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Abstract The olfactory bulb receives cholinergic basal

forebrain input, as does the neocortex; however, the in vivo

physiological functions regarding the release of extracel-

lular acetylcholine and regulation of regional blood flow in

the olfactory bulb are unclear. We used in vivo micro-

dialysis to measure the extracellular acetylcholine levels in

the olfactory bulb of urethane-anesthetized rats. Focal

chemical stimulation by microinjection of L-glutamate into

the horizontal limb of the diagonal band of Broca (HDB) in

the basal forebrain, which is the main source of cholinergic

input to the olfactory bulb, increased extracellular acetyl-

choline release in the ipsilateral olfactory bulb. When the

regional cerebral blood flow was measured using laser

speckle contrast imaging, the focal chemical stimulation of

the HDB did not significantly alter the blood flow in the

olfactory bulb, while increases were observed in the neo-

cortex. Our results suggest a functional difference between

the olfactory bulb and neocortex regarding cerebral blood

flow regulation through the release of acetylcholine by

cholinergic basal forebrain input.

Keywords Cholinergic system � Horizontal limb of the

diagonal band of Broca � Laser speckle contrast imaging �
Microdialysis � Rat

Introduction

It is well established that patients with Alzheimer’s disease

exhibit olfactory dysfunction as well as impairments of

memory and other cognitive function [1–3]. The intrac-

erebral cholinergic system originating in the basal fore-

brain and projecting to the neocortex, hippocampus, and

olfactory bulb contributes to cognition, memory, and

olfactory functions, respectively [4–6]. In addition to these

roles, our research group has demonstrated in rats that the

activation of the basal forebrain cholinergic system pro-

jecting into the neocortex and hippocampus releases

acetylcholine (ACh), resulting in vasodilation and an

increase in the regional blood flow in these regions [7–11].

The nucleus basalis of Meynert (NBM) of the basal

forebrain provides a major source of cholinergic projection

into the neocortex [12, 13]. Focal stimulation of the NBM,

either chemically or electrically, produces an increase in

ACh release in the neocortex [9], which causes a wide-

spread increase in regional blood flow within the neocor-

tices [7, 14]. Cholinergic neurons projecting their fibers

into the hippocampus are detected in the septal complex

(medial septal nucleus [MS] and vertical limb of the

diagonal band of Broca [VDB]) [12, 15]. Moreover, focal

stimulation of the septal complex, chemically or electri-

cally, increases ACh release in the hippocampus, and thus

increases regional blood flow in the hippocampus [8, 14].

The increased response of regional blood flow both in the

neocortex and the hippocampus evoked by the activation of

the basal forebrain neurons is due to cholinergic vasodi-

lation, because such responses are blocked by cholinergic

receptor antagonists [7, 8].

The olfactory bulb receives cholinergic axonal projec-

tions from nerve cells originating in the nucleus of the

horizontal limb of the diagonal band of Broca (HDB)
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[12, 16]. Moreover, 80–90% of the neurons originating in

the NBM/SI (substantia innominate) and projecting to the

cortex, 35–45% of neurons originating in the MS/VDB and

projecting to the hippocampus, and 10–20% of neurons

originating in the HDB and projecting to the olfactory bulb

are cholinergic (choline acetyltransferase [ChAT] positive)

[12]. Cholinergic neurons in the basal forebrain exhibit

degeneration in patients with Alzheimer’s disease [17] and

in healthy aged people [18, 19]. Due to the small number of

nerve cells, the cholinergic system originating in the HDB

and projecting to the olfactory bulb might lose their func-

tion earlier than the septo-hippocampal or NBM-cortical

cholinergic systems during the aging process or progres-

sion of Alzheimer’s disease. However, the physiological

function of the cholinergic system originating in the HDB

and projecting to the olfactory bulb has not been well

studied. Considering the previous findings concerning the

vasodilative neural system for regional blood flow in the

neocortex and hippocampus, there is a possibility that the

cholinergic fibers originating in the HDB and projecting

into the olfactory bulb act as intracerebral vasodilators for

blood vessels of the olfactory bulb via the release of ACh.

