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Abstract

The present study examined the effects of nicotinic acetylcholine receptor activation on the odor-induced blood flow response
in the olfactory bulb. In urethane-anesthetized rats, odor stimulation (5% amyl acetate, 30 s) produced an increase in olfac-
tory bulb blood flow (reaching 107% + 3% of the pre-stimulus basal values), without changes in frontal cortical blood flow or
mean arterial pressure. Intravenous injection of nicotine (30 pg/kg), a nicotinic acetylcholine receptor agonist, significantly
augmented the odor-induced increase response of olfactory bulb blood flow, without changes in the basal blood flow level.
The nicotine-induced augmentation of the olfactory bulb blood flow response to odor was negated by dihydro-f-erythroidine,
an a4p2-preferring nicotinic acetylcholine receptor antagonist. Our results suggest that the activation of a4p2-like neuronal
nicotinic acetylcholine receptors in the brain potentiates an odor-induced blood flow response in the olfactory bulb.
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Introduction

The intracerebral cholinergic system originating in the basal
forebrain and projecting to the neocortex, hippocampus, and
olfactory bulb contributes to cognition, memory, and olfac-
tory functions, respectively [1-3]. Our research group has
previously demonstrated that in the rat, activation of the
basal forebrain cholinergic neurons or intravenous injection
of nicotine (30 pg/kg) produces an increase in regional blood
flow in the neocortex via activation of a4p2-like neuronal
nicotinic acetylcholine (ACh) receptors [4—9], but not in the
olfactory bulb in rats [10, 11]. In contrast, odor stimulation
increases regional blood flow in the rodent olfactory bulb, in
association with neuronal activities [12—15]. D’Souza et al.
[16] showed that a4p2-like neuronal nicotinic ACh receptors
are significant contributors to the excitation of neurons in the
mice olfactory bulb in an in vitro electrophysiological study.

Therefore, the present study aimed to clarify, first, the
effect of stimulation of nicotinic ACh receptors on the odor-
induced increase in regional blood flow in the olfactory bulb,
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and second, the involvement of a4f2-like nicotinic ACh
receptors on its response, in in vivo recording of regional
blood flow in the rat olfactory bulb. For comparison,
regional blood flow in the neocortex (frontal cortex) and
systemic arterial pressure were simultaneously measured.

Materials and methods

The experiments were performed on 10 male adult Wistar
rats (body weight, 370—450 g; 5-8 months old), bred at the
Tokyo Metropolitan Institute of Gerontology. The study
was conducted with the approval of and in accordance with
the guidelines for animal experimentation prepared by the
Animal Care and Use Committee of Tokyo Metropolitan
Institute of Gerontology.

General surgery and anesthesia

The rats were anesthetized with urethane (1.1-1.4 g/kg, sub-
cutaneously). Double tracheotomy surgery was performed. A
polyethylene tube [inner diameter (ID) 2.0 mm, outer diam-
eter (OD) 2.7 mm] was inserted 5 mm rostrally into the lar-
ynx. A tracheal tube was inserted caudally into the trachea,
and respiration was maintained by means of an artificial res-
pirator (model 683, Harvard, MA, USA). The end-tidal CO,
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concentration was maintained at 3.0-4.0% by monitoring
with a respiratory gas monitor (Microcap, Oridion Medical,
Jerusalem, Israel). The arterial blood pressure was measured
through a catheter inserted into a femoral artery with a pres-
sure transducer (TP-400T, Nihon Kohden, Tokyo, Japan).
Body temperature was measured rectally and continuously
using a thermistor and maintained at approximately 37.5 °C
by means of a body temperature control system (ATB-1100,
Nihon Kohden). The depth of anesthesia was adjusted by
additional urethane doses (100 mg/kg, intravenously or sub-
cutaneously via a catheter inserted into a femoral vein) when
necessary and by monitoring body movement, blood pres-
sure stability, and respiratory movement.

