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Abstract

In our previous research, we had demonstrated the crucial role of neuronal nicotinic acetylcholine receptors (NAChRs)
in potentiation of the olfactory bulb blood flow response to olfactory stimulation in adult rats. The present study
examined the effects of NAChR activation on the olfactory bulb blood flow response in rats aged 24-27 months. We
found that, under urethane anesthesia, unilateral olfactory nerve stimulation (300 pA, 20 Hz, 5 s) increased blood flow
within the ipsilateral olfactory bulb, without changes in the systemic arterial pressure. The increase in blood flow was
dependent upon the current and frequency of the stimulus. Intravenous administration of nicotine (30 pg/kg) had lit-
tle effect on the olfactory bulb blood flow response to nerve stimulation at either 2 Hz or 20 Hz. These results suggest
a reduction in nAChR-mediated potentiation of the olfactory bulb blood flow response in aged rats.
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Introduction

A decline in olfactory function is a common aspect of
normal aging [1-4]. It is also an early symptom of Alzhei-
mer’s disease [5—7]. The olfactory bulb, the first process-
ing station of olfactory information in the brain, receives
cholinergic basal forebrain input, as does the neocortex
contributing cognitive function [8, 9].

Rodent studies by our laboratory have shown that nico-
tinic acetylcholine receptors (nAChRs) in the brain play
a crucial role in vasodilation, increasing the regional
blood flow in the neocortex, induced by basal forebrain
cholinergic activation or nicotine injection [10—14]. Acti-
vation of the a4p2 subtype of nAChRs was found to be
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responsible for nicotine-induced neocortical vasodilation
[15]. When compared to adult rats of 3-10 months, this
vasodilation was relatively well-maintained in old rats of
23-26 months, but showed a marked decline in very old
rats of 32-36 months [14].

Our studies also elucidated the role of nicotinic cho-
linergic transmission in the olfactory bulb in adult rats
[16, 17]. Activation of a4f2 nAChRs by nicotine injec-
tion triggers the potentiation of olfactory bulb vasodila-
tion induced by olfactory stimulation [16]. This indicates
that activation of a42 nAChRs in the brain plays a role
in increasing the sensitivity of the olfactory bulb to olfac-
tory stimuli. It is important to know aging effects on nic-
otinic cholinergic regulation of the olfactory bulb blood
flow response. Thus, the present study aimed to investi-
gate the effects of nicotine stimulation of nAChRs on the
olfactory bulb vasodilation induced by olfactory stimula-
tion in old rats of 24—27 months. We will discuss these
aging effects by comparing the present results in old rats
with our previous reports in adult rats [17].
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Methods

Experimental animals

The experiments in this study were performed on five
male Fischer rats (360-460 g; 24—27 months old). Our
research was conducted in accordance with the Guide-
lines for Proper Conduct of Animal Experiments (estab-
lished by the Science Council of Japan in 2006) and was
approved by the Animal Care and Use Committee of the
Tokyo Metropolitan Institute of Gerontology.

General surgery and anesthesia

The rats were anesthetized subcutaneously with urethane
(1.4 g/kg), after initial inhalation of 4.2% sevoflurane for
approximately 5 min. Respiration was maintained using
an artificial respirator (model 683, Harvard, USA) via a
tracheal cannula. The end-tidal CO, concentration was
monitored using a gas monitor (Microcap, Oridion Med-
ical, Jerusalem, Israel), and was maintained at 3.0%—4.0%
by controlling respiratory volume and frequency. Arterial
blood pressure was measured through a catheter inserted
into a femoral artery with a pressure transducer (TP-
400 T, Nihon Kohden, Tokyo, Japan). Body temperature
was measured rectally and continuously using a thermis-
tor and maintained at approximately 37.5 °C using a body
temperature control system (ATB-1100, Nihon Kohden).
Anesthesia was sustained with additional urethane doses
(100 mg/kg, i.v. via a catheter inserted into a femoral
vein) when necessary. This was determined by monitor-
ing body movement, blood pressure stability, and respira-
tory movement.

Measurement of regional blood flow in the olfactory bulb
and neocortex

Each animal was mounted on a stereotactic instrument
(SR-5R-HT, Narishige, Co., Ltd., Tokyo, Japan) in a prone
position. Regional cerebral blood flow was measured
using laser speckle contrast imaging, as has been previ-
ously described [17-19].