However, no studies have addressed this question to date.

Thus, the present study aimed to clarify whether the

cholinergic nerve fibers originating in the HDB and pro-

jecting into the olfactory bulb release ACh and contribute

to the neural regulation of blood flow in the olfactory bulb.

The first portion of the present study was carried out to

determine whether the extracellular ACh release in the

olfactory bulb is increased by focal stimulation of the

HDB. There have been no reports that have measured the

extracellular release of ACh in the olfactory bulb. In the

present study, we applied an in vivo microdialysis tech-

nique which has been used in our previous studies to

measure the extracellular ACh release in the neocortex [11]

and the hippocampus [20].

The second portion of the present study was carried out

to determine whether the regional blood flow in the

olfactory bulb is increased by focal stimulation of the

HDB. Laser Doppler flowmetry is commonly used to

measure the level of regional blood flow in a particular area

of the brain, including the olfactory bulb [21, 22]. Laser

speckle flowmetry is advantageous for assessing two-di-

mensional blood flow in broad regions of the brain, and has

been recently used in animal experiments [23]. Using laser

speckle flowmetry, our recent study successfully observed

a vasodilative blood flow response in the neocortex evoked

by NBM activation or by somatic afferent stimulation in

both rats [24] and mice [25]. In the present study, we used

both laser Doppler flowmetry and laser speckle flowmetry

to measure the level of blood flow in the olfactory bulb.

Using laser speckle flowmetry, the level of blood flow in

the frontal and parietal cortices was also measured, toge-

ther with that in the olfactory bulb.

Materials and methods

The experiments were performed on 22 male adult Wistar

rats (body weight, 290–430 g; 4–8 months old), bred at the

Tokyo Metropolitan Institute of Gerontology. The study

was conducted with the approval 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 g/kg, i.p.).

Respiration was maintained by means of an artificial

respirator (model 683, Harvard, USA) through a tracheal

cannula. The end-tidal CO2 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 pressure transducer

(TP-400T, Nihon Kohden, Tokyo). 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 addi-

tional urethane doses (100 mg/kg, i.v. via a catheter

inserted into a femoral vein) when necessary and by

monitoring body movement, blood pressure stability and

respiratory movement.

Measurement of ACh release in the olfactory bulb

Extracellular ACh in the olfactory bulb was collected via a

microdialysis technique in 10 rats (Fig. 1a). The proce-

dures for the microdialysis technique and ACh measure-

ments were the same as that of our previous study

involving the rat parietal cortex [11, 26]. The animals were

mounted on a stereotaxic instrument (SR-5, Narisige) in a

prone position, and the olfactory bulb was exposed by

removing a portion of the skull and dura. A microdialysis

probe (outer diameter, 0.5 mm; length of perfusion, 3 mm;

CMA/12, CMA/Microdialysis AB, Sweden) was stereo-

taxically implanted into the granule cell layer of the right

olfactory bulb to a depth of 3.5 mm from the brain surface

at AP = ?7.5, L = ?0.5 (Fig. 1b) according to Paxinos

and Watson’s atlas [27], as described by El-Etri et al. [28].

In one rat, after the level of ACh release in the right

olfactory bulb was measured, ACh release in the left
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olfactory bulb was also measured. The microdialysis probe

was perfused at a speed of 2 ll/min with an artificial

cerebral spinal fluid (aCSF) containing (in mM) NaCl

(122.7), KCl (2.4), CaCl2 (1.5), MgCl2 (1.1), NaHCO3

(27.5), KH2PO4 (0.6), Na2SO4 (0.5), glucose (6), and the

acetylcholinesterase inhibitor physostigmine (5 lM). The

aCSF was bubbled with 95% O2/5% CO2 to adjust the pH

to 7.4. The recovery rate of ACh of the microdialysis probe

in vitro at room temperature was usually 14–16%. The

perfused fluid was collected every 3 min in a sample cup

kept on ice. The perfusate in each sample (6 ll) was mixed

with 6 ll (120 fmol) of isopropylhomocholine, an internal

standard, dissolved in aCSF. ACh was measured by high-

performance liquid chromatography (HPLC) using an

electrochemical detector (HTEC-500, Eicom, Kyoto)

