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Abstract In the current study effect of nicotine on
expression of neurotrophins, brain-derived neurotrophic
factor (BDNF) and nerve growth factor (NGF) has been
studied in hippocampus and frontal cortex during devel-
opment of brain in rats. Neurotrophins are factors that help
in development of brain among which BDNF and NGF are
very important, expressed at different stages during the
developmental process. Different sedatives are reported to
alter the expression of these factors. In this study, three
groups of neonate rats (1-5, 5-10 and 10-15 days age)
were used each having 20 rats. Ten were subjected to a
dose of 66 ng of nicotine while other ten received the same
amount of saline at the same time interval. Then expression
of the BDNF and NGF was observed in hippocampus and
frontal cortex tissue using immunoassay. Western blotting
was used to observe the presence of BDNF in hippocampus
as well as frontal cortex. In all groups there was a signif-
icant decrease in concentration of neurotrophic factors
where nicotine was applied as compared to control. The
highest expression of BDNF and NGF in hippocampus and
frontal cortex was observed in 10-15 days group (G3) and
in 5-10 group (G2) as compared to the control, P < 0.01. It
was concluded that exposure of neonate rats to nicotine
causes a decrease in the expression of NGF and BDNF and
it effects the development of brain in neonates that can
further impair brain functions.
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Introduction

Nicotine, an alkaloid that can affect many physiological
functions of human body, is extracted commercially from
the leaves of Nicotiana rustica and Nicotiana tabacum [1].
Humans use nicotine in the form of tobacco products where
its physiological effects occur on interaction with nicotine
receptors in body. Various pharmacological doses of nic-
otine and smoking can cause heart rate to accelerate,
constriction of blood vessels and increase in blood pressure
[2].

Nicotinic receptors are stimulated directly releasing
dopamine, acetylcholine and neurotransmitters like nor-
epinephrine and serotonin [3]. The effect of nicotine has
been widely studied in animals and in adult rodents; it has
been shown that memory performance can be enhanced on
exposure to acute levels of nicotine [4]. Dose-dependent
activity with respect to nicotine administration has also
been reported where high doses result in hypoactivity while
low doses result in hyperactivity [5]. Nordberg et al. [6]
demonstrated that rat treated with nicotine at 10-16 days
showed hypoactivity while rat treated with saline showed
hyperactivity at adult age in response to an acute nicotinic
injection. The intrinsic toxicity of nicotine has been defined
and related to the hazardous outcomes of smoking [7].
However, after the administration of nicotine the response
of body is quite complex and unpredictable [8].

During development of brain, neurotrophic factors are
very important for proliferation, survival and development
of neurons. These factors are also expressed during adult-
hood and help in regulation of survival and maintenance of
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neurons. Among different neurotrophic factors two
important factors are brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF). Studies have
shown that BDNF and NGF levels are at the highest during
perinatal period where BDNF protein level is expressed at
the highest concentration by 14 days after birth in hippo-
campus and NGF level reaches to its peak by 7 days after
birth [9]. Both these factors also help in memory and
learning, where administration of NGF for a period of
4 weeks is attributed to restore age-induced cholinergic
atrophy and improvement of Morris water maze (MWM)
performance [10]. The deficit in MWM performance has
also been observed in rats that carry heterozygous NGF
disruption which is mitigated on NGF infusion [11]. An
increased BDNF level in hippocampus in adult animals is
reported to increase long-term potentiation and also facil-
itates the phosphorylation of NMDA-NR1 [12] and
NMDA-NR?2 receptor subunits [13]. As data reported are
from experiments on effect of BDNF on adult brain
therefore it suggests the involvement of BDNF in learning
and memory. The role of neurotrophins is also reported in
the proper formation of synaptic circuitry of brain [14].

The objective of this study was to determine the effect
of nicotine on expression of BDNF and NGF in hippo-
campus and frontal cortex in brain of neonate rats so that its
effect on the development of brain can be established. This
effect was studied in three different groups in three dif-
ferent time periods in both parts of the brain so that the
time where development of brain is most effected (if any)
could be explored.