Briefly, a craniotomy was performed and the surface
of the brain was then covered with mineral oil, followed
by a glass coverslip. For the laser speckle contrast imag-
ing, we used a Moor full-field perfusion imaging device
consisting of an infrared laser diode (785 nm wavelength)
and a CCD camera (FLPI-2, Moor Instruments, Devon,
UK). The imaging device was fixed, and the zoom was
adjusted to cover the dorsal surface of the brain from
the most anterior part of the olfactory bulb to the frontal
cortex. The viewing field covered approximately 108 mm?
(12 mm x 9 mm) with a matrix of 150 x 116 pixels, pro-
viding an approximate resolution of 79 pum per pixel. The
images were sampled at 25 Hz.

To analyze spatial changes in blood flow, the acquired
images were further averaged over 1-s time bins. The
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baseline image, which was obtained just before olfactory
nerve stimulation (— 1 to 0 s), was then subtracted from
the other images to assess the relative blood flow changes.
To quantify temporal blood flow changes (in arbitrary
units), time courses were extracted for three regions
of interest, which were selected on the imaging device
screen using 1.0-mm-diameter circles. These were posi-
tioned bilaterally, avoiding visible blood vessels, in the
area of the olfactory bulb (anterior—posterior [AP] =7.0—
8.0 mm from bregma, lateral [L]=0.6-1.6 mm to the
midline), and the frontal cortex (AP=1.0-4.0 mm,
L=1.0-4.0 mm) [20, 21] ipsilateral to the side of olfac-
tory nerve stimulation.

Stimulation of the olfactory nerve

The unilateral olfactory nerve was electrically stimulated
as has been previously described [17, 22]. Briefly, a coax-
ial metal electrode with an outer diameter of 0.2 mm was
stereotaxically inserted into the olfactory nerve bundle
approximately 4 mm posterior to the nasofrontal suture.
Electrical stimulation of the olfactory nerve was per-
formed using a stimulator (SEN-3301, Nihon Kohden)
and a stimulus isolation unit (SS-202 J, Nihon Kohden).
Repetitive electrical square pulse stimuli of 0.5 ms in
width, with varying intensities (20-400 pA) and frequen-
cies (0.5-200 Hz), were applied for 5 s. To examine the
relationships between the intensities and frequencies of
the stimulation and the magnitudes of the olfactory bulb
blood flow response, the stimuli were applied with incre-
ment increases, going from low to high intensity at steady
frequency (20 Hz), and from low to high frequency at
steady intensity (300 pA or 400 pA). The minimum inter-
val between stimuli was 1.5 min. To examine the effect
of nicotine on the olfactory nerve stimulation-induced
blood flow response, the parameters of electrical stimula-
tion were set at an intensity of 300 pA or 400 pA with two
different frequencies (2 and 20 Hz). The order of these
two frequencies was random, and the minimum interval
between stimuli was 2 min.

Drug administration

(—) Nicotine (Tokyo Kasei Kogyo, Tokyo, Japan) was
diluted in saline to a final concentration of 30 ug/kg body
weight (calculated as the freebase). This was then injected
slowly (over approximately 1 min) into the femoral vein
on the rat. We chose a nicotine dose of 30 pug/kg because
our previous report found this to be optimal for stimu-
lating nAChRs in the brain parenchyma while keeping
changes in systemic arterial pressure to a minimum [14].
We also previously found it to effectively enhance the
olfactory bulb blood flow responses to olfactory stimula-
tion in adult rats [16, 17].



Uchida et al. The Journal of Physiological Sciences (2023) 73:1

Hypercapnic stimulation

Hypercapnia was induced in the rats by introducing 5%
CO, with air balanced gas via the inspiratory gas for 30 s,
as previously described [23, 24].

Data collection and statistical analysis

The analog signals obtained that measured regional
blood flow and systemic arterial pressure were recorded
on a desktop computer using an analog-to-digital (A/D)
converter (Micro 1401 mkIl, Cambridge Electronic
Design, Cambridge, UK) and Spike 2 software (Spike 2,
Cambridge, UK) that enabled offline analyses.