Measurement of regional blood flow in the olfactory
bulb and frontal cortex

Reginal blood flow in the olfactory bulb and the fron-
tal cortex was measured using laser Doppler flowmetry
as described previously [10, 17, 18]. The animals were
mounted on a stereotaxic instrument (SR-5R-HT, Narishige,
Tokyo, Japan) in a prone position. After craniotomy, two
recording probes (diameter, 0.8 mm) of the laser Doppler
flowmeter (ALF 21D, Advance, Tokyo, Japan) were placed,
avoiding the visible blood vessels, on the dorsal surfaces of
the olfactory bulb [anteroposterior (AP)=+7.0 to +8.2 mm
from bregma, lateral (L)=0.7-1.5 mm to the midline] and
the frontal lobe (AP=+2.0 to +3.5 mm, L=2.0-3.5 mm)
[19, 20] (Fig. 1). The flowmeter probes were fixed with
balancing holders (ALF-B, Advance). The output signal
of the laser Doppler flowmeter was expressed in mV and
recorded on a recorder as well as on a PC using an A/D
converter (Micro1401 mk II, Cambridge Electronic Design,
Cambridge, UK) with Spike2 software (Spike2, Cambridge
Electronic Design) for offline analyses.

Odor stimulation

Odor [5% amyl acetate (AA)] was applied by continuous
flow of humidified medical-grade nitrogen into the nose
using a custom-built odor delivery system with a solenoid
valve (LHDA12221211H, The Lee Company, Connecticut,
USA, set up by Ono-Denki Co., Ltd., Tokyo, Japan) (Fig. 1).
The flow rate in this system was set at 0.2 I/min, which is
within the flow rate range of inspiratory and expiratory sniff-
ing by awake behaving rats [21]. The solenoid valve diverts
flow to one of two 500 ml bottles containing 100% propylene
glycol (vehicle) or 5% AA in propylene glycol. This system
was constructed with dedicated glass and Teflon tubing (ID
3 mm, OD 4 mm) to minimize contamination and absorp-
tion of odor. A one-way check valve (indicated by a trian-
gle arrowhead in Fig. 1, VSCV6733, Tokyo Garasu Kikai,
Tokyo, Japan) was placed at the entrance to the odor bottle to
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Fig. 1 Schematic diagram of the experimental procedures. Regional
blood flow in the olfactory bulb and frontal cortex were measured by
laser Doppler flowmetry. Odor (5% amyl acetate (AA)] was applied
by constant flow of humidified nitrogen into the nose using a custom-
built odor delivery system. The flow passes through a tube inserted
into the larynx. A tracheal tube was inserted caudally into the trachea,
and respiration was artificially maintained using a respirator. Vehicle
is 100% propylene glycol

avoid contamination. The output line from the solenoid valve
was made of a small-diameter polyethylene tube (SP45, ID
0.58 mm, OD 0.96 mm, Natsume, Tokyo, Japan), which then
divided into two tubes (SP45, Natsume), reaching into the
bilateral nostrils. The two tubes were sealed to the nose tis-
sues using cyanoacrylate glue to prevent flow leakage. The
dead volume from the solenoid valve to the bilateral nostrils
was approximately 0.35 ml, allowing rapid transition of odor
stimulation. The exhaust air was allowed to flow out through
a tube inserted into the larynx. The exhaust air was bubbled
through distilled water in a flask and then filtered through
activated charcoal before release to the atmosphere.

The odor stimulation-induced increase in blood flow in
the olfactory bulb was repeatedly measured by delivering
odor (5% AA) for 30 s at 5-7 min intervals. This duration
and interval of odor stimulations are based on reports by
Poplawsky et al. [14, 22], who recorded the blood flow
response of the olfactory bulb to odor (5% AA) stimulation
for 64 s at 4 min intervals. We confirmed the reproducibility
of the odor-induced blood flow responses in the olfactory
bulb in our experiment.

Drug administration

(—)Nicotine (Tokyo Kasei Kogyo, Tokyo, Japan) was diluted
in saline to final doses of 30 pg/kg body weight (calculated
as the free base). Saline or nicotine was injected slowly
(duration of about 1 min) through a femoral vein. We chose
a dose of 30 pg/kg of nicotine because our previous report
showed that this dose is optimal for stimulating nicotinic
cholinergic receptors in the brain parenchyma without
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causing marked changes in systemic arterial pressure [6].
In four rats, the a4p2-preferring nicotinic receptor antagonist
dihydro-B-erythroidine hydrobromide (DHPE, Tocris, Bris-
tol, UK, 5 mg/kg) was dissolved in saline and administrated
intravenously as reported previously [8].