Materials and methods

For study male and female Sprague-Dawly rats were
obtained from Medical School of Lishui University. This
study was approved by Animal Research Ethics Committee
of Lishui Medical University and experiments were carried
out in accordance with the Guidelines and Suggestions for
the Care and Use of Laboratory Animals, Ministry of
Science and Technology of the People’s Republic of China.
After placing a male and female rat in hanging cages,
female rats were moved to polycarbonate cages until par-
turition, where date of birth was considered as postnatal
day (P)0. Then on P1 pups were culled to 20 male each for
3 experiments to be performed where 10 rats were exper-
imental and 10 rats were control in each experiment.

— nicotine-bi-tartrate was obtained from Sigma—Aldrich,
St. Louis, MO and the pH of

— nicotine base was adjusted to 7.0 in all the experiments.
The administration of nicotine doses was confined in
accordance with the doses human absorb through
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smoking of up to 10 cigarettes daily, that is, 66 pg
nicotine base/kg body weight of rat [15]. Three groups
of rats (20 pups each, 10 experimental and 10 control)
received a dose of 66 pg/kg bodyweight of

— nicotine base through single shot and control received
saline 10 mg/kg bodyweight once daily where nicotine
and saline groups, that is experimental and control groups
received doses at the same time in the same quantity,
group I from day 1 to 5 with day 0 as postnatal day, group
I received the dose from day 5 to day 10, similarly group
I received the dose from day 10 to day 15. Animals were
removed on respective days from their cages and dissected
in the dissection room where decapitation was performed
and blood sampled. After rapid removal of brains from
skull, hippocampus and frontal cortex were dissected on
ice and then frozen on dry ice [16].

The defined protocol of the manufacturer (Promega,
Madison, WI, USA) was used for BDNF and NGF immuno-
assay. To perform BDNF assay 9.99 ml of carbonate coating
buffer at pH 9.7 was used and 10 pl of antiBDNF monoclonal
antibody (mAb) was added in it. Then 100 pl of this mixture
was added to polystyrene ELISA plate (Nunc, MaxiSorb) for
incubation at 4 °C overnight. TBST buffer was used for
washing all wells and then incubation at room temperature
was carried out for 1 h, while to block non-specific binding, a
block and sample 1x buffer along with deionized water
mixture were added to each well and incubated for 1 h atroom
temperature. BDNF standard supplied from the manufacturer
(1 pg/ml) was used to prepare the BDNF standard curve.
1:2,000 dilution of the standard was made in Block X sample
1 x buffer to achieve a final concentration of 500 pg/ml. Prior
to assay both hippocampus and frontal cortex were further
diluted to 1:2. Both standard and samples were incubated for
2 h at shaking room temperature. Then antihuman BDNF
pAB was added to each well plate and then incubated for 2 h at
room temperature, and then incubation with antilgY horse-
radish peroxidase (HRP) conjugate was performed for 1 h.
Then 10 pl TMB one solution was added to each well and
incubated for 10 min at room temperature. 100 pl of IN HCI
was then added to each well to stop the reaction and results
were read after 30 min.

For NGF analysis Promega kit (Madison, WI, USA) was
utilized and a similar protocol as described above was
followed. pg of neurotrophic factor per mg protein was the
method used to express the contents of both BDNF and
NGF. BCA protein assay kit (Pierce, Rockford, IL, USA)
was used for the quantification of protein concentrations.
Statistical analysis was carried out using SPSS software
(SPSS, Chicago, IL, USA), one way ANOVA and P value
of <0.01 was considered significant.

Western blots were performed on whole cell extracts
according to the previously described studies [17]. Sample
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Fig. 1 Mean £+ SEM density values of BDNF in all three groups and
their corresponding controls for hippocampus samples
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Fig. 2 Mean £+ SEM density values of BDNF for frontal cortex in all
three groups and their corresponding controls

buffer was used to boil a 20 mg of each sample for 5 min
before separation on 10-20 % SDS—polyacrylamide gel and
then proteins were transferred to nitrocellulose membranes.
5 % nonfat dry milk dissolved in TBST was used to block
non-specific immunoreactivity for 60 min. Anti BDNF
antibody (Aviva Systems Biology, San Diego, CA; 1:700
dilution) was used to incubate the membranes overnight at
4 °C. Then after primary antibody incubation six washes
(10 min at room temperature) in TBST were used before
incubation with secondary antibody (HRP conjugated goat

anti-rabbit IgG, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) followed by six washes and visual-
ization through ECL detection system (Perkin-Elmer New
England Nuclear, Waltham, MA). An integrated density
value (IDV) was calculated after normalizing the intensity of
each BDNF against the corresponding GAPDH control band
using Gel Pro Analyzer 4.0 software and results are shown in
Figs. 1, 2 for hippocampus and frontal cortex in all three
groups, respectively.

