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Low-Moderate Doses of Nicotine Decreased mRNA of NGF
and BDNF and Their Receptors at 30 Min in the Frontal
Cortex and Hippocampus of ApoE-KO Mice

Mostofa Ruby?, Kiyoshi Ameno®, Mostofa Jamal® ¢, Takanori Miki¢, Naoko Tanaka®,
Hiroshi Kinoshita®, Yu Nakamura?

Abstract

Background: Several studies have detected nicotine-associated in-
creases in the mRNA and protein expression of NGF, BDNF and
TrkA and TrkB receptors in multiple brain regions.

Methods: We investigated the acute effects of different doses of
nicotine (0.1, 0.5 and 1.0 mg/kg) on the mRNA levels of NGF,
BDNF, TrkA and TrkB in the frontal cortex and hippocampus of
ApoE-knockout (ApoE-KO) and wild-type (WT) mice.

Results: The results demonstrated that in the frontal cortex and
hippocampus, nicotine decreases NGF and BDNF mRNA levels in
both ApoE-KO and WT mice. Nicotine also reduced TrkA in the
frontal cortex and TrkB in both brain regions of WT mice, whereas
no changes were observed in ApoE-KO mice. Interestingly, all of
these effects were limited to low-intermediate doses (0.1 and 0.5
mg/kg) of nicotine, while 1.0 mg/kg of nicotine had no noticeable
effect on the brain of either strain of mice. ApoE-KO mice showed
a distinctly higher level of NGF mRNA expression versus the WT
mice in both regions of the brain, whereas TrkA expression was
lower only in the frontal cortex.

Conclusions: These findings suggest that acute nicotine causes a
decrease in the mRNA levels of NGF, BDNF and their receptors in
the frontal cortex and hippocampus of mice depending on nicotine
doses. A high level of NGF mRNA was observed in the brain of
ApoE-KO mice, suggesting a role of ApoE in the expressions of
neurotrophins in the hippocampus.
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Introduction

The neurotrophin family includes nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neu-
rotrophin-3, neurotrophin-4/5, and neurotrophin-6 [1, 2].
Neurotrophins exert their effects through the binding and
activation of the tyrosine kinase (Trk) family of receptors at
the axon terminals of innervating neurons. Nicotine interacts
with nicotinic acetylcholine receptors (nAChRs) to produce
neuroprotective as well as neurotoxic effects on the animal
brain [3, 4]. This neuroprotection could be mediated through
nicotinic regulation of the expression of NGF, BDNF, and
their receptors [5, 6]. It has been shown that NGF and BDNF
play important roles in cognitive ability and in maintenance
of cholinergic neurons of the basal forebrain (BF) [7, 8]. Sur-
vival of BF cholinergic neurons depends on the binding of
NGF and BDNF, which are synthesized and secreted by cells
in the cerebral cortex and hippocampus, with their receptors,
which are produced within BF cholinergic neurons. Thus,
the neurotrophin system is an important potential target of
nicotine in the brain.

Apolipoprotein E (ApoE) is a key transporter of cho-
lesterol and phospholipids required for membrane synthesis
and nerve growth [9]. ApoE binds ciliary neurotrophic fac-
tor (CNTF) and potentiates the survival-promoting activity
of CNTF for hippocampal neurons [10]. The three major
isoforms of ApoE exit in human (E2, E3 and E4). Nico-
tine has been shown to produce a larger cognitive benefit in
young-adult ApoE4 carriers [11]. These results suggest that
the ApoE may influence behavior and cognitive functions,
including learning and memory. To support this hypothesis,
a number of studies have been carried out in ApoE-knockout
(ApoE-KO) mice, and their results have revealed a greater
attenuation of long-term potentiation (LTP) compared with
WT mice [12, 13]. Impaired LTP in ApoE-KO mice might be
associated with alterations of synaptic plasticity in the hip-
pocampus [14]. Moreover, a significant deficit of cholinergic
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function and memory has also been observed in ApoE-KO
mice [15]. Thus, ApoE-KO mice that are deficient in ApoE
have previously been used to study the role of ApoE in the
function of distinct neuronal systems and cognition [16].

