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Abstract In adult rats (4–9 months), chronic nicotine

infusion increases the basal level of acetylcholine (ACh)

release in the cerebral cortex and enhances responses of

cortical ACh release and cortical vasodilation elicited by

nucleus basalis of Meynert (NBM) stimulation. In the

present study, we examined whether these effects of nic-

otine are detected in aged rats. Aged rats (27–30 months)

received sustained subcutaneous nicotine (100 lg/kg/h) or

saline for 14 days. Under urethane anesthesia, ACh release

and regional blood flow in the parietal cortex were mea-

sured. The basal level of ACh release in the cerebral cortex

was not changed by chronic nicotine. In addition, the

magnitudes of ACh release and vasodilation by NBM

stimulation were similar between the saline-treated and

nicotine-treated groups. The lack of an effect of chronic

nicotine in aged rats may be due to a decrease in nicotinic

receptors in the cerebral cortex during aging (Nordberg

et al., J Neurosci Res 31:103–111, 1992).
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Introduction

Long-term stimulation of nicotinic receptors by chronic

nicotine administration for about 1–2 weeks in adult rats

has been reported to up-regulate (increase in number) of

nicotinic receptors (measured by the binding of [3H] nic-

otine [2, 3]), but not muscarinic receptors (measured by the

binding of [3H] QNB [3]) in the cerebral cortex, and to

increase the basal level of acetylcholine release in the

cerebral cortex [2, 4]. The majority of cholinergic fibers in

the cerebral cortex originate in the nucleus basalis of

Meynert (NBM) [5, 6]. Chronic nicotine infusion enhances

the response of cortical acetylcholine release elicited by

stimulation of the NBM [4]. These data indicate that long-

term stimulation of nicotinic receptors activates the cho-

linergic system originating in the NBM and projecting to

the cerebral cortex.

A physiological function of acetylcholine released from

NBM cholinergic nerve endings in the cerebral cortex is

cerebral vasodilator action, which produces an increase in

regional cerebral cortical blood flow [7, 8]. The vasodila-

tion response in the cortex elicited by stimulation of the

NBM is independent of systemic blood pressure and met-

abolic vasodilation, and mediates muscarinic and nicotinic

receptors in the parenchyma of the cortex. This cerebral

cortical vasodilation response by NBM stimulation was

found to be enhanced by long-term stimulation of nicotinic

receptors [4].

Cholinergic neurons in the basal forebrain show

degeneration in patients with Alzheimer’s disease [9] and

in healthy aged people [10]. Previously, we reported that

the vasodilation response of the cortex by stimulation of

the NBM declined in aged rats [11].

Therefore, long-term stimulation of nicotinic receptors

in aged individuals may be beneficial in maintaining the
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cholinergic system originating in the NBM and projecting

to the cerebral cortex. It has been reported that long-term

stimulation of nicotinic receptors in aged rats up-regulates

nicotinic receptors in the cerebral cortex [12]. The present

study aimed to clarify whether long-term stimulation of

nicotinic receptors increases basal acetylcholine release in

the cerebral cortex and enhances both responses of cortical

acetylcholine release and cortical vasodilation elicited by

NBM stimulation in aged rats (27–30 months old), as

observed in adult rats (4–9 months old).

Materials and methods

The experiments were performed on 12 male and female,

aged Wistar rats (27–30 months old). All animals were

obtained from the animal farm of Tokyo Metropolitan

Institute of Gerontology. This study was approved by the

Animal Committee of our Institution.

Sustained subcutaneous infusion of nicotine

The rats were divided into two groups: (1) a saline-

treated control group (n = 6), and (2) a nicotine-treated

group (n = 6). The rats were anesthetized with halo-

thane, and a mini-pump (Alzet, model #2002, 0.5 ll/h,

14 days duration) containing either (-) nicotine (Tokyo

Kasei Kogyo, Japan; 13–18 mg/200 ll, calculated as the

free base) or saline was inserted into a subcutaneous

pocket via a small incision over the shoulders (Fig. 1).

The dose (100 lg/kg/h) and duration (14 days) of nico-

tine infusion were the same as those utilized in our pre-

vious study using adult rats [4]. The wound was sutured

with cotton thread and the rats were returned to their

cage. After awakening, the animals were housed at an

ambient temperature of 22 ± 2 �C and fed laboratory

food with water ad libitum.