(Fig. 1c). The mobile phase, consisting of 50 mM KHCO3,

400 mg/l sodium 1- decanesulfonate (Tokyo Kasei Kogyo,

Japan), and 50 mg/l EDTA�2Na, was pumped at a rate of

150 ll/min through a microbore separation column (AC-

GEL, 2 9 150 mm). The ACh was converted to hydrogen

peroxide, and betaine by immobilized acetylcholinesterase

and choline oxidase packed into a column (AC-ENZY-

MEPAKII, 1.0 9 4 mm). Both the separation and enzyme

columns were maintained at 33�C. Hydrogen peroxide was

measured using an electrochemical detector, and ACh was

calculated by measuring hydrogen peroxide. The platinum

working electrode was held at 0.45 V vs Ag/AgCl.

Measurement of regional blood flow in the olfactory

bulb and cortex

The animals were mounted on a stereotaxic instrument

(SR-5R-HT, Narishige) in a prone position. In eight rats,

the regional blood flow in the olfactory bulb and cortex

(frontal and parietal cortices) was measured via laser

speckle contrast imaging. Following a craniotomy, the

surface of the brain was covered with mineral oil. The laser

speckle contrast imaging device was then 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

middle of the parietal cortex (Fig. 2a), according to the

methods described previously [24, 25]. Laser speckle

contrast imaging was performed with a Moor full-field

perfusion imaging device consisting of an infrared laser

diode (785 nm wavelength) and a CCD camera (Moor

Instruments, Devon, U.K.). The viewing field covered

approximately 108 mm2 (12 9 9 mm) with a matrix of

152 9 113 pixels, providing an approximate resolution of
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Fig. 1 Effects of focal chemical stimulation of the HDB on

extracellular ACh release in the olfactory bulb ipsilateral to the

stimulation. a–c Diagram of the experiment demonstrating the

microdialysis probe in the olfactory bulb (a and b), microinjection

needle in the HDB, and the chromatogram of a 10-ll mixed solution

containing the sample and internal standard (c isopropylhomocholine:

IPHC). The ACh and IPHC peaks represent 68 fmol and 100 fmol

measured by electrochemical detector after separation by HPLC. d,
e The effects of focal chemical stimulation of the unilateral HDB on

extracellular ACh release in the olfactory bulb. The level of ACh

release in the perfusate every 3 min, measured by a microdialysis

technique, is plotted on the ordinate. The onset of HDB stimulation is

expressed as time zero on the abscissa. The upper horizontal bar

indicates a microinjection of L-glutamate (50 nmol in 50 nl) into the

HDB for 1 min. d Sample response in one rat. e Summary of the

responses (n = 6). In each rat, one to two trials were summarized.

Each column and vertical bar represent the mean ± SEM.

* p\ 0.05; significantly different from the pre-stimulus control

values (-3 to 0 min) using a one-way repeated-measures ANOVA

followed by a Dunnett’s multiple comparison test
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79 lm per pixel. The images were sampled at 25 Hz with

an exposure time of 4 ms. On-line averaging generated one

mean image every 30 s. These images were acquired

continuously throughout the entire trial, providing 30

images over a period of 15 min.

For the analysis of spatial changes in blood flow, the

acquired images were further averaged over 1-min time

bins, leading to an average of 15 images. The baseline

image just before HDB stimulation was then subtracted

from the other images to assess the relative blood flow

changes. To quantify the temporal blood flow changes (in

arbitrary units), time courses were extracted in three

regions of interest (ROI) (Fig. 3a), including the olfactory

bulb (AP = ?6.4–7.6 mm from bregma, L = 0.7–1.5 mm

to the midline), frontal (AP = ?2.0–3.2 mm,

L = 1.0–2.2 mm), and parietal (AP = -0.5 to -1.7 mm,

L = 2.0–3.2 mm) cortices [27, 29], ipsilateral to the side of

HDB stimulation.