All values were presented as mean + SEM. Changes in
the regional blood flow and the mean arterial pressure
evoked by olfactory nerve or hypercapnic stimulation
were assessed by a Friedman’s test followed by Dunn’s
multiple comparison test. Changes in regional blood
flow responses to olfactory nerve stimulation before
and after nicotine injection were compared using
Wilcoxon matched-pairs signed rank test. A p-value
of <0.05 was considered statistically significant.

Results

Spatial and temporal changes in cerebral blood flow
resulting from olfactory nerve stimulation in aged rats
Changes in the cerebral blood flow and mean arte-
rial pressure induced by olfactory nerve stimulation at
300 pA and 20 Hz for 5 s were measured in aged rats
(Fig. 1). Unilateral stimulation of the olfactory nerve
increased olfactory bulb blood flow on the side ipsilat-
eral to the stimulation (Friedman test, p <0.0001). This
blood flow usually began to increase approximately 1 s
after stimulation onset (Fig. le). The increased blood
flow became statistically significant 2-3 s after stimu-
lation onset and reached a maximum of 11%+2%
(n=5) near the end of the stimulation period (Fig. 1f).
In contrast, changes in blood flow within the contralat-
eral olfactory bulb, and ipsilateral frontal cortex to
olfactory nerve stimulation, were negligible (Fig. le)
and statistically insignificant (Friedman test, p=0.11
for contralateral olfactory bulb, p=0.59 for ipsilateral
frontal cortex). Each rat’s resting arterial pressure was

(See figure on next page.)
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measured before the stimulation was applied. The mean
resting pressure was 78 £4 mmHg (n=5). Blood pres-
sure was not influenced by olfactory nerve stimulation
(Figs. le, f, Friedman test, p =0.99).

Changes in blood flow in response to olfactory nerve
stimulation in aged rats

The effects of electrical stimulation of the unilateral
olfactory nerve on regional blood flow in the olfactory
bulb were examined, using different stimulus intensi-
ties (Fig. 2a, b) and frequencies (Fig. 2c—e), and focusing
on the blood flow in the side ipsilateral to the stimula-
tion. When the frequency of the stimulation was kept
at a constant of 20 Hz, olfactory bulb blood flow was
increased in response to intensities of > 100 pA in a cur-
rent-dependent manner in all 5 rats tested. The blood
flow responses were greatest with intensities of 300 and
400 pA (Fig. 2a, b). When the intensity of the stimulus
was kept at a constant of either 300 pA or 400 pA, olfac-
tory bulb blood flow was increased in response to fre-
quencies of >5-200 Hz in all 5 rats tested (Fig. 2¢, d).
The blood flow response was greatest with a frequency of
20 Hz. Stimulation with higher frequencies of 50-200 Hz
produced a second peak blood flow response, approxi-
mately 15-22 s after the onset of olfactory nerve stimula-
tion (Fig. 2c, e).

Effect of intravenous nicotine on the olfactory bulb blood
flow response to olfactory nerve stimulation in aged rats
The effect of nicotine on the olfactory bulb blood flow
response to olfactory nerve stimulation with frequencies
of 2 Hz (subthreshold frequency) and 20 Hz (the maxi-
mum frequency for the first peak) and a constant inten-
sity of 300 pA or 400 pA was examined. Before nicotine
injection, the olfactory bulb blood flow responses elicited
by olfactory nerve stimulation using these two different
frequencies were confirmed to be stable between the two
trials.

Figure 3a shows the time course of the olfactory bulb
blood flow responses to olfactory nerve stimulation
using these two frequencies, before (black line) and at
3-11 min after nicotine administration (30 pg/kg, red
line) in five rats. Nicotine produced little effect on the

Fig. 1 Spatiotemporal changes in regional cerebral blood flow following olfactory nerve stimulation in aged rats. a Schema showing the area

of blood flow recorded using a laser speckle contrast imaging device. b—e Sample recordings of regional cerebral blood flow and mean arterial
pressure in one aged rat. b, ¢ Averaged signal over selected 1-s period. d Differential signal changes were obtained from b and ¢ by subtracting

the baseline signal from the subsequentimage (b: — 1to 0s, c: 5-6 s). @ Sample recordings of the mean arterial pressure and the regional cerebral
blood flow responses to olfactory nerve stimulation ipsilateral and contralateral olfactory bulb, and the ipsilateral frontal cortex (the region of
interest from which data were extracted are indicated by the grey circles in a). f Signal changes (as percentages) in the ipsilateral olfactory bulb
blood flow and the mean arterial pressure in response to olfactory nerve stimulation, averaged every 1 s. Changes in each parameter were
expressed as the percentages of the corresponding basal values (the mean of the values from the 10 s before time zero). Each point and vertical bar
represents a mean = SEM (n=5). *p <0.05, **p < 0.01: significantly different from the mean pre-stimulus basal value (— 1 to 0's), determined with a

