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Abstract

ŽIn this study, we investigated the neuronal activity of hippocampal slices from the b-amyloid protein-infused 300 pmolrday for
. Ž .10–11 days rats using the extracellular recording technique. Perfusion of nicotine 50 mM reduced the amplitude of electrically evoked

population spikes in the CA1 pyramidal cells of the vehicle control rats, but not in those of the b-amyloid protein-infused rats, suggesting
the impairment of nicotinic signaling in the b-amyloid protein-infused rats. Long-term potentiation induced by tetanic stimulations in
CA1 pyramidal cells, which was readily observed in the vehicle control rats, was also impaired in the b-amyloid protein-infused rats.
Nicotinic blockade by adding hexamethonium into the perfused solution inhibited long-term potentiation induction. Taken together, our
previous and present results suggest that b-amyloid protein infusion impairs the signal transduction mechanisms via nicotinic
acetylcholine receptors. This dysfunction may be responsible, at least in part, for the impairment of long-term potentiation induction and
may lead to learning deficits. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Alzheimer’s disease AD is the most common cause of
dementia in the elderly, and its pathology is characterized
by the presence of numerous numbers of senile plaques
Ž . ŽSP and neurofibrillary tangles Hardy and Allsop, 1991;

.Kosik, 1991 . In AD patients, severe cognitive dysfunction
is observed concomitant with neuronal degeneration partic-

Žularly in cholinergic neuronal systems Davies and Mal-
oney, 1976; Whitehouse et al., 1982; Wilcock et al., 1982;

.Coyle et al., 1983 . The central cholinergic neuronal sys-
tem plays an important role in learning and memory
Ž .Nabeshima, 1993 , therefore, it has been thought that
cholinergic degeneration is responsible for the impairment
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Žof learning and memory in AD Sims et al., 1983; Bierer et
.al., 1995 .

Ž .The core of SP consists of b-amyloid protein Ab , a
polypeptide of 39–43 amino acids, which is a product of
the proteolytic cleavage of b-amyloid protein precursor
Ž . Ž .APP Haas et al., 1992; Shoji et al., 1992; Selkoe, 1994 .
Several genetic and transgenic studies have indicated that
excess amount of Ab is produced by mutations of APP
ŽChartier-Harlin et al., 1991; Goate et al., 1991; Citron et

.al., 1992; Cai et al., 1993 and causes learning impairment
Ž .Murrell et al., 1991; Hsiao et al., 1996 . Moreover, Ab

Žhas a toxic effect on cultured nerve cells Yankner et al.,
.1990 . One possible mechanism of Ab neurotoxicity is the

2q Ždisruption of intracellular Ca homeostasis Mattson et
.al., 1993 by impairing function of ion-regulating protein

q Ž .such as K channel Etcheberrigaray et al., 1993, 1994
Ž q q 2qand ion transporters i.e., Na rK -ATPase and Ca -

. Ž .ATPase Mark et al., 1995 . Moreover, Arispe et al.
Ž . 2q1993a,b have reported Ab can form Ca channels in
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planar lipid bilayer membranes. However, the details of
Ab toxicity remain to be elucidated.

So far only a few acetylcholinesterase inhibitors such as
tacrine and donepezil have been developed as effective
therapeutic drugs for AD. This is due to the lack of the
suitable animal models of AD. To date, electrical or
chemical lesions of cholinergic neurons in the basal fore-
brain have been employed to produce animal models of

Ž .AD Nabeshima, 1993 . These models show AD-like cog-
nitive dysfunction, however, they are not suitable for
investigating causes and development of AD. It is neces-
sary to develop an adequate animal model of AD. Al-
though APP transgenic mice are useful models of AD with
which to elucidate the process of Ab deposition and
neuronal degeneration, it takes for about 1 year to develop
the learning and memory deficits in these mutant mice
Ž .Hsiao et al., 1996; Nalbantoglu et al., 1997 .

Ž .We have reported that continuous 2 weeks infusion of
Ž y1 .Ab 1–40, 300 pmol day into the cerebral ventricle of

rats induced learning deficits, and decreases choline acetyl-
Ž .transferase ChAT activity in the frontal cortex and hip-
Žpocampus Nabeshima and Nitta, 1994; Nitta et al., 1994,

.1997 . Immunohistochemical analysis revealed diffuse de-
positions of Ab in the cerebral cortex and hippocampus
around the ventricle and persistent activation of astroglial

Ž .cells Nabeshima and Nitta, 1994; Nitta et al., 1994, 1997 .
Furthermore, the nicotine-stimulated release of acetyl-
choline and dopamine in the frontal cortexrhippocampus
and striatum, respectively, is decreased in the Ab-infused

Ž .rats Itoh et al., 1996 . These results suggest that signal
transduction via nicotinic receptors is impaired by the
continuous infusion of Ab and that the dysfunction of
neurotransmitter releases may be one of the causes of the
learning deficits observed in these animals.