Statistical analysis

All values are presented as the mean + standard error of
mean (SEM). Statistical comparisons were performed by
means of a one-way repeated measures analysis of variance
(ANOVA) followed by a Dunnett’s multiple comparison test
or paired ¢-test. A p value <0.05 was considered statistically
significant.

Results

Responses to odor stimulation of blood flow

in the olfactory bulb and frontal cortex and mean
arterial pressure

Figure 2a shows the responses of blood flow in the olfactory

bulb and frontal cortex and the mean arterial pressure, fol-
lowing odor stimulation. The rate of change of these three

(a) before nicotine injection

parameters were averaged every 5 s in 6 rats. The blood
flow in the olfactory bulb gradually increased following the
30-s odor stimulation, reaching a maximum of 107% +3%
just after the end of the stimulation. The increased response
of blood flow in the olfactory bulb was significant for 30 s;
then it gradually returned to the pre-stimulus basal level. The
blood flow in the frontal cortex and mean arterial pressure
exhibited no obvious changes following odor stimulation.

Effect of intravenous injection of nicotine
on the odor-induced responses

Before the nicotine injection, the basal levels of the blood
flow in the olfactory bulb and frontal cortex and the mean
arterial pressure were 316+31 mV, 304 +30 mV, and
80+4 mmHg, respectively. After the nicotine (30 pg/kg)
injection, the basal level of blood flow in the olfactory bulb
did not change in 4 of 6 rats, decreased about 10% in other
2 rats, and the total responses in all 6 rats were insignificant
(309 +30 mV). In contrast, the blood flow in the frontal
cortex significantly increased to 462 +46 mV (157% +8%
of the pre-injection basal levels, p <0.01) (values obtained
at 7 min after nicotine injection). This increase in frontal
cortical blood flow gradually returned to the pre-injection
basal level after more than 15-35 min (varied in each rat).

(b) after nicotine injection
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Fig.2 Effect of nicotine on the odor-evoked responses in regional
blood flow in the olfactory bulb and frontal cortex and mean arte-
rial pressure (MAP). a Before nicotine injection. b After intrave-
nous injection of nicotine (30 pg/kg). Mean values of blood flow (in
the olfactory bulb and frontal cortex) and MAP during a 5-s period
were plotted every 5 s as percentage of the pre-odor stimulus basal
values (=5 to 0 s) (n=6). (a For each rat, two trials were averaged.
b For each rat, a trial obtained 5-10 min after intravenous injection

of nicotine was summarized). Each point and vertical bar represent
a mean+ SEM. *p <0.05; **p <0.01; significantly different from the
pre-odor stimulus basal values (=5 to O s) using a one-way repeated
measures analysis of variance (ANOVA) followed by Dunnett’s mul-
tiple comparison test. /nset in a and b: sample recordings of regional
blood flow in the olfactory bulb (olf-BF) and frontal cortex (fro-BF)
and MAP to odor stimulation in one rat
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The basal level of the mean arterial pressure was slightly
decreased to 71 +3 mmHg (88% +4% of the pre-injection
basal levels, p <0.05), 7 min after nicotine (30 pg/kg) injec-
tion. This depressor response was short-lasting and returned
to the pre-injection basal level after another 5 min.

Figure 2b shows the odor-induced responses of blood
flow in the olfactory bulb and frontal cortex and the mean
arterial pressure, obtained at 5—10 min after nicotine (30 pg/
kg) injection. The odor-induced percentage changes were
calculated from the new basal levels altered by nicotine
injection, although the basal level of the olfactory bulb blood
flow was not significantly changed by the nicotine injec-
tion. The blood flow in the olfactory bulb increased rapidly
after the onset of odor stimulation and reached a maximum
of 114% +3% at the end of the stimulation. The significant
increase in blood flow in the olfactory bulb started at 5 s
after the onset of stimulation and lasted for 70 s. The blood
flow in the frontal cortex and the mean arterial pressure
marginally fluctuated during the odor stimulation, but the
responses were not statistically significant.