Friedman'’s test followed by Dunn’s multiple comparison test
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Fig. 2 Olfactory bulb blood flow responses to olfactory nerve
stimulation in aged rats. The effects of various intensities (a-b) and
frequencies (c—e) of electrical stimulation of the unilateral olfactory
nerve on regional olfactory bulb blood flow on the side ipsilateral
to the stimulus. a-b Stimulus frequency, 20 Hz. ¢ Stimulus intensity,
400 pA. d-e Stimulus intensity, 300 or 400 pA. a, ¢ Sample recordings
of regional blood flow in the olfactory bulb. b, d, @ Maximum levels
of regional olfactory bulb blood flow. These occurred within 8 s
(first peak) or 15-22 s (second peak) of stimulation onset. These

are expressed as the percentage of the pre-stimulus basal blood
flow (the mean of the values recorded in the 10 s before time zero),
by which blood flow was increased. Each column and vertical bar
represents a mean =+ SEM (n=5)

olfactory bulb blood flow responses to olfactory nerve
stimulation with frequencies of 2 Hz and 20 Hz. Stimu-
lation with a frequency of 2 Hz produced no obvious
changes in blood flow either before or after nicotine
injection (Fig. 3a, top). Stimulation with a frequency of
20 Hz produced same increases in olfactory bulb blood
flow, with the response being marginally potentiated by
nicotine injection in three of the five rats tested. With
20 Hz stimulation, the peak increment was similar in
both conditions (before or after nicotine injection), but
the subsequent blood flow was marginally greater after
nicotine injection than before (Fig. 3a, bottom). However,
the olfactory bulb blood flow response to 20 Hz stimula-
tion between these two conditions were not statistically
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significant (p=0.31, tested by Wilcoxon matched-pairs
signed rank test), when the averaged blood flow val-
ues for a 30-s period after stimulation onset were com-
pared (before vs after nicotine injection, 3.01+0.38% vs
4.39£1.11%). Neither the basal olfactory bulb blood flow
nor the mean arterial pressure was significantly changed
by nicotine administration.

Effect of hypercapnic stimulation on the olfactory bulb
blood flow in aged rats

Figure 3b depicts the time course of the olfactory bulb
blood flow responses to hypercapnic stimulation of the
olfactory bulbs of five old rats. We found olfactory bulb
blood flow to be significantly increased by hypercapnia
(inhalation of 5% CO, for 30 s) reaching a maximum of
25% =+ 3% (Friedman test, p <0.0001).

Discussion

This study has demonstrated that olfactory nerve stim-
ulation produces vasodilation in the olfactory bulb.
However, the nicotine-induced potentiation of olfac-
tory bulb vasodilation due to a4f2 nAChR activation
was found to have diminished considerably in old rats of
24-27 months (Fig. 4).

Comparison of the effects of aging on the blood flow
responses of the neocortex and the olfactory bulb

In our previous study, we showed that a4f2 nAChR-
mediated vasodilation in the neocortex induced by nico-
tine injection is relatively well-maintained in old rats of
23-26 months but markedly declines in very old rats of
32-36 months [14, 15]. In the present study, we showed
that the a4f2 nAChR-mediated potentiation of olfac-
tory bulb vasodilation induced by nicotine injection
is reduced in old rats of 24—27 months. Based on these
results, we posit that age-related impairment of a4{32
nAChR function may affect the olfactory bulb earlier
than the neocortex. The nAChR-mediated regulation of
olfactory function may be a useful marker for the early
detection of impairments in olfaction and cognition.