In this study, therefore, we investigated whether Ab-in-
fusion changes nicotinic responses in hippocampal CA1
pyramidal cells in brain slices using the extracellular
recording technique. In addition, we investigated the effect

Ž .of Ab-infusion on long-term potentiation LTP in these
cells.

2. Materials and methods

2.1. Animals and chemicals

ŽMale Kbl Wistar rats Oriental Bio Service, Kyoto,
. Ž .Japan , weighing 280–300 g 7 weeks old at the begin-

Ž .ning of the experiments, were used. Ab 1–40 was
Ž .purchased from Bachem Torrance, CA and nicotine,

mecamylamine and hexamethonium were purchased from
Ž .Sigma St. Louis, MO , respectively. Other chemicals

Ž . Ž .special grade were obtained from Wako Osaka . Nico-
tine, mecamylamine and hexamethonium were dissolved

Ž . Žwith standard STD solution in mM: NaCl 128, KCl 1.7,

KH PO 1.24, MgSO 1.3, CaCl 2.4, NaHCO 26 and2 4 4 2 3
.glucose 10 .

2.2. Surgery

The animals were handled in accordance with the guide-
lines established by the Institute for Laboratory Animal
Research of this university, and housed in a temperature-

Žand light-controlled room 238C, a 12-h cycle starting at
.9:00 am . They had free access to food and water. The

procedure for infusion of Ab was described previously
Ž .Nabeshima and Nitta, 1994; Nitta et al., 1994, 1997 . Ab

was dissolved in 35% acetonitriler0.1% trifluoroacetic
acid to prohibit aggregation of Ab in the osmotic
minipump. Continuous infusion of Ab was maintained by

Ž .the osmotic minipump Alzet 2002; Alza, CA with a
Žcannula that was implanted into the ventricle A-0.3; L

.1.1; V 4.0 mm according to the atlas of Paxinos and
Ž . ŽWatson 1986 . In this study, only one dose of Ab 300

y1 .pmol day was tested. At this dose, the protein induced
severe learning deficits and reduction of ChAT activity
Ž .Nabeshima and Nitta, 1994; Nitta et al., 1994, 1997 , and

Žthe dysfunction of neurotransmitter releases Itoh et al.,
.1996 . The vehicle control rats were infused vehicle only,

Ž .because vehicle alone and reverse Ab 40–1 showed no
Ž .behavioral or biochemical changes Nitta et al., 1997 . The

Žnumbers of slices used in the experiments each animal
.provided one or two slices were expressed as ‘n’ in the

text and figure legends.

2.3. Preparation of hippocampal slices

Ten or eleven days after starting Ab infusion, rats were
sacrificed by decapitation and the brains were quickly

Žremoved and placed in ice cold STD solution continu-
.ously gassed with 95% O and 5% CO for about 5 min.2 2

Ž .Slices 400 mm thick were then cut in the coronal plane
Žusing a vibratome Microslicer DTK1500, Dousaka EM,

.Kyoto, Japan . Slices were placed on small pieces of filter
paper presoaked in STD solution at room temperature for
more than 1 h to allow the recovery from the cutting
damage. Then, they were transferred to a recording cham-

Ž .ber fixed to an Olympus inverted microscope IMT-2 . The
acryl resin chamber had an 18-mm hole, the bottom of
which was covered with a cover-slip attached to the cham-
ber with a thin layer of silicone. The hole was connected to
inlet and outlet perfusion tubings made of Teflonw. The
slices were perfused continuously with STD solution at a
flow rate of about 2 ml miny1.

2.4. Stimulation and recording

A slice was kept in the recording chamber, and two
weights made of silver wire were placed on it to fix the
slice on the cover-slip. Two or three hydraulic Narishige
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micromanipulators were mounted on the same microscopic
stage. They were used to place a bipolar metal electrode,
insulated except at its tip, in the radiatum–lacunosum
layers to stimulate Shaffer collaterals andror commissural
fibers in the CA1 region. A recording glass pipette filled

Ž .with the STD solution without glucose and having 2–5
MV resistance was placed in the pyramidal cell layer near
the stimulating electrode. The stimulation was controlled

Ž .by a constant current stimulator Nihon Khoden, Tokyo .
The intensity of the test stimuli was adjusted to evoke
about 50% of the maximum response. Stimuli were given
every 30 s. The recording electrode was connected to a
neutralized, high input-impedance preamplifier. Electrical
signals were digitized at a bin width of 50–100 ms,

Žmonitored and saved with the pCLAMP system Axon
.Instrument, CA . The effects of nicotine were determined

by perfusing the STD solution gassed with 95% O and2
Ž .5% CO containing nicotine 50 mM for 10 min or 30 s2

and then normal STD solution gassed with 95% O and2

5% CO was perfused. To induce LTP, a tetanic stimula-2
Žtion 100 Hz for 1 s, same intensity during the basal

.stimulation was applied. In this study, we employed PS
amplitude as synaptic activity. In the nicotinic blocking

Ž .experiment, the nicotinic blocker hexamethonium 50 mM
was added into perfused STD solution. The control popula-

Ž .tion spike PS amplitude was recorded 10 and 15 min
before the application of nicotine and tetanic stimulation,
respectively. The PS amplitude was evaluated by taking
the voltage difference between the onset and peak of PS.
All experiments were performed at the room temperature

from the beginning to the end in the temperature-con-
Ž .trolled room 25"18C .