Focusing on the blood flow response in the olfactory bulb,
Fig. 3a summarizes the changes during the 60-s period after
the onset of odor stimulation, expressed as percentages of
the pre-stimulation values (—30 to 0 s). The increased blood
flow response in the olfactory bulb was 104% +2% before
nicotine injection, and it was significantly potentiated to
110% + 3% after nicotine injection (obtained at 5-10 min
after nicotine injection). The potentiating effect of nicotine
on the odor-induced increase in blood flow in the olfactory
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Fig.3 The odor-evoked responses of regional blood flow in the olfac-
tory bulb to intravenous injection of nicotine without (a) and with (b)
dihydro-p-erythroidine. The mean values of blood flow in the olfac-
tory bulb during a 60-s period after the onset of odor stimulation
were expressed as percentage of the pre-stimulus basal values (=30 to
0 s). In b, nicotine was injected 20-25 min after intravenous adminis-
tration of dihydro-p-erythroidine (DHPE, 5 mg/kg). Each column and
vertical bar represent the mean+SEM (a: n=6, b: n=4). *p<0.05;
significantly different from the response before nicotine injection
determined by a paired #-test
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bulb lasted until 15-35 min after injection (varied in each
rat).

Intravenous injection of the same volume of saline instead
of nicotine (30 pg/kg) did not change the blood flow (in the
olfactory bulb and frontal cortex) or the mean arterial pres-
sure, in both the basal level and the odor-induced olfactory
bulb response.

Effect of neuronal a4f2-preference nicotinic
receptor antagonist on nicotine-induced
potentiation of olfactory bulb response to odor

Figure 3b summarizes the blood flow responses of the olfac-
tory bulb to odor in rats pretreated with a4p2-preference
nicotinic receptor antagonist (DHBE). Before the nicotine
injection, the blood flow response of the olfactory bulb to
odor stimulation in rats pretreated with DHBE (left column
of Fig. 3b) was similar to that observed in rats without DHBE
(left column of Fig. 3a). In contrast, the potentiation of the
olfactory bulb response to odor stimulation after the nicotine
(30 pg/kg) injection (right column of Fig. 3a) was negated
in rats pretreated with DHPE (right column of Fig. 3b). The
nicotine-induced increase in basal blood flow in the frontal
cortex and the decrease in basal mean arterial pressure were
also negated in rats pretreated with DHE.

Discussion

This study showed that (1) odor stimulation increases blood
flow in the olfactory bulb, without changes in neocortical
blood flow and systemic blood pressure; (2) the increased
response of the olfactory bulb blood flow is potentiated
by intravenous injection of nicotine; and (3) the nicotine-
induced augmentation of the olfactory bulb blood flow
response to odor is negated by dihydro-p-erythroidine, an
a4p2-preferring nicotinic ACh receptor antagonist, in vivo,
in anesthetized rats. These results suggest that activation of
a4p2-like nicotinic ACh receptors in the brain potentiates
odor-induced blood flow response in the olfactory bulb.

It has been reported that odor stimulation increases
regional blood flow in the olfactory bulb in association with
neuronal activities in anesthetized animals [12, 14, 15, 23].
Consistent with these previous studies, in the present study,
odor stimulation (5% AA) produced an increase in olfactory
bulb blood flow without changes in systemic arterial pres-
sure. Previous reports observing the odor-induced hemo-
dynamic responses in the olfactory bulb did not measure
the blood flow of the other cerebral regions [12, 14, 15].
Our present study measured the regional blood flow of the
olfactory bulb and frontal cortex, as well as systemic arterial
pressure, and found that odor stimulation increased blood
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flow in the olfactory bulb without changes in frontal cortical
blood flow and systemic arterial pressure.

To our knowledge, this study is the first to demonstrate
that activation of the nicotinic ACh receptors by intrave-
nous injection of nicotine (30 pg/kg) potentiates the odor-
induced increased response of olfactory bulb blood flow. The
basal level of the olfactory bulb blood flow did not change
after nicotine injection in most cases (4 of 6 rats), while it
decreased slightly after nicotine injection in some cases (2
of 6 rats). Therefore, we cannot deny the possibility that the
potentiating effect of nicotine can also be brought about by
arelative increase of olfactory bulb blood flow response due
to the decrease of its basal level after nicotine injection, in
some cases.