In four rats, the blood flow in the olfactory bulb was

measured using laser Doppler flowmetry as described

previously [21, 22]. The recording probe (diameter,

0.8 mm) of the laser Doppler flowmeter (ALF 21D,

Advance, Tokyo, Japan) was placed in contact with the

dorsal surface of the unilateral olfactory bulb following a

partial craniotomy.

Stimulation of the HDB

The unilateral HDB (AP = ? 0.7, L = 1.0, V = 8.8 or

AP = ?0.2, L = 1.4, V = 8.8, Paxinos and Watson’s atlas

[27]), was focally stimulated, either chemically or electri-

cally (Fig. 2b). For chemical stimulation of the HDB, a

small hole was made in the skull using a dental drill and an

injection needle (31 gauge) connected to a 0.5-ll
microsyringe (#86250, Hamilton, USA) and Teflon tubing

was inserted into the HDB ipsilateral to the olfactory bulb

where the ACh or blood flow was measured. In the

experiment involving the recording of blood flow using

laser speckle contrast imaging, either side of the HDB was

stimulated. Through the injection needle, 50–100 nmol of

sodium L-glutamate in 50–100 nl (Wako Pure Chemicals,

Osaka, Japan) was microinjected for 1 min into the HDB to

specifically stimulate the cell bodies of the neurons, but not

the nearby nerve fibers. This amount of L-glutamate is

adequate to activate basal forebrain cholinergic neurons in

the NBM [7, 9] or septal complex [8]. In the ACh release

measurement experiment, a dose of L-glutamate (50 nmol/

50 nl) was injected twice into the HDB in each rat. For the

blood flow measurement experiment, two doses of L-glu-

tamate (50 nmol/50 nl and 100 nmol/100 nl) were injected

in this order into the HDB. The minimum interval between
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Fig. 2 Effects of focal

chemical stimulation of the

HDB on blood flow in the

olfactory bulb ipsilateral to the

stimulation. a Diagram of the

experiment demonstrating the

measurement of cerebral blood

flow using a laser speckle

contrast imager, and

microinjection needle in the

HDB. b The HDB area is

indicated by the shaded portion.

c, d Sample recordings of the

olfactory blood flow and mean

arterial pressure following a

microinjection of L-glutamate

(c 50 nmol in 50 nl, d 100 nmol

in 100 nl) into the HDB in one

rat. e Summary of responses

(n = 8). Each point and vertical

bar represents a mean ± SEM.

Slight changes in the olfactory

blood flow and mean arterial

pressure were not statistically

significant
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the injections was 16 min. At the end of the experiment,

50–100 nl of pontamine sky blue dye was administered to

visualize the injection site. Rats were killed by injection of

an overdose of pentobarbital. The brains were removed,

and histological verification of the tip position of the needle

was carried out using frozen coronal brain sections, cut to a

thickness of 50 lm.

For the electrical stimulation of the HDB, a coaxial

metal electrode with an outer diameter of 0.3 mm was

stereotaxically inserted into the HDB, ipsilateral to the

olfactory bulb where the ACh or blood flow was mea-

sured. Focal electrical stimulation of the HDB was

performed using a stimulator (SEN-3301, Nihon Koh-

den, Tokyo) and stimulus isolation unit (SS-202 J,

Nihon Kohden). The parameters for the electric stimu-

lation consisted of a 0.5-ms duration and a 50-Hz fre-

quency for 30 s or 3 min. The stimulus intensity varied

from 100–200 lA. Histological verification of the tip

position of the stimulation electrode was performed

after experiment completion on frozen transverse brain

sections.

Statistical analysis

All values are presented as the mean ± SEM. Statistical

comparisons were carried out by means of a one-way

repeated-measures ANOVA followed by a Dunnett’s

multiple comparison test, or paired t-test. A P value\ 0.05

was considered to be statistically significant.

Results

Effects of HDB stimulation on ACh release

in the olfactory bulb

Extracellular ACh release in the olfactory bulb under

resting conditions was 38 ± 6 fmol/3 min (n = 10). In

each animal, the basal level of ACh release was

stable throughout the experiments.