Results

In both hippocampus and frontal cortex, there was an effect
on the concentration of BDNF in samples where nicotine
was applied as compared to saline controls, P < 0.01. The
lowest concentration of BDNF was observed in G1 nicotine
(day 1-day 5) 300 pg/mg, P < 0.01 while highest con-
centration, 500 pg/mg was found in both G2 nicotine (day
5—-day 10), P < 0.01 and G3 nicotine (day 10-day 15),
P < 0.01. Control samples treated with saline in all groups
showed high concentration of BDNF as compared to
experiment. In case of controls, the highest concentration
was found in G3 (day 10—day 15) which was 700 pg/mg
and a subsequent decline in other two groups was observed,
that is, 600 pg/mg and 500 pg/mg in G2 and G1, P < 0.01
as compared to samples, respectively. All these results
were observed analyzing hippocampus samples as shown
in Fig. 3. In frontal cortex the concentration of BDNF was
found lowest in Gl nicotine, 200 pg/mg, P < 0.01 as
compared to control and P > 0.01 within the group;
highest in G3 nicotine 540 pg/mg, P < 0.01 as compared
to control and P > 0.01 within the group; and in G2 nic-
otine it was 510 pg/mg, P < 0.01 compared to control and
P > 0.01 within the group. All controls had a greater
concentration of BDNF in all the groups, G1 had 300 pg/
mg, G2 640 pg/mg and G3 670 pg/mg, with P < 0.01 as
compared to samples and P > 0.01 within the group as
shown in Fig. 4.

In hippocampus it was analyzed that in G2 nicotine the
highest concentration of NGF, 190 pg/mg (P < 0.01) was
found; while in G1 nicotine and G3 nicotine it was 100 pg/
mg (P < 0.01) and 170 pg/mg (P < 0.01), respectively, as
compared to corresponding controls. In all the groups in
control samples of hippocampus quantity of NGF was
found greater as compared to nicotine-administered groups.
In G2 control highest level, 310 pg/mg was found; while in
G3 control 280 pg/mg; and in Gl control 200 pg/mg
(P < 0.01 compared to samples) was analyzed in hippo-
campus shown in Fig. 5. In samples of frontal cortex, the
highest concentration of NGF in nicotine-administered
samples was found in G2, 130 pg/mg, (P < 0.01). In G3
and G1 it was analyzed to be 120 pg/mg and 70 pg/mg
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Fig. 3 Quantitative comparison of BDNF in all the groups in animals
treated with nicotine and corresponding controls in hippocampus.
a Graph showing a decrease in the expression of BDNF in
hippocampus in group 1 (day 1-day 5) where P€ < 0.01 as compared
to control. b A decrease in the expression of BDNF was observed in
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Fig. 4 Quantitative illustration of expression of BDNF in all three
groups in frontal cortex. a A decrease in the expression of BDNF in
frontal cortex in G1 (day 1-day 5) is observed P¢ < 0.01 as compared
to corresponding control 200 pg/mg compared to 300 pg/mg in
control group. b Expression of BDNF decreases in group 2 (day 5—

(P < 0.01). The control samples of frontal cortex also
showed a high concentration of NGF, G2 showing 160 pg/
mg, G3 150 pg/mg and G1 90 pg/mg (P < 0.01 compared
to samples) shown in Fig. 6.

In all the groups in both hippocampus and frontal cortex,
western blot analyses were used to assess the quantitative
comparison of expression of BDNF compared with GAP-
DH expression used as control. Expression of BDNF was
found lower in the nicotine-administered rats as compared
to the saline-exposed rats in the hippocampus and frontal
cortex in G3 (mean = SEM density values; hippocampus,
Saline = 13.0 & 2.12, Nicotine = 4.0 + 1.29; ¢ = 3.52,
df =6; P =001, Fig. 1); frontal cortex, Sal-
ine = 21.5 &+ 1.42, Nicotine = 8.95 £+ 4.23, = 3.26,
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day 10), PC < 0.01 in frontal cortex of experimental rats as compared
to the control. ¢ Highest amount of BDNF 540 pg/mg in experimental
samples and 670 pg/mg in control samples is observed in G3 (day 10—
day 15) where the amount of expression is decreased in experiments
as compared to control P€ <0.01

df = 6, P = 0.02, Fig. 2). The bands showing western blot
analyses are shown in Fig. 7 for hippocampus and Fig. 8
for frontal cortex.