General surgery and anesthesia

Fourteen days after minipump implantation, the responses

of acetylcholine release in the cerebral cortex and cerebral

cortical blood flow to focal electrical stimulation of the

NBM were examined under general anesthesia (Fig. 1), as

described previously [4]. Briefly, the rats were anesthetized

with urethane (0.7–1.1 g/kg, i.p.). Respiration was main-

tained by means of an artificial respirator (model 683;

Harvard, USA) through a tracheal cannula. End-tidal CO2

concentration was maintained at 3.0–4.0 % by monitoring

with a respiratory gas monitor (Microcap; Oridion Medical,

Jerusalem, Israel). Arterial blood pressure was measured

through a catheter with a pressure transducer (TP-400T;

Nihon Kohden, Tokyo, Japan) inserted into a femoral

artery. Body temperature was measured rectally and con-

tinuously using a thermistor, and maintained at approxi-

mately 37.5 �C by means of an infrared lamp and a heater

system (ATB-1100; Nihon Kohden). The depth of anes-

thesia was adjusted by additional urethane doses (100 mg/

kg, i.v. via a catheter inserted into a femoral vein) when

necessary and by monitoring body movement, stability of

blood pressure; and respiratory movement.

Measurement of acetylcholine release in the cerebral

cortex

The animals were mounted on a stereotaxic instrument

(SR-5; Narisige) in a prone position, and the parietal cortex

was exposed by removing a portion of the skull and dura.

Extracellular acetylcholine in the parietal cortex was col-

lected by a microdialysis technique. A microdialysis probe

(outer diameter, 0.5 mm; length of perfusion, 3 mm; CMA/

12; CMA/Microdialysis, Sweden) was inserted in the right

parietal cortex at an angle of 30� to the vertical line to a

depth of 3.5 mm from the cortical surface at AP = ? 0.2,

L = ?4, as originally described by Kurosawa et al. [13].

The microdialysis probe was perfused at a speed of 2 ll/

min with 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 acetylcholine by

the microdialysis probe in vitro at room temperature is

usually 23–25 %. The recovery rates of acetylcholine of

four microdialysis probes were 14–16 %. In these four

probes, the recovery rates were adjusted to 24 % by cal-

culation. 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. Acetylcholine was

measured by high-performance liquid chromatography

(HPLC) using an electrochemical detector (HTEC-500;

Eicom, Kyoto). 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 aFig. 1 The time course of the present experiments
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rate of 150 ll/min through a microbore separation col-

umn (AC-GEL, 2 9 150 mm). The acetylcholine was

converted to hydrogen peroxide and betaine by immo-

bilized acetylcholinesterase and choline oxidase packed

into a column (AC-ENZYMEPAKII, 1.0 9 4 mm). Both

the separation column and enzyme column were main-

tained at 33 �C. Hydrogen peroxide was measured

using an electrochemical detector, and acetylcholine was

calculated by hydrogen peroxide measurement. The

platinum working electrode was held at 0.45 V versus

Ag/AgCl.

Measurement of cortical cerebral blood flow

The probe (diameter 0.8 mm) of a laser Doppler flow-

meter (ALF21D; Advance, Tokyo) was placed on the

surfaces of the right or left parietal lobe (AP = ? 1 to

-2 mm, L = ?4 to ?6 mm), and was fixed with a bal-

ancing holder (ALF-B; Advance). The output of the laser

Doppler flowmeter was expressed in mV and recorded on

a polygraph. In all 12 rats, cortical blood flow and ace-

tylcholine release in the parietal cortex were measured

simultaneously.

Stimulation of the NBM

A coaxial metal electrode of 0.3 mm outer diameter was

stereotactically inserted into the NBM ipsilateral to the

parietal cortex where acetylcholine and blood flow were

measured. Focal electrical stimulation of the NBM was

performed by means of a stimulator (SEN-7203; Nihon

Kohden) and stimulus isolation unit (SS-202J; Nihon

Kohden). The parameters of electric stimulation were

0.5 ms duration and 50 Hz frequency for 3 min. Stimulus

intensity was varied from 50 to 200 lA. Histological ver-

ification of the tip position of the stimulating electrode was

performed after the end of experiments on frozen trans-

verse brain sections. The stimulated area was located

1.6–2.4 mm posterior to the bregma, 3.4–4.0 mm lateral

from the midline, and 6.4–7.4 mm vertical under the

bregma height in both the control and nicotine-treated rats.