Figure 1d demonstrates a sample response of the

extracellular ACh release in the ipsilateral olfactory bulb

following a microinjection of L-glutamate (50 nmol in
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Fig. 3 Spatiotemporal changes

in the regional cerebral blood

flow following a microinjection

of L-glutamate (100 nmol in

100 nl) into the HDB. a Area of

blood flow recorded by a laser

speckle contrast imager is

indicated by the dotted line. b,c
Sample recording of the

regional cerebral blood flow in

one rat. b Averaged signal over

selected periods of 1 min.

c Differential signal changes

obtained from b when

subtracting the baseline (-1 to

0 min) signal from subsequent

images. d Percentage signal

changes in the olfactory bulb,

frontal, and parietal cortices

ipsilateral to the HDB

stimulation (data extracted from

the ROIs indicated by the black

squares in a) and mean arterial

pressure averaged every 1 min

(n = 8). Each point and vertical

bar represent a mean ± SEM.

** p\ 0.01; significantly

different from the pre-stimulus

control values (-1 to 0 min)

using a one-way repeated-

measures ANOVA followed by

a Dunnett’s multiple

comparison test
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50 nl) for 1 min into the unilateral HDB. In the rat, the

ACh release under resting conditions was 45 fmol/3 min,

which increased to 66 fmol/3 min during the first 3 min

following a microinjection of L-glutamate into the HDB.

The ACh release then returned to the pre-stimulus control

levels for the next 3 min.

Figure 1e summarizes the responses of the extracellular

ACh release in the olfactory bulb following a microinjec-

tion of L-glutamate (50 nmol in 50 nl) tested in six rats.

Extracellular ACh release was significantly increased fol-

lowing a microinjection of L-glutamate into the HDB

(F4,20 = 3.0, p\ 0.05, assessed by one-way repeated-

measures ANOVA). The increase response of ACh release

was significant for the first 3 min following the microin-

jection and the next 3 min, and then it returned to the pre-

stimulus control level.

Focal electrical stimulation of the HDB at intensities of

100 and 200 lA produced an increase in the extracellular

ACh release in the olfactory bulb during the stimulation in

a stimulus intensity-dependent manner. Following the

stimulation at 100 lA and 200 lA, ACh release was sig-

nificantly increased from 35 ± 10 fmol/3 min to 54 ± 14

fmol/3 min [t(4) = 3.9, p\ 0.05, assessed by paired t-

test], and from 30 ± 8 fmol/3 min to 68 ± 19 fmol/3 min

[t(4) = 11.9, p\ 0.001, assessed by paired t-test],

respectively (n = 5 rats).

Effects of HDB stimulation on regional blood flow

in the olfactory bulb

Figure 2c and d present the sample responses of the blood

flow in the ipsilateral olfactory bulb and mean arterial

pressure following microinjections of L-glutamate

(50 nmol in 50 nl and 100 nmol in 100 nl) for 1 min into

the unilateral HDB. Figure 2e summarizes the blood flow

responses in the olfactory bulb and mean arterial pressure

following chemical stimulation of the HDB tested in eight

rats. The olfactory blood flow remained unchanged fol-

lowing a microinjection of L-glutamate into the HDB,

irrespective of the L-glutamate dose. The mean arterial

pressure was marginally decreased following chemical

stimulation of the HDB; however, the response was not

statistically significant (Fig. 2e).

Focal electrical stimulation of the HDB at intensities of

100 lA and 200 lA produced no consistent responses in

blood flow within the olfactory bulb in the four rats that

were tested.