Discussion

We concluded from this study that the exposure of
neonatal rat to nicotine can affect the development of
brain because expression of neurotrophins, BDNF and
NGF is effected in male neonate rats. Previously dif-
ferent studies had been carried out in this aspect, Brown
et al. [18] reported a significant decrease of NGF and
BDNF in both hippocampus and frontal cortex because
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Fig. 5 Graphic illustration of expression of NGF in hippocampus
samples compared with control in all groups. a Significant decrease in
the concentration of NGF in rats effected by nicotine was observed as
compared to controls, P < 0.01. b Highest concentration of NGF,
190 pg/mg is observed in nicotine group 2 (day 5—day 10) and its

corresponding control (310 pg/mg) where P < 0.01 for samples in
comparison with corresponding controls. ¢ In group 3 (day 10-day
15), 170 pg/mg of NGF is obtained compared to control, 280 pg/mg
where P¢ < 0.01 for samples compared with corresponding controls
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Fig. 6 Graphic illustration of expression of NGF in frontal cortex of
experimental and control animals. a In frontal cortex of experimental
group G1 (day O-day 5) a decrease in the expression of NGF is
observed as compared to the corresponding controls, P€ < 0.01.
b Highest expression of NGF is observed in group 2 (day 5—-day 10) in

of nicotine, where neonate rats had been treated with
saline and then effect of nicotine in adulthood was
observed on them.

Both these factors had been studied widely in human
and other experimental animals and it has been reported
that NGF increases in the situations characterized by
anxiety like parachute jump of male soldiers [19] or
following the cessation of smoking [20]. Similarly dif-
ferent studies conducted on BDNF have established a link
between increase in level of BDNF and efficacy of
antidepressants [21]. The gene for neurotrophin BDNF is
reported a risk locus of depression [22]. It is this reason
that in patients suffering from depression and anxiety

both experiment and control samples, however a significant decrease
is observed in rats effected by nicotine as compared to controls,
P€ <0.01. ¢ In group 3 (day 10-day 15) again NGF expression is
significantly in frontal cortex (P < 0.01) compared to corresponding
controls

decreased blood level of BDNF has been observed and
use of antidepressants reverted this level [23]. Different
studies on rodents showed that expression of NGF and
BDNF is confined to frontal cortex during the process of
development and these two regions hold key for synaptic
plasticity in developmental as well as adult stage [24].
Due to the importance of these two factors in the
development of brain, we decided to carry out this study
on neonates so that possible effects on the development
can be studied and we observed that expression of both
the factors is altered on exposure of neonates to nicotine
as compared to control groups. Recently different studies
have emphasized the disturbance caused in neurotrophic
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Fig. 7 Western blot showing the bands of the concentration of BDNF in hippocampus in all three groups where samples are represented by
(NIC) and controls of each group are represented by (SAL). GAPDH is used as the loading control in all samples
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Fig. 8 Western blot showing the bands of concentration of BDNF in frontal cortex in all the three groups in samples represented by (NIC) and
their corresponding controls represented by (SAL). GAPDH in the loading control used in all the samples

factors homeostasis in brain development. Different
compounds also used in anesthesia like nitric oxide,
isoflurane, midazolam and propofol resulted in a decrease
in NGF involving an AKT pathway [25, 26]. It has been
shown that exposure of rats to compounds used in
anesthesia can cause neurodegeneration in developing
brain and effects are prolonged that continue through the
adulthood [27].

In the current study it has been observed that use of
nicotine during development of brain in neonates can result
in disturbance of brain development effecting BDNF and
NGEF expression in hippocampus and frontal cortex. To the
best of our knowledge this is the first study in this aspect
where effect of nicotine on the expression of two important
neurotropic factors has been analyzed in neonatal brain,
and therefore further investigations should be carried out
and we may be able to better understand the pathways that
are effected depending on the different concentrations of
nicotine. The extension of this study to neonates that can be
affected by passive smoking can be a promising aspect for
a better understanding of the effect of this compound on
brain development in neonates.
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