Several studies have detected nicotine-associated in-
creases in the mRNA and protein expression of NGF, BDNF
and TrkA and TrkB receptors in multiple brain regions [5,
17, 18]. Most of these studies have reported chronic nicotine
effects on neurotrophins in animal. Very few studies have
focused on the acute effects of nicotine on the BDNF mRNA
level in the rat brain [19]. Given the links between nicotine
and the neurotrophin system, we examined the effects of
acute nicotine on mRNA expression of the neurotrophin li-
gand and receptor systems in the brain regions linked to cog-
nition. We also evaluated whether these changes correlate
with strain differences. To accomplish these aims, real-time
PCR was used to measure mRNA expression in the frontal
cortex and hippocampus of ApoE-KO and wild-type (WT)
mice 30 min after the intraperitoneal (i.p.) administration of
different doses of nicotine (0.1 - 1.0 mg/kg).

Materials and Methods
Animals

All animal experiments were approved by the Kagawa
University Animal Investigation Committee. All mice used
were of the C57BL/6 genetic background. Breeding pairs
for ApoE-KO mice were used as described previously [20].
The male WT mice used as the controls were purchased from
CLEA Japan (Tokyo, Japan). All experiments were conduct-
ed with mice that were 10 - 12 weeks of age and weighed 24
- 28 g. All animals were housed under controlled tempera-
ture (21 £ 3 °C), humidity (50-70%), and light (12-h light-
dark cycle) conditions.

Experimental groups

Twenty-eight male mice from each strain (ApoE-KO and
WT) were divided into four groups (n = 7 per group) and
received one of the following treatments: (a) saline, (b) 0.1
mg/kg of nicotine, (c) 0.5 mg/kg of nicotine, and (d) 1.0 mg/
kg of nicotine. Nicotine hydrogen tartrate (Sigma-Aldrich)
was dissolved in 0.9% saline, and all injections were given
in a volume of 10 mL/kg (free base of nicotine tartrate). The
brain tissues were collected 30 min after the mice received
an 1.p. injection of nicotine or saline.

Brain tissue
The mice were anesthetized with diethyl ether and then de-

capitated. Their brains were quickly removed and washed in
ice-cold (4 °C) artificial cerebrospinal fluid (aCSF) saturated
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with carbogen gas (95% O, and 5% CO,). The aCSF consist-
ed of 124 mM NaCl, 21 mM NaHCO,, 3 mM KCl, 1.25 mM
NaH,PO,, 1.6 mM CaCl,, 1.8 mM MgSO,, and 10 mM glu-
cose at pH 7.4. The frontal cortex was collected on ice and
then frozen at -70 °C until RNA isolation was performed.

Hippocampal slice

Coronal brain slices (500 um thick) through the hippocam-
pus were cut with a microslicer (DTK-1000, Japan) while
immersed in the ice-cold aCSF. The slice was then dipped
immediately in an oxygenated aCSF solution. Using a stan-
dard microscope for visualization, the hippocampus was re-
moved and immediately transferred to a tube containing 0.5
mL of Trizol (Invitrogen). The tissue samples were then ho-
mogenized with Polytron (PT 2500E), and an additional 0.5
mL of Trizol was added for a total sample volume of 1.0 mL.

Real-time PCR

A 5-pg aliquot of total RNA from each tissue sample was
used as a template for reverse transcription and was primed
with 1 puL of oligo (dT)18 primer (Clontech, Japan). An ap-
propriate amount of DEPC was added to a final volume of
13.5 pL. The synthesis reaction contained 4 pL of 5X reac-
tion buffer, 1 pL of 10 mM dNTP-mix, 0.5 pL of 40 U/uL
recombinant RNase inhibitor, and 1 pL of 200 U/uL MMLV
reverse transcriptase in a final volume of 20 pL. The total
RNA was pre-incubated for 2 min at 70 °C prior to cDNA
synthesis, and the reverse transcription reaction was per-
formed for 60 min at 42 °C followed by 5 min at 94 °C.
The sequences for the primers are given in Table 1. A SYBR
Green master mix (Roche, USA) was used to measure the
accumulation of PCR product for each reaction. The PCR
amplification protocol consisted of one cycle at 95 °C for
10 min, followed by 45 cycles at the following parameters:
40 s of denaturation at 95 °C, 40 s of annealing at 60 °C and
1 min 20 s of extension at 72 °C using the ABI Prism 7700
Sequence Detection System driven by the ABI prism SDS
version 9.1 software (Applied Biosystems). The relative ex-
pression of the genes of interest was normalized to the mean
of the B-actin (internal control) mRNA that was amplified in
different wells on the same plate.