Furthermore, in the present study, the a4p2-like neu-
ronal nicotinic ACh receptors were found to be related to
the nicotine effect in potentiating the odor-induced increased
response of olfactory bulb blood flow. The role of a4p2-
like neuronal nicotinic ACh receptors was also found in our
previous study [8] observing vasodilation in the neocortex
induced by intravenous injection of nicotine (30 pg/kg),
which is the same amount used in the present study. Vaso-
dilation in the neocortex following the intravenous injection
of nicotine (30 pg/kg) was suggested by Uchida et al. [6] to
result from the stimulation of the nicotinic ACh receptors
(a4p2-subtype, as mentioned) in the neocortex and in the
nucleus basalis of Meynert of the basal forebrain, which
provides a major source of cholinergic projection into the
neocortex [24, 25]. The olfactory bulb receives cholinergic
neural inputs originating in the nucleus of the horizontal
limb of the diagonal band of Broca (HDB) in the basal fore-
brain [24, 26]. In both the olfactory bulb and HDB cholin-
ergic neurons, the expression of a4 and B2 nicotinic ACh
receptor subunit mRNAs has been identified in rats [27-29].
Thus, the present findings of the nicotine-induced potentia-
tion of olfactory sensory processing in the olfactory bulb
could be due to the activation of the a4p2-like neuronal
nicotinic ACh receptors in the olfactory bulb and/or in the
HDB cholinergic neurons. Recent studies show that nicotinic
acetylcholine receptors are expressed not only on neurons
but also on non-neuronal cells (e.g., endothelial cells, glial
cells) [30]. Location of nicotinic ACh receptors regarding
brain region and cell type that relates to the present findings
should be clarified in future studies.

D’Souza et al. [16] reported that activation of a4p2-like
nicotinic ACh receptors depolarizes the neurons (external
tufted cells) in the olfactory bulb, using in vitro electrophysi-
ological techniques. Our present study showed that in in vivo
blood flow recording experiments, activation of a4p2-like
nicotinic ACh receptors potentiates the odor-induced blood
flow response in the olfactory bulb. From the functional
perspective, this potentiation of the odor-induced increase
in olfactory bulb blood flow may contribute to the neuronal

turnover in the olfactory bulb and the short-term olfactory
memory [31-33].

In the present study, changes in olfactory bulb blood flow
due to odor (104% before nicotine injection; and additional
6% boost available, that is 110%, after nicotine injection)
was much smaller than the changes in the basal level of
frontal cortical blood flow due to nicotine (157% of the pre-
injection basal levels). A lower distribution density of a4
and P2 subtype nicotinic ACh receptors in the olfactory bulb
[29] might be a reason for the varying response levels.

Age-related decline in f2-nicotinic ACh receptor avail-
ability in the brain, as well as in the neocortical region,
has been reported [34]. In patients with mild Alzheimer’s
dementia, compared with age-matched healthy controls, a
widespread reduction of cholinergic a4p2-nicotinic ACh
receptor availability, especially within the hippocampus,
frontotemporal cortices and basal forebrain, has been
reported [35]. The decline in a4p2-nicotinic ACh recep-
tor availability, as well as the degeneration of basal fore-
brain cholinergic neurons [36-38], could explain the olfac-
tory dysfunction in the early stage of Alzheimer’s disease
[39-41].

In the present study, we measured the odor-induced
olfactory bulb blood flow response which is reported to be
associated with neuronal activity [12, 14, 15, 23]. In fur-
ther experiments, for deeper understanding of cholinergic
modulation of olfactory processing, simultaneously to the
blood flow measurements, recording of neuronal activity by
techniques such as field potential recording [42, 43], opti-
cal recording with a voltage-sensitive dye [44], and calcium
imaging [45], might be required.

In conclusion, the present study has demonstrated that
the activation of a4p2-like neuronal nicotinic ACh recep-
tors potentiates olfactory blood flow response to odor. In a
future study, age-related changes in the nicotinic ACh recep-
tor function in potentiating the odor-induced olfactory bulb
blood flow response should be clarified.
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