Olfactory bulb vasodilation sensitivity to olfactory nerve
stimulation in aged rats

We found that electrical stimulation of the unilateral
olfactory nerve in old rats produced an increase in olfac-
tory bulb blood flow ipsilateral to the side of stimulation.
Blood pressure was unaffected. The blood flow increase
in the ipsilateral olfactory bulb depended on the current
and frequency of the stimulus. The spatiotemporal blood
flow response characteristics and the current and fre-
quency dependence of prompt vasodilation of the olfac-
tory bulb were the same as those previously observed in
adult rats [17]. This is consistent with research by Kass
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Fig. 3 Changes in the olfactory bulb blood flow following nicotine administration or hypercapnia in aged rats. a Graph of the time course of
regional blood flow responses in the olfactory bulb ipsilateral to the olfactory nerve stimulation. The blood flow values were averaged every 1's
before (black line) and after (red line) nicotine injection (30 pg/kg). The stimulus frequencies used were 2 Hz (upper graphs) and 20 Hz (lower
graphs). Changes in regional blood flow are expressed as percentages of the corresponding basal values (the mean value from those recorded over
the 10 s before time zero). Each point and vertical bar represent a mean 4 SEM (n=5). b Graph of olfactory bulb regional blood flow response time
courses, averaged every 1 s (n=5). *p <0.05, **p < 0.01: significantly different from the mean pre-stimulus basal value (— 1 to 0 s), determined with a

Friedman's test followed by Dunn’s multiple comparison test

Blood flow responses in the olfactory bulb

adult old
04p2 nAChR-
mediated potentiation

vasodilation

vasodilation

stim. stim.

/4
aging effects
vasodilation by olfactory stim. = maintained
¥ declined

Fig. 4 Schematic diagram showing aging effects on a4f32
nAChR-mediated potentiation of vasodilation within the olfactory
bulb. nAChR, nicotinic acetylcholine receptor

potentiation by nicotine

et al. [25] who demonstrated that odor-evoked synaptic
output from the olfactory sensory neurons to the olfac-
tory bulb glomeruli is relatively stable in anesthetized
mice throughout normal aging, from 6 to 24 months old.

The decline of nicotine effects on the olfactory bulb

in aged rats

Our previous study with adult rats showed intrave-
nous injection of nicotine to increase olfactory bulb
sensitivity to olfactory stimulation and the potentia-
tion of regional vasodilation [16, 17]. This potentiation

effects was found to be due to the activation of a4{2
nAChRs in the brain, since an a4fp2-preferring nAChR
antagonist (dihydro-B-erythroidine) abolished the
potentiation effects [16]. In the present study, the
potentiating effects of nicotine on olfactory bulb vaso-
dilatory responses to olfactory nerve stimulation were
greatly reduced in old rats of 24—27 months. No nic-
otine-induced potentiation was observed in the blood
flow response to 2 Hz and 20 Hz nerve stimulation.
In contrast, olfactory bulb vasodilatory response to
hypercapnic stimulation, indicating the vasodilatory
ability of the olfactory bulb, was considerably greater
than its response to olfactory nerve stimulation (Fig. 3).
We propose that, with age, the olfactory bulb blood
vessels maintain their vasodilatory ability but reactiv-
ity to nicotine diminishes. Since a4f2 nAChRs are
responsible for the effects of nicotine, described in our
research, a decline in a4f32 nAChR function in old rats
of 24-27 months may be the cause of this (Fig. 4).

In rat brains, a4 and B2 mRNA levels are known
to decrease from 7-29 months of age, with further
decreases at 32 months. This is relatively constant across
in different areas of the brain [26]. Decreases in a4 and
B2 mRNA levels as well as a4B2 nAChR availability have
also been reported in the human brain with normal aging
[27] and Alzheimer’s disease [28]. The diminished olfac-
tory bulb blood flow potentiation effects of nicotine
through a4p2 nAChR activation in old rats may be due to
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this decline in a4f2 nAChRs in the brain [26-28]. Thus,
age-related decline in a4$2 nAChR function may be the
mechanism responsible for the reduction in olfactory
sensitivity in old rats of 25 months [29], and may also
cause olfactory dysfunction in older peoples and those
with Alzheimer’s disease [1, 6, 30, 31].