All the tip positions in 12 rats were confirmed within the

regions of the NBM according to Paxinos and Watson’s

atlas [14].

Statistical analysis

All values are presented as mean ± SEM. Statistical

comparisons were carried out by means of one-way repe-

ated-measures ANOVA followed by a Dunnett’s multiple

comparison test, two-way factorial ANOVA and unpaired

t test. A P value of\0.05 was considered to be statistically

significant.

Results

Effect of sustained subcutaneous infusion of nicotine

on the NBM stimulation-induced increase

of acetylcholine release in the cerebral cortex

Basal acetylcholine release at the beginning of the exper-

iments in the parietal cortex of both the saline-treated

control rats and nicotine-treated rats was 78 ± 14 fmol/

3 min and 68 ± 14 fmol/3 min, respectively (Fig. 2).

There were no significant differences in the basal acetyl-

choline release between the two groups. The basal level

of acetylcholine release was stable throughout the experi-

ments.

Figure 3 demonstrates the time course of acetylcholine

release in the parietal cortex in response to the NBM

stimulation at 200 lA in saline-treated control rats and

nicotine-treated rats. In both groups, and in all rats tested

(n = 6 rats in each group), acetylcholine release was

increased during NBM stimulation, and returned to the pre-

stimulus level after the stimulation ended (Fig. 3a, b).

However, the increase of acetylcholine release during

NBM stimulation varied between rats in both groups, and

was 92–468 fmol/3 min in the control group and

207–758 fmol/3 min in the nicotine-treated group. In the 6

rats in each group during NBM stimulation at 200 lA,

acetylcholine release was significantly increased to 337 ±

63 fmol/3 min in the control group and 365 ± 82 fmol/

3 min in the nicotine-treated group (Fig. 3c, d). There were

no significant differences in the magnitudes and time

course of the response of acetylcholine release to NBM

stimulation between the two groups.

The changes in acetylcholine release during the NBM

stimulation at different intensities of stimulation (50–200

lA) are summarized in Fig. 4. Cortical acetylcholine

Fig. 2 Basal level of extracellular acetylcholine (ACh) release in the

parietal cortex in aged rats of the saline-treated control group and

nicotine-treated group. Values of two samples at the beginning of

experiments were averaged in each rat. Each column and vertical bar
represents the mean ± SEM. n.s. non-significant difference between

the values by unpaired t test
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release was increased by NBM stimulation in a stimulus

intensity-dependent manner in both the saline-treated

control rats and nicotine-treated rats. The stimulus inten-

sity-dependent acetylcholine release by NBM stimulation

was not significantly different between in the control group

and in the nicotine-treated group.

Effect of sustained subcutaneous infusion of nicotine

on the NBM stimulation-induced increase in cortical

blood flow

The basal cortical blood flow in the 6 saline-treated control

rats at the beginning of the experiments was 357 ± 45 mV.

This value was similar to that in the 6 nicotine-treated rats

(287 ± 33 mV).

Figure 5 demonstrates the time course of cortical cere-

bral blood flow in the parietal cortex in response to NBM

stimulation at 200 lA in the saline-treated control rats and

nicotine-treated rats. In both groups, and in all rats tested

(n = 6 rats in each group), cortical cerebral blood flow was

increased during NBM stimulation, and returned to the pre-

stimulus level after the stimulation ended (Fig. 5a, b).

However, the magnitude of increase in cortical cerebral

blood flow during the NBM stimulation varied between rats

in both groups, and was 136–229 % of the pre-stimulus

basal value in the control group and 125–238 % of the pre-

stimulus basal value in the nicotine-treated group. In the 6

rats in each group, cortical cerebral blood flow was

increased significantly during NBM stimulation at 200 lA,

reaching 186 ± 13 % of the pre-stimulus basal value in the

control rats and 174 ± 19 % of the pre-stimulus basal

value in the nicotine-treated rats (Fig. 5c, d). There were

no significant differences in the magnitude and time course

of the response of cortical cerebral blood flow to NBM

stimulation between the two groups.