Statistics

All values are expressed as the means + standard error of the
mean (SE); values of P < 0.05 were considered significant.
The data were analyzed with the SigmaStat (Systat, version
3.0) software using a one-way analysis of variance (ANO-
VA). Post-hoc tests were performed, where appropriate. The
student’s t-test was used to assess significant differences in
neurotrophins and their receptors expression between the
two strains.
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Table 1. Primer Sequences Used for mMRNA Quantification by Real-Time PCR

Gene Primers Base pairs Gene accession number  Position

NGF 5" -CAGACCCGGAACATCACTGTA-3’ 134 NM 013609 5" :628-605
5" -CCATGGGCCTGGAAGTCTAG-3’ 5" :494-513

BDNF 5" -GGTATCCAAAGGCCAACTGA-3' 182 NM_007540 5" :1180-1199
5" -CTTATGAATCGCCAGCCAAT-3’ 5" :1362-1343

TrkA 5" ~AGAGTGGCCTCCGCTTTGT-3' 80 NM 002529 5" :355-373
5" -CGCATTGGAGGACAGATTCA-3’ 5" :434-415

TrkB 5" -CGCCCTGTGAGCTGAACTCTG-3’ 174 NM_008745 5" :2256-2232
5" -CTGCTTCTCAGCTGCCTGACC-3' 5" :2082-2102

[-action 5" -AGCCATGTACGTAGCCATCC-3' 250 NM_007393 5" :720-700
5" -TTTGATGTCACGCACGATTT-3' 5" :470-489

Results duced a remarkable decrease in the levels of NGF (P < 0.05) and

Fig. 1 shows the neurotrophins and their receptors mRNA ex-
pression levels in the saline and the nicotine (0.1 - 1.0 mg/kg)
groups for the frontal cortex. In ApoE-KO mice, a significant
main effect of treatment for the expression levels of NGF (df
3,27; F=3.994; P <0.05) and BDNF (df 3, 27; F =4.491; P<
0.05) was detected. Treatment with 0.1 mg/kg of nicotine pro-
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BDNF (P < 0.01) compared with saline (Fig. 2A, B). For TrkA
and TrkB, there was no significant effect of any of the doses of
nicotine on their mRNA levels.

In WT mice, a significant main effect of treatment for NGF
(df 3, 27; F = 3.665; P < 0.05) and TrkA (df 3, 27; F = 9.881;
P <0.001) was detected. Treatment with 0.1 mg/kg of nicotine
produced a remarkable decrease in the levels of NGF (P < 0.05)
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Figure 1. NGF, BDNF and their receptors mRNA expression in the frontal cortex of ApoE-KO (A, B) and WT (C, D) mice.
Data represent the means + SE (n = 7). *P < 0.05, **P < 0.01 and ***P < 0.001 versus Sal, and 11P < 0.01 versus Nic 1.0

mg/kg. Sal, saline; Nic, nicotine
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Figure 2. NGF, BDNF and their receptors mRNA expression in the hippocampus of ApoE-KO (A, B) and WT (C,

D) mice. Data represent the means + SE (n =

7). *P < 0.05, **P < 0.01 and ***P < 0.001 versus Sal, and 1P <

0.05, 11P < 0.01 versus Nic 1.0 mg/kg. Sal, saline; Nic, nicotine

and treatment with 0.1 (P <0.001) and 0.5 (P < 0.05) mg/kg of
nicotine resulted in a significant decrease in the levels of TrkA
compared with saline (Fig. 2C). The ANOVA revealed a signifi-
cant main effect of treatment for BDNF (df 3, 27; F = 4.940; P
<0.01) and TrkB (df 3, 27; F = 10.246; P < 0.001). Treatment
with 0.1 (P<0.01) and 0.5 (P <0.05) mg/kg of nicotine resulted
in a significant decrease in the levels of BDNF and treatment
with 0.1 (P<0.001) and 0.5 (P < 0.05) mg/kg of nicotine result-
ed in a significant decrease in the levels of TrkB compared with
saline (Fig. 2D). The results also showed that treatment with 0.1
mg/kg of nicotine (P < 0.01) caused a significant decrease in the
levels of TrkB compared to 1.0 mg/kg nicotine.