Conclusion

This study demonstrated that a4f2 nAChR-medi-
ated potentiation of the olfactory bulb vasodilation
response to olfactory stimulation declines in old rats
of 24-27 months. These findings broaden the present
understanding of the importance of a4p2 nAChRs in the
maintenance of olfactory function.

Abbreviation

nAChR

Nicotinic acetylcholine receptor

Acknowledgements
Not applicable.

Author contributions

SU and FK conceived and designed the research and performed the experi-
ments. All authors analyzed the data and interpreted the results. SU drafted
the manuscript. All authors edited and revised manuscript. All authors read
and approved the final manuscript.

Funding
This work was supported by JSPS KAKENHI Grant Numbers JP21H05348 and
JP21K11717, and by Smoking Research Foundation.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All rat experiments were approved by the Animal Care and Use Committee of
the Tokyo Metropolitan Institute of Gerontology.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Received: 29 August 2022 Accepted: 18 December 2022
Published online: 02 March 2023

References

1.

2.

Attems J, Walker L, Jellinger KA (2015) Olfaction and aging: a mini-review.
Gerontology 61:485-490

Doty RL, Shaman P, Applebaum SL, Giberson R, Siksorski L, Rosen-

berg L (1984) Smell identification ability: changes with age. Science
226:1441-1443

Murphy C, Schubert CR, Cruickshanks KJ, Klein BEK, Klein R, Nondahl

DM (2002) Prevalence of olfactory impairment in older adults. JAMA
288:2307-2312

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 7 of 8

Schubert CR, Fischer ME, Pinto AA, Klein BEK, Klein R, Cruickshanks KJ
(2017) Odor detection thresholds in a population of older adults. Laryn-
goscope 127:1257-1262

Devanand DP, Liu X, Tabert MH, Pradhaban G, Cuasay K, Bell K, de Leon
MJ, Doty RL, Stern Y, Pelton GH (2008) Combining early markers strongly
predicts conversion from mild cognitive impairment to Alzheimer’s
disease. Biol Psychiatry 64:871-879

Murphy C (2019) Olfactory and other sensory impairments in Alzheimer
disease. Nat Rev Neurol 15:11-24

Waldton S (1974) Clinical observations of impaired cranial nerve function
in senile dementia. Acta Psychiatr Scand 50:539-547

Mesulam MM, Mufson EJ, Wainer BH, Levey Al (1983) Central cholinergic
pathways in the rat: an overview based on an alternative nomenclature
(Ch1-Ch6). Neuroscience 10:1185-1201

Rye DB, Wainer BH, Mesulam MM, Mufson EJ, Saper CB (1984) Cortical
projections arising from the basal forebrain: a study of cholinergic and
noncholinergic components employing combined retrograde tracing
and immunohistochemical localization of choline acetyltransferase.
Neuroscience 13:627-643

Biesold D, Inanami O, Sato A, Sato Y (1989) Stimulation of the nucleus
basalis of Meynert increases cerebral cortical blood flow in rats. Neurosci
Lett 98:39-44

. Kurosawa M, Sato A, Sato Y (1989) Stimulation of the nucleus basalis of

Meynert increases acetylcholine release in the cerebral cortex in rats.
Neurosci Lett 98:45-50

Hotta H (2016) Neurogenic control of parenchymal arterioles in the
cerebral cortex. Prog Brain Res 225:3-39

Sato A, Sato Y (1992) Regulation of regional cerebral blood flow by cho-
linergic fibers originating in the basal forebrain. Neurosci Res 14:242-274
Uchida S, Kagitani F, Nakayama H, Sato A (1997) Effect of stimulation

of nicotinic cholinergic receptors on cortical cerebral blood flow and
changes in the effect during aging in anesthetized rats. Neurosci Lett
228:203-206

Uchida S, Hotta H, Kawashima K (2009) Long-term nicotine treatment
reduces cerebral cortical vasodilation mediated by a4p2-like nicotinic
acetylcholine receptors in rats. Eur J Pharmacol 609:100-104

Uchida S, Ito Y, Kagitani F (2019) Effects of nicotine on odor-induced
increases in regional blood flow in the olfactory bulb in rats. J Physiol Sci
69:425-431

Uchida S, Kagitani F (2020) Effects of nicotine on regional blood flow in
the olfactory bulb in response to olfactory nerve stimulation. J Physiol Sci
70:30