The cortical cerebral blood flow responses during

NBM stimulation at different intensities of stimulation

(50–200 lA) are summarized in Fig. 6. Cortical cerebral

blood flow was increased by NBM stimulation in a stim-

ulus intensity-dependent manner in both the control rats

and nicotine-treated rats. The stimulus intensity-dependent

increase in cortical cerebral blood flow by NBM stimula-

tion was not significantly different between the control

group and the nicotine-treated group.

Discussion

Our previous study, using adult rats of 4–9 months old,

demonstrated that long-term stimulation of nicotinic

receptors by sustained subcutaneous infusion of nicotine

for 2 weeks increases basal acetylcholine release in the

cerebral cortex and enhances both the response of cortical

Fig. 3 Responses of acetylcholine (ACh) release in the parietal

cortex to focal electrical stimulation (at 200 lA) of the unilateral

NBM ipsilateral to the parietal cortex in aged rats of the control group

and nicotine-treated group. The level of extracellular acetylcholine

measured every 3 min are plotted as the absolute values in the saline-

treated control group (a, c, closed circles, n = 6) and the nicotine-

treated group (b, d, open circles, n = 6). a, b ACh release measured

in 6 rats from each group. c, d Summarized graph. Each point and

vertical bar represents the mean ± SEM. **P \ 0.01; significantly

different from pre-stimulus control values (-3 to 0 min) using one-

way repeated-measures ANOVA followed by Dunnett’s multiple

comparison test

Fig. 4 Changes in acetylcholine (ACh) release in the parietal cortex

in response to electrical stimulation of the unilateral NBM at different

intensities in aged rats of the saline-treated control group and

nicotine-treated group. Relationships between stimulus intensity

(abscissa) and magnitude of increase in ACh release from the basal

level of each rat (ordinate) are summarized as the mean ± SEM. n.s.
non-significant difference between the responses by two-way factorial

ANOVA
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acetylcholine release and cortical vasodilation evoked by

NBM stimulation [4] (Fig. 7). The present study employed

the same experimental procedures as those utilized in our

previous study on adult rats, and showed that long-term

stimulation of nicotinic receptors did not significantly

affect the NBM cholinergic function of acetylcholine

release and vasodilation in the cerebral cortex in aged rats

of 27–30 months old (Fig. 7). Below, we discuss the effect

of long-term stimulation of nicotinic receptors on NBM

cholinergic system function in the cerebral cortex of aged

rats, by comparing the present results with our previous

data in adult rats [4].

Our present results of acetylcholine release in the pari-

etal cortex examining both the basal level and the stimulus

intensity-dependent increase in response to NBM stimula-

tion in aged rats of the control group were not significantly

different from those in control adult rats reported previ-

ously [4]. Well-maintained cortical acetylcholine release at

both the basal level and in response to NBM stimulation in

aged rats of 32–42 months old has been reported [11], and

the present results confirm those findings. In contrast, our

present results of the cortical vasodilation response to

NBM stimulation in a stimulus intensity-dependent manner

in aged rats of control group was about 70 % of those in

adult rats of the control group reported previously [4]. The

cortical vasodilation response to NBM stimulation has

been reported to be well maintained in aged rats of

24–28 months old [11, 15], but declined significantly in

aged rats of 32–42 months old (about 36 % of adult rat

response) [11]. Rats at 27–30 months old used in present

study seem to be the age at which a decline the cortical

vasodilation response to NBM stimulation is detected.