Spatio-temporal changes in cerebral blood flow

following HDB stimulation

Figure 3b and c represent the laser speckle flow images in a

rat before and after HDB stimulation with a microinjection

of L-glutamate (100 nmol/100 nl) for 1 min. Following the

HDB stimulation, the blood flow in the olfactory bulb was

not affected. In contrast, HDB stimulation produced an

increase in blood flow within widespread areas of the

cerebral cortex (frontal and parietal cortices) 1–2 min after

the stimulation (Fig. 3b, c). The increased blood flow in the

cerebral cortex then returned to the pre-stimulus control

level 6–7 min after the stimulation (Fig. 3b, c). The aver-

aged responses of the blood flow in the olfactory bulb,

frontal, and parietal cortices ipsilateral to the site of HDB

stimulation, and that of the mean arterial pressure in eight

rats is shown in Fig. 3d. Moreover, the olfactory blood

flow and mean arterial pressure exhibited no obvious

changes following HDB stimulation. The blood flow in the

frontal and parietal cortices significantly increased fol-

lowing HDB stimulation (frontal cortex: F14,98 = 5.6,

p\ 0.0001, parietal cortex: F14,98 = 5.9, p\ 0.0001).

This blood flow increase response in the frontal and pari-

etal cortices was significant at 1–3 min after starting the L-

glutamate microinjection. The increased blood flow in the

frontal and parietal cortices gradually returned to the pre-

stimulus control levels in approximately 3 min (Fig. 3d).

The magnitudes of increased blood flow in the frontal and

parietal cortices at 2–3 min after the start of the L-gluta-

mate microinjection were 114 ± 3% and 117 ± 4% of the

pre-stimulus control values, respectively (Fig. 4).

Discussion

This study is the first to demonstrate that the focal stimu-

lation of HDB, either chemically or electrically, increases

extracellular ACh release in the olfactory bulb ipsilateral to

the stimulation, using an in vivo microdialysis method in

rats. Furthermore, the increased ACh release in the olfac-

tory bulb produced by activation of the HDB was found to

have little vasodilatory action in the olfactory bulb.

In the mammalian brain, intracerebral cholinergic neu-

rons originating in the basal forebrain project their fibers to
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chemical stimulation of the HDB. Percent changes in the blood flow

for each area 1–2 min after the onset of the L-glutamate injection are

presented (n = 8). Statistical comparisons for each measure are

reported in Fig. 3 and associated text
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the neocortex, hippocampus and olfactory bulb [12, 30]. It

has been reported that the stimulation of the NBM (the

major source of cholinergic projection to the neocortex)

and the septal complex (the major source of cholinergic

projection to the hippocampus) increases extracellular ACh

release in the neocortex and hippocampus, respectively, in

rats [8, 9, 11]. Histological studies have shown that the

olfactory bulb receives cholinergic axonal projections from

nerve cells originating in the HDB [12, 16]. However, there

have been no reports directly measuring the extracellular

release of ACh in the olfactory bulb and its response to

HDB activation in vivo. The present study successfully

measured the level of extracellular ACh release in the

olfactory bulb using an in vivo microdialysis method in

anesthetized rats. In addition, we showed that the focal

stimulation of HDB, either chemically or electrically,

produces a significant increase in ACh release in the

olfactory bulb ipsilateral to the stimulation. Our present

study clearly demonstrated that the cholinergic input to the

olfactory bulb originating in the HDB functions to release

ACh in the olfactory bulb, similar to the cholinergic input

to the neocortex and hippocampus originating in the NBM

and septal complex, respectively (Fig. 5).

Previous studies have found that the activation of

cholinergic fibers originating in the NBM and septal

complex in the basal forebrain and projecting to the neo-

cortex and hippocampus increases the regional blood flow

in the neocortex and the hippocampus through the release

of ACh [7–9, 31]. These regional blood flow responses

have been demonstrated to involve the activation of both

muscarinic and nicotinic ACh receptors in the neocortex

[7], as well as the activation of the nicotinic ACh receptors

in the hippocampus [8]. Based on this evidence, we

expected that the activation of the cholinergic pathway

originating in the HDB and extending into the olfactory

bulb might also have a vasodilatory function in the olfac-

tory bulb. Contrary to our expectations, the present results

revealed that focal chemical stimulation of the HDB does

not significantly influence the regional blood flow in the

olfactory bulb; however, such stimulation significantly

increases the regional blood flow in the neocortex (frontal

and parietal cortices where the blood flow was measured).