Fig. 2 shows the neurotrophins and their receptors mRNA
expression levels in the saline and the nicotine (0.1 - 1.0 mg/kg)
groups for the hippocampus. In ApoE-KO mice, a significant
main effect of treatment for the expression levels of NGF (df
3,27; F=20.710; P <0.001) and BDNF (df 3, 27; F = 6.824;
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P < 0.01) was detected. Treatment with 0.1 and 0.5 mg/kg of
nicotine produced a significant decrease in the levels of NGF (P
< 0.001) and treatment with 0.1 mg/kg of nicotine produced a
significant decrease in the levels of BDNF (P < 0.01) compared
with saline (Fig. 3A, B). The results also revealed that admin-
istration of 0.1 (P < 0.01) mg/kg of nicotine resulted in a sig-
nificant decrease in the BDNF mRNA levels compared with 1.0
mg/kg nicotine. For TrkA and TrkB, the ANOVA revealed no
significant effect of any of the doses of nicotine on their mMRNA
levels.

In WT mice, a significant main effect of treatment for NGF
(df 3,27, F =3.757; P <0.05) was detected. Treatment with 0.1
mg/kg of nicotine resulted in a significant decrease in the levels
of NGF mRNA (P < 0.05) compared with saline (Fig. 3C). No
significant effect of any of the doses of nicotine on TrkA was
found. The ANOVA revealed a significant main effect of treat-
ment for BDNF (df 3, 27; F = 6.626; P < 0.01) and TrkB (df 3,
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Figure 3. Strain effects on the mRNA expression levels of NGF, BDNF and their receptors in the saline group of frontal
cortex (A) and hippocampus (B). *P < 0.05 and ***P < 0.001 for the difference between ApoE-KO and WT mice.
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27, F=4.911; P<0.01). Treatment with 0.1 mg/kg of nicotine
resulted in a significant decrease in the levels of BDNF (P <
0.05) and treatment with 0.1 and 0.5 mg/kg of nicotine caused
a significant decrease in the levels of TrkB mRNA (P < 0.05)
compared with saline. The results also revealed that adminis-
tration of 0.1 (P < 0.01) and 0.5 (P < 0.05) mg/kg of nicotine
resulted in a significant decrease in the BDNF mRNA levels
compared with 1.0 mg/kg nicotine.

Fig. 3 shows a comparison of mRNA expression of neuro-
trophins and their receptors between two strains of mice. ApoE-
KO mice exhibited a significantly higher NGF mRNA expres-
sion than WT mice in both the frontal cortex (P < 0.05) and the
hippocampus (P < 0.001). In contrast, TrkA mRNA expression
was found to be significantly lower (P < 0.001) in the frontal
cortex of ApoE-KO mice than WT mice, with no effects in the
hippocampus. The BDNF and TrkB mRNA levels remained un-
changed either in the brain regions studied.

Discussion

The most notable effect of nicotine on the frontal cortex and
hippocampus was that the NGF and BDNF mRNA expres-
sion levels were decreased in both strains of mice (Fig. 1, 2).
Interestingly, this effect was dependent on low-intermediate
doses (0.1 and 0.5 mg/kg) of nicotine, whereas at 1.0 mg/kg,
the effect of nicotine was not seen. Nicotine also decreased
TrkA and TrkB receptor mRNA levels in WT mice (Fig. 1C,
D and 2D), but not in ApoE mice, whereas 0.1 and 0.5 mg/
kg of nicotine caused a decrease in the mRNA levels of TrkA
receptor in the frontal cortex and TrkB in both brain regions.

Here, we administered the ApoE-KO and WT mice
models an i.p. injection of nicotine to investigate the effects
of nicotine on the mRNA levels of NGF, BDNF and their
receptors in the frontal cortex and hippocampus at 30 min
after administration. Nicotine is able to get into the brain by
traveling through the blood-brain barrier and begins to rise
following administration [21]. It reaches maximum levels in
the rat brain over the first 60-min post-subcutaneous admin-
istration, followed by a significant decrease [22].

The present results suggest that exposure of mice to
low-moderate doses of nicotine can cause the frontal cortex
and hippocampus to down-regulate the mRNA expression of
NGF and BDNF. This finding appears to agree in part with
the results of Kenny et al (2000) [19] where acute nicotine
exposure significantly decreased the BDNF mRNA levels in
the rat hippocampus 2 h and 24 h after administration. In
addition, another study showed a decrease of NGF in the hip-
pocampus of aged female rats with chronic nicotine (0.3 mg/
kg/day) treatment [23]. Taken together, these finding lend
support to our hypothesis that acute nicotine with a certain
low concentration can reduce NGF and BDNF mRNA levels
in the mouse brain.

