoid alcohol exposure during pregnancy.
Notably, neurons are particularly vulnerable to several differ-
ent environmental toxins during the period of sensitive synap-
togenesis, which occurs from the third trimester of gestation to
several years after birth in humans [4]. It has been reported
that anesthetic, anti-epileptic, anticancer chemotherapeutic
drugs, ischemic brain injury, and Zika virus infection trigger
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Fig. 3 Nicotinamide inhibits
ethanol-induced PARP-1
activation in the developing
cerebellum. a, b Time course of
polymers of ADP-ribose (PAR)
levels after EtOH exposure. PD4
mice were injected with 5 g/kg of
EtOH and sacrificed at different
time points. Representative
western blot for PAR levels (a)
and densitometric quantification
(b). One-way ANOVA (Fs 5=
11.91; p <0.0001) followed by
Dunnet’s multiple comparison
test; ***p <0.001 vs 0 h. (N=
four pups/group; three litters). ¢, d
Mice were treated with
nicotinamide or 3-
aminobenzidine immediately

(0 h) or after EtOH exposure

(2 h). Representative western blot
image for PAR levels 8 h after
EtOH injection (¢) and
densitometric quantification (d).
One-way ANOVA (Fy3,=3.31;
p<0.0061) followed by Dunnet’s
multiple comparison test;

**p < 0.01 vs EtOH. (N = four to
five pups/group; four litters). Sal
saline, EtOH ethanol, Nic
nicotinamide, 3-ABA 3-
aminobenzidine
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developmental neuronal cell death by similar mechanisms as
EtOH [32, 40-45], and in these circumstances, abstinence is
not an option. Interestingly, there is increasing evidence that
nicotinamide promotes neuroprotective effect also in some of
these neurodegenerative models such as ischemic brain injury,
ketamine, and anticancer chemotherapeutic drugs [43, 46, 47].
In all these models, the neuroprotective effects of nicotin-
amide were associated with its ability to reduce caspase-3
activation. It is tempting to speculate that nicotinamide might
have a more general neuroprotective effects in the developing
brain against toxic insults where activation of caspase-3 plays
a key role. It would be interesting to test Nicotinamide’s neu-
roprotective effects in other burdening diseases such as Zika
virus infection. Indeed, it was recently reported that Zika virus
infection enhanced the activation of caspase-3 and that its
inhibition suppressed Zika virus-induced cell death in human
cortical neural progenitors [48].

Compelling evidence indicates that hyper-activation of
PARP-1 leads to a new form of programmed cell death named
parthanatos, which is characterized mainly by the overproduc-
tion of cytotoxic polymers of ADP-ribose and caspase-

independent signaling [25, 27]. Enhancement of PARP-1 ac-
tivation and accumulation of PAR has been observed in vari-
ous neurodegenerative processes; different studies have re-
ported that inhibition of PARP-1 prevents neuronal death in-
duced by excitotoxicity, oxidative stress and neurotoxic agents
[26, 28, 30, 49]. Our results, showing that EtOH administra-
tion enhanced PAR formation—a direct marker of PARP-1
activity levels—in postnatal developing cerebellum, are con-
sistent with previous studies showing that EtOH promote
DNA damage and subsequent activation of PARP-1 in cul-
tured fetal cortical neurons [50]. Surprisingly, while the ad-
ministration of 3-ABA, a specific PARP-1 inhibitor, was able
to completely block the EtOH-induced PAR formation, this
was not sufficient to significantly reduce the following neuro-
degeneration, suggesting that other cell death pathways are
involved, such as the apoptotic signaling mediated by
caspase-3 activation. However, it has been previously shown
that in a knock-out mouse model, the absence of caspase-3
was not sufficient to inhibit the EtOH-induced neuronal death
during developing brain [51]. These results suggest that EtOH
induces neurodegeneration by activating at least two
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not reduce ethanol-induced
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independent cell death pathways, parthanatos, and apoptosis
and inhibiting parthanatos alone is not sufficient to reduce the
neurotoxic effect produced by EtOH exposure in the develop-
ing brain. In order to better clarify the role of these two cell
death pathways in the FAS mouse model of neurodegenera-
tion, it would be interesting to assess whether 3-ABA admin-
istration would be sufficient to block the EtOH-induced neu-
rodegeneration in the caspase-3 knock-out mice.

Given that the metabolism of ethanol by alcohol dehydro-
genase requires NAD+ and that administration of nicotin-
amide increases the level of NAD+ [52], it might be possible
to speculate that some neuroprotective effects of nicotinamide
were due to an accelerating metabolism of EtOH. Yet, this is
rather unlikely because we previously showed that nicotin-
amide administration did not change the EtOH levels, neither
in the blood nor in the brain, suggesting that indeed nicotin-
amide does not accelerate the metabolism of EtOH [5].

A limitation of the present study is the low determination
numbers for some experiments that may have somewhat lim-
ited the statistical power. We specifically assessed the efficacy
of'nicotinamide during the early post-natal period, a part of the
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brain growth spurt phase that parallels the human third trimes-
ter, using an acute binge-like alcohol exposure model. In fu-
ture work, it would be very interesting to assess whether the
neurotoxic effects of lower repeated EtOH exposure through-
out the gestation and/or lactation will be similarly reduced by
nicotinamide treatment.

In conclusion, our results clearly showed that nicotinamide
blocks both caspase-3 and PARP-1 activation but its neuro-
protective effect against EtOH-induced neurodegeneration ap-
pears to be mostly through its effects on caspase-3. Future
pharmacological and molecular studies will be necessary to
better clarify the detailed contribution of caspase-3 and PARP-
1 activation in EtOH-induced cell death in developing neu-
rons. Remarkably, nicotinamide has been used orally in a va-
riety of clinical trials, is well tolerated and has a good safety
profile [53—57], and there is no evidence that nicotinamide is
teratogenic by itself [58]. Therefore, nicotinamide is a poten-
tial safe neuroprotective agent that promises therapeutic value
in developing brain neurodegenerative related disorders, in-
cluding FASD, where neuronal cell death is triggered by
caspase-3 and/or PARP-1 over-activation.
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Fig. 5 3-Aminobenzidine does not inhibit ethanol-induced caspase-3
activation in the developing cerebellum. Mice were injected with
nicotinamide or 3-aminobenzidine immediately (0 h) or after EtOH
exposure (2 h). Representative western blot image for activated
caspase-3 levels 8 h after EtOH treatment (a) and densitometric
quantification (b). One-way ANOVA (F430=10.55; p<0.0001)
followed by Dunnet’s multiple comparison test; ***p <0.001;
*#%k¥p < 0. vs EtOH. (N =seven pups/group; three litters). Sal saline,
EtOH ethanol, Nic nicotinamide
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