Histological studies have found that the neurons originat-

ing in the HDB project their fibers into both the olfactory

bulb, as well as a portion of the neocortex [16, 32].

Therefore, this HDB-neocortical projection may mediate

the vasodilatory response in the neocortex (Fig. 5). The

present results regarding the increased cortical blood flow

in response to HDB stimulation implies that the HDB is

adequately activated following stimulation. Therefore, our

results suggest that cholinergic input to the olfactory bulb

from the HDB may not contribute to the regulation of

blood flow in the olfactory bulb.

Our previous studies showed that the stimulation of

nicotinic ACh receptors via an intravenous injection of

nicotine increases the regional blood flow in the neocortex,

hippocampus, and olfactory bulb [21, 33, 34]. In addition,

the threshold dose of nicotine producing vasodilation was

much higher in the olfactory bulb (100 lg/kg) than in the

neocortex (3 lg/kg) or hippocampus (30 lg/kg). In the

neocortex, nicotinic ACh receptors in the brain par-

enchyma were suggested to mediate the nicotine-induced

vasodilation. This is because the blood flow response was

not influenced by a blood–brain barrier (BBB)-imperme-

able nicotinic ACh receptor antagonist, hexamethonium,

but was abolished by a BBB-permeable nicotinic AChR

receptor antagonist [34]. In contrast, hexamethonium

ablated the blood flow response in the olfactory bulb,

indicating that in the olfactory bulb, nicotinic ACh recep-

tors outside of the BBB, presumably located in the

extracranial nerves innervating arteries serving the olfac-

tory bulb, mediate the nicotine-induced vasodilation [21].

These data also suggest that basal forebrain cholinergic

fibers projecting into the olfactory bulb are less functional

for vasodilatory effects.

Concerning the reason for absence of vasodilatory role

in the HDB cholinergic inputs to the olfactory bulb, dis-

tribution density of cholinergic receptor subtypes may be

b
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bulb

MS/VDB

hippocampus
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cholinergic
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olfactory bulb

NBM/SI

cerebral cortex

ACh ACh ACh
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Fig. 5 Summary of the basal forebrain cholinergic vasodilative

system. a Diagram showing the cholinergic neurons in the basal

forebrain and their fiber projections (modified from Sato et al. [10]

based on Rye et al. [12]). b Comparative schema of ACh release and

vasodilation in the three cholinergic pathways of the HDB-olfactory

bulb, NBM/SI-cerebral cortex, and MS/VDB-hippocampus. HDB

horizontal limb of the diagonal band of Broca, NBM nucleus basalis

of Meynert; SI substantia innominate; MS medial septal nucleus; VDB

vertical limb of the diagonal band of Broca
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related. The subtype of nicotinic ACh receptors that con-

tribute to cholinergic vasodilation in the neocortex was

found to be the alpha-4 beta-2 subtype [35]. Distribution of

nicotinic and muscarinic ACh receptors as well as cholin-

ergic innervation have been detected in the olfactory bulb

[36, 37]. However, a hybridization histochemical study

which examined the distribution of neuronal nicotinic ACh

receptor subtypes revealed that alpha-4 and beta-2 mRNAs

were expressed in all layers of the neocortex (isocortex)