Our previous study in adult rats of 4–9 months old

demonstrated that sustained subcutaneous infusion of nic-

otine enhances cholinergic vasodilation in the cerebral

cortex originating in the NBM [4] (Fig. 7). Enhancement

of the NBM cholinergic system in the cerebral cortex by

sustained nicotine treatment in adult rats may be due to

enhancement of trophic support to basal forebrain cholin-

ergic neurons by nerve growth factor (NGF) [16–18],

which is essential for the survival and function of cholin-

ergic basal forebrain neurons [19, 20] and up-regulation of

nicotinic receptors in the cerebral cortex [2, 3] by sustained

nicotine treatments. Unlike in the case of adult rats, our

present study showed that sustained subcutaneous infusion

Fig. 5 Responses of cerebral blood flow (CBF) in the parietal cortex

to focal electrical stimulation (at 200 lA) of the unilateral NBM

ipsilateral to the parietal cortex in aged rats of the control group and

nicotine-treated group. Reponses of CBF during a 3-min period were

plotted every 3 min as a percentage of the pre-stimulus values in the

saline-treated control group (a, c, closed circles, n = 6) and the

nicotine-treated group (b, d, open circles, n = 6). a, b CBF response

measured in 6 rats from each group, c, d Summarized graph. Each
point and vertical bar represents the mean ± SEM. **P \ 0.01;

significantly different from pre-stimulus control values (-3 to 0 min)

using one-way repeated-measures ANOVA followed by Dunnett’s

multiple comparison test

Fig. 6 Relationships between stimulus intensity (x-axis) and magni-

tude of cerebral blood flow (CBF) responses (y-axis) in aged rats of

the saline-treated control group and nicotine-treated group. The

magnitude of the response during the stimulus period is expressed as a

percentage of the pre-stimulus control value for 3 min just before the

stimulation, and are summarized as the mean ± SEM. n.s. non-

significant difference between the responses by two-way factorial

ANOVA

Fig. 7 Summary of the effect of long-term stimulation of nicotinic

receptors by chronic nicotine infusion on basal acetylcholine release

in the cerebral cortex and both the response of cortical acetylcholine

release and the cortical vasodilation evoked by NBM stimulation in

adult and aged rats. The present results of aged rats are summarized

together with our previous results of adult rats [4]
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of nicotine did not significantly affect cholinergic vasodi-

lation system in the cerebral cortex originating in the NBM

in aged rats 27–30 months old (Fig. 7). The basal level of

acetylcholine release in the parietal cortex and the

responsiveness of both cortical acetylcholine release and

cerebral cortical vasodilation to NBM stimulation were not

significantly affected by sustained nicotine treatment in

aged rats. The lack of a chronic nicotine effect on NBM

cholinergic vasodilation system in the cerebral cortex in

aged rats found in the present study may be due to (1) a

diminished response of cortical NGF secretion by nicotinic

receptor activation in aged rats [21], and (2) the decrease in

the number of nicotinic receptors in the cerebral cortex

during aging [1, 22]. Sustained long-term nicotine deliv-

ery may enhance NBM cholinergic vasodilation system in

aged rats, if initiated before age-related nicotinic receptor

decline. Chronic treatment with nicotine has been repor-

ted to up-regulate nicotinic receptors in the cerebral cor-

tex of aged rats of 24–25 months [12]. In our present

experiments, chronic nicotine treatment of aged rats of

27–30 months seems insufficient to compensate for the

age-related decline in the number and/or function of

nicotinic receptors, because the chronic nicotine had no

effect on the NBM cholinergic system in aged rats of

27–30 months.

In the present study, using aged rats of 27–30 months,

2.4 mg/kg/day of nicotine (calculated as the free base) was

delivered subcutaneously for 2 weeks. Similar chronic

nicotine infusion is known to affect behavioral perfor-

mance such as working memory of adult rats and aged rats,

depending on the dose and period of nicotine [23, 24].

Levin and Terry [23] reported that a sustained subcutane-

ous infusion of nicotine (5 mg/kg/day, calculated as nico-

tine base) for 4 weeks improves working memory in adult

rats, but not in aged rats of 24–28 months. In contrast,

French et al. [24] showed that a lower dose of nicotine

(0.3 mg/kg/day, calculated as nicotine base) for 4 weeks

improves working memory in aged rats of 24 months.

Since the metabolism of nicotine declines in aged rats [25],

the effective dose and period of nicotine may differ

between adult and aged rats.

In conclusion, the present study provides important

information that long-term stimulation of nicotinic recep-

tors by sustained subcutaneous infusion of nicotine does

not affect basal acetylcholine release in the cerebral cortex,

the response of cortical acetylcholine release, and cortical

vasodilation evoked by NBM stimulation in aged rats of

27–30 months, when the dose and period of nicotine that

are known to enhance the cholinergic system in adult rats

(4–9 months old) is used.
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