Hotta H, Uchida S, Kagitani F, Maruyama N (2011) Control of cerebral
cortical blood flow by stimulation of basal forebrain cholinergic areas in
mice. J Physiol Sci 61:201-209

Uchida S, Kagitani F (2018) Effect of basal forebrain stimulation on
extracellular acetylcholine release and blood flow in the olfactory bulb. J
Physiol Sci 68:415-423

Paxinos G, Watson C (2009) The Rat Brain in Stereotaxic Coordinates.
Compact, 6th edn. Academic Press, Amsterdam

Zilles K (1985) The Cortex of the Rat. Springer-Verlag, Berlin

Elaagouby A, Ravel N, Gervais R (1991) Cholinergic modulation of excit-
ability in the rat olfactory bulb: effect of local application of cholinergic
agents on evoked field potentials. Neuroscience 45:653-662

AdachiT, Baramidze DG, Sato A (1992) Stimulation of the nucleus basalis
of Meynert increases cortical cerebral blood flow without influencing
diameter of the pial artery in rats. Neurosci Lett 143:173-176

Fukuda', Sato A, Trzebski A (1987) Carotid chemoreceptor discharge
responses to hypoxia and hypercapnia in normotensive and spontane-
ously hypertensive rats. J Auton Nerv Syst 19:1-11

Kass MD, Czarnecki LA, McGann JP (2018) Stable olfactory sensory neu-
ron in vivo physiology during normal aging. Neurobiol Aging 69:33-37
Ferrari R, Pedrazzi P, Algeri S, Agnati LF, Zoli M (1999) Subunit and region-
specific decreases in nicotinic acetylcholine receptor mRNA in the aged
rat brain. Neurobiol Aging 20:37-46

Tohgi H, Utsugisawa K, Yoshimura M, Nagane Y, Mihara M (1998) Age-
related changes in nicotinic acetylcholine receptor subunits a4 and 32
messenger RNA expression in postmortem human frontal cortex and
hippocampus. Neurosci Lett 245:139-142

Sabri O, Meyer PM, Gréf S, Hesse S, Wilke S, Becker GA, Rullmann M, Patt
M, Luthardt J, Wagenknecht G, Hoepping A, Smits R, Franke A, Sattler B,



Uchida et al. The Journal of Physiological Sciences (2023) 73:1 Page 8 of 8

Tiepolt S, Fischer S, Deuther-Conrad W, Hegerl U, Barthel H, Schénknecht
P, Brust P (2018) Cognitive correlates of a4{32 nicotinic acetylcholine
receptors in mild Alzheimer’s dementia. Brain 141:1840-1854

29. Kraemer S, Apfelbach R (2004) Olfactory sensitivity, learning and cogni-
tion in young adult and aged male Wistar rats. Physiol Behav 81:435-442

30. Uchida S, Shimada C, Sakuma N, Kagitani F, Kan A, Awata S (2020) The
relationship between olfaction and cognitive function in the elderly. J
Physiol Sci 70:48

31. Uchida S, Shimada C, Sakuma N, Kagitani F, Kan A, Awata S (2022) Olfac-
tory function and discrimination ability in the elderly: a pilot study. J
Physiol Sci 72:8

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Nicotinic cholinergic regulation of olfactory bulb blood flow response in aged rats
	Abstract 
	Introduction
	Methods
	Experimental animals
	General surgery and anesthesia
	Measurement of regional blood flow in the olfactory bulb and neocortex
	Stimulation of the olfactory nerve
	Drug administration
	Hypercapnic stimulation
	Data collection and statistical analysis

	Results
	Spatial and temporal changes in cerebral blood flow resulting from olfactory nerve stimulation in aged rats
	Changes in blood flow in response to olfactory nerve stimulation in aged rats
	Effect of intravenous nicotine on the olfactory bulb blood flow response to olfactory nerve stimulation in aged rats
	Effect of hypercapnic stimulation on the olfactory bulb blood flow in aged rats

	Discussion
	Comparison of the effects of aging on the blood flow responses of the neocortex and the olfactory bulb
	Olfactory bulb vasodilation sensitivity to olfactory nerve stimulation in aged rats
	The decline of nicotine effects on the olfactory bulb in aged rats

	Conclusion
	Acknowledgements
	References