while those were not detected in most layers of the olfac-

tory bulb [38]. Lower distribution density of alpha-4 beta-2

subtype nicotinic ACh receptors in the olfactory bulb may

be a reason for absence of a vasodilatory role in cholinergic

innervation. Another reason may be related to the distri-

bution pattern of perivascular cholinergic terminals origi-

nating in the basal forebrain neurons. Both the fronto-

parietal and the perirhinal cortices receive cholinergic

inputs from the basal forebrain neurons. However, when

studied at the ultrastructural level in the fronto-parietal and

perirhinal cortices, perivascular nerve terminals were

located significantly closer to microvessels in the fronto-

parietal than in the perirhinal cortex [39]. These differences

are in agreement with physiological blood flow studies

showing that NBM stimulation increases blood flow in the

fronto-parietal cortices, but not in the perirhinal cortex

[40]. The cholinergic nerve terminals from the basal fore-

brain neurons reaching microvessels may be fewer in the

olfactory bulb, and this possibility should be examined in

future studies. Rat strain differences do not contribute to

the reason for absence of a vasodilatory role in the HDB

cholinergic inputs to the olfactory bulb, because we used

the Wistar strain of rats in the present study as well as the

previous reports [7, 8]. The physiological role of cholin-

ergic input to the olfactory bulb arising from the basal

forebrain may be primarily in modulation of olfactory

sensory processing [5, 41], rather than in blood flow reg-

ulation in the olfactory bulb.

Cholinergic neurons in the basal forebrain exhibit

degeneration in patientswithAlzheimer’s disease [17] and in

healthy aged people [18, 19]. Histological studies demon-

strated that 80–90% of neurons originating in the NBM/SI

and projecting to the cortex, 35–45% of the neurons origi-

nating in the MS/VDB and projecting to the hippocampus,

and 10–20% of the neurons originating in the HDB and

projecting to the olfactory bulb are cholinergic (ChAT-

positive) [12]. We speculate that the small number of the

cholinergic neurons originating in theHDB and projecting to

the olfactory bulb might lose their function earlier than those

of the septo-hippocampal or NBM-cortical cholinergic sys-

tem during the aging process or progression of Alzheimer’s

disease. Further study will be necessary to clarify this pos-

sibility. In addition, the absence of a vasodilatory role in the

HDB cholinergic inputs to the olfactory bulb, demonstrated

in the present study, may contribute to the age-related

decreases in the volume of the olfactory bulb [42, 43] and

olfactory sensitivity [3, 44], because of less protection by

blood flow supply to olfactory bulb neurons. Cholinergic

vasodilatory regulation of blood flow in the neocortex and

the hippocampus may be important for maintaining cogni-

tion and memory functions [45, 46]. Individual variability of

the degree of degeneration in the basal forebrain cholinergic

neurons in Alzheimer’s disease and in aged people may

cause variability of blood flow in the neocortex and hip-

pocampus in those patients.

In conclusion, the present study demonstrated that the

activation of the HDB in the basal forebrain produces an

increase in ACh release in the olfactory bulb. The

increased ACh was less functional regarding blood flow

regulation in the olfactory bulb, which is in contrast to that

displayed in the neocortex and hippocampus (Fig. 5).
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16. Záborszky L, Carlsen J, Brashear HR, Heimer L (1986) Cholin-

ergic and GABAergic afferents to the olfactory bulb in the rat

with special emphasis on the projection neurons in the nucleus of

the horizontal limb of the diagonal band. J Comp Neurol

243:488–509

17. Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle JT,

DeLong MR (1982) Alzheimer’s disease and senile dementia:

loss of neurons in the basal forebrain. Science 215:1237–1239

18. Grothe M, Heinsen H, Teipel S (2013) Longitudinal measures of

cholinergic forebrain atrophy in the transition from healthy aging

to Alzheimer’s disease. Neurobiol Aging 34:1210–1220

19. McGeer PL, McGeer EG, Suzuki J, Dolman CE, Nagai T (1984)

Aging, Alzheimer’s disease, and the cholinergic system of the

basal forebrain. Neurology 34:741–745

20. Uchida S, Suzuki A, Kagitani F, Hotta H (2006) Responses of

acetylcholine release and regional blood flow in the hippocampus

during walking in aged rats. J Physiol Sci 56:253–257

21. Shiba K, Machida T, Uchida S, Hotta H (2006) Effects of nico-

tine on regional blood flow in the olfactory bulb in rats. Eur J

Pharmacol 546:148–151

22. Shiba K, Machida T, Uchida S, Hotta H (2009) Sympathetic

neural regulation of olfactory bulb blood flow in adult and aged

rats. Auton Neurosci 147:75–79

23. Dunn AK, Bolay H, Moskowitz MA, Boas DA (2001) Dynamic

imaging of cerebral blood flow using laser speckle. J Cereb Blood

Flow Metab 21:195–201
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