We further demonstrated a significant decrease in TrkA

Articles © The authors | Journal compilation © ] Neurol Res and Elmer Press™

mRNA expression in the frontal cortex of WT mice, whereas
TrkB levels were decreased in both the frontal cortex and
hippocampus. Indeed, this effect was limited to low and in-
termediate doses (0.1 and 0.5 mg/kg) of nicotine. The reason
for the lack of a similar decrease in TrkA mRNA levels in
the hippocampus is unclear at present; nicotine induced a
decreasing trend although it was not statistically significant.
ApoE-KO mice did not show a significant change in mRNA
levels of TrK receptors with any of the doses of nicotine giv-
en in either brain region. The mechanism underlying this dif-
ference is not clear, but our recent study provides evidence
that ApoE deficiency may influence the efficacy of nicotine
[14]. Thus, it is conceivable that nicotine induced no effects
on Trk receptor mRNA in ApoE-mice due to a link between
nicotine dose and TrK receptor sensitivity.

Numerous studies have demonstrated that NGF and
BDNF are produced in the cerebral cortex and hippocampus,
and retrograde transportation to BF cholinergic neurons cell
bodies is indeed responsible for their trophic effect [24-26].
Our finding of a decrease in NGF and BDNF mRNA levels
after low-intermediate doses of nicotine may suggest that
acute nicotine administration may impair retrograde trans-
port. Although our results demonstrate a significant decrease
in most indexes of NGF and BDNF mRNA levels, most
likely due to the direct effects of nicotine, it appears that
the overall effect of nicotine exposure is more complicated.
Further studies are needed to elucidate the precise molecular
mechanism(s).

It has been shown that a high dose (> 1 mM) of nico-
tine may induce neurotoxicity and stimulate oxidative stress,
while a reasonably low concentration (10 pM) may act as
an antioxidant and play an important neuroprotective effect
[3]. These opposite effects are related to differences in doses
of the drug and administration schedules [27]. Nicotine pro-
duced different results in our study: decreased neurotrophin
levels at low and intermittent doses (0.1 and 0.5 mg/kg) and
no effects at a higher dose (1.0 mg/kg) in both strains of
mice. The individual differences in response to nicotine are
not surprising [28] because different neurotransmitters and
different brain regions mediate different effects of nicotine.
Our findings raise the possibility that differences in nicotine
dose and time of injection influence the effects of nicotine
on neurotrophins.

Strain effects on the mRNA levels of neurotrophins and
their receptors were measured among the saline groups of
mice in this study (Fig. 3A, B). ApoE-KO mice showed a
distinctly higher level of NGF mRNA expression in both
brain regions versus WT mice. On the contrary, TrkA mRNA
levels were lower in the frontal cortex of ApoE-KO mice
versus WT mice. These findings indicate that the ApoE defi-
ciency may cause a differential response in the various neu-
rotrophin ligand/receptor systems in the mouse brain. The
increase in NGF mRNA levels in the brain is consistent with
previous reports where NGF protein levels were shown to
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be increased in the brain of AD [29]. The observed lack of
change in BDNF and TrkB mRNA levels in the hippocampus
of ApoE-KO and WT mice is in line with a previous report
[30].

Several studies have demonstrated a significant decrease
of cholinergic function and memory in ApoE-KO mice [15,
31, 32]. It has been postulated that cholinergic deficit corre-
lates inversely with NGF-like activity [33, 34]. The rationale
behind this prediction is that the loss of cholinergic fibers
leads to reduced choline acetyltransferase activity along with
increased levels of NGF. Thus, NGF might be of importance
in the stimulation of compensatory changes [33]. Therefore,
our finding of a high NGF mRNA expression in the brain of
ApoE-KO mice is most likely due to a reduction of central
cholinergic function.

Conclusion

Acute treatment of mice with nicotine causes a decrease in the
expression of NGF and BDNF mRNA in the studied brain.
Nicotine also decreased TrkA and TrkB receptors mRNA
levels in the brain of WT, with no changes in ApoE mice.
Interestingly, all of these effects were limited to low-inter-
mediate doses (0.1 and 0.5 mg/kg) of nicotine. All together,
we hypothesize that acute administration of a low concen-
tration of nicotine may induce down-regulation of mRNA
expression of NGF, BDNF and their receptors in the mouse
brain. Vehicle-treated ApoE-KO mice exhibited elevated
NGF and lowered TrkA levels in comparison to WT mice.
This enhancement of neurotrophin signaling seen among the
ApoE-KO mice may explain their seeming resistance to the
down-regulating effects of acute nicotine treatment, which
attribute to reduce cholinergic activity reported elsewhere, a
phenomenon which deserves further investigation.
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