2.5. Data analysis

The obtained PS amplitude was averaged and expressed
as ‘‘fold increase’’ to its control level which was measured
before application of nicotine and tetanic stimulation.
Two-factor ANOVA was used to compare the differences
of response among the groups. When the significant differ-
ence was observed, the values at the end of observation
Ž .45 min after tetanic stimulation in LTP experiments and
the mean values taken from 5 to 10 min after the start of
nicotine application in nicotine experiments both values
were compared by means of Scheffe’s F-test.

3. Results

3.1. Effects of nicotine on PS amplitude in hippocampal
CA1

Ž .To confirm our previous result Itoh et al., 1996 that
suggested the impairment of nicotinic signal transduction
in the Ab-infused rats, we compared the electrophysiologi-
cal responses in hippocampal CA1 pyramidal cells of the
vehicle control and Ab-infused rats during nicotine appli-
cation.

We could not find the significant differences on electri-
cally evoked PS amplitude between vehicle control and

Ž .Fig. 1. Effects of nicotine 50 mM on the PS amplitude in the hippocampal CA1 pyramidal cells of the intact control, vehicle control and Ab-infused rats.
A standard solution with nicotine was applied for 10 min as indicated by a thick bar and then changed to a standard solution without nicotine. In antagonist

Ž .experiment, mecamylamine was perfused at the concentration of 10 mM throughout the experiment inserted . Nicotine-induced decrease of PS amplitude
Ž . Ž .was diminished by bicuculline 6.5 mM . Each value represents a relative amplitude to the control level mean"S.E.M. . F s282.422, P-0.011,483

Ž .vehicle control vs. Ab-infused rats . The numbers of slices and animals are as follows: intact control ns3; vehicle control ns5; Ab ns5; vehicle
control with mecamylamine ns3; intact control with bicuculline ns4.
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ŽAb-infused rats 4.37"1.01, 4.46"0.67 mV, respec-
.tively before drug treatment or tetanic stimulation. How-

ever, the current to obtain half maximal response in Ab-in-
fused rats tended to be higher than that in vehicle control

Žrats vehicle control; 0.54"0.10, ns12: Ab; 0.86"0.24
.mA, ns13 .

Ž .Application of nicotine 50 mM into perfused STD
solution decreased the PS amplitude in hippocampal CA1

Ž .pyramidal cells of the vehicle control rats ns5: Fig. 1
Ž .as well as the intact not treated control that received no

Ž .treatment ns3: Fig. 1 . Five minutes after the applica-
tion of nicotine, the PS amplitude decreased to approxi-
mately half the vehicle control level. The PS amplitude
returned to the control level 5 min after perfusion with a
STD solution without nicotine. There was no significant
difference in nicotine-induced reduction of PS amplitude
between the intact control and vehicle control rats. The
nicotine-induced reduction of PS amplitude was attenuated
by co-application of nicotinic antagonist mecamylamine
Ž .10 mM: ns3: Fig. 1 , indicating that the reduction was
mediated via nicotinic acetylcholine receptors. Moreover,

Ž .application of the g-aminobutyric acid GABA antagonist
bicuculine throughout the experiment also attenuated the

Ž . Ž .reduction ns4: Fig. 1 . In the Ab-infused rats ns5
however, the degree of nicotine-induced reduction of PS
amplitude was significantly less than that in the vehicle

Ž .control rats F s282.422, P-0.01: Fig. 1 .1,483

3.2. Induction of LTP in hippocampal CA1

Next, we investigated whether the ability of LTP induc-
tion in the Ab-infused rats was impaired, since LTP is

thought to be an essential mechanism underlying learning
Ž .and memory Bliss and Collingridge, 1993 .

Immediately after a tetanic stimulation, the PS ampli-
Ž .tude was dramatically enhanced in the intact control ns3

Ž .and vehicle control ns7 rats to about four–five-fold of
Ž .the control level post-tetanic potentiation; Fig. 2 . The PS

amplitude gradually decreased to a level about two-fold
that of the control level, indicating the induction of LTP in

Ž .the vehicle control rats Fig. 2 . Although in the Ab-in-
Ž .fused rats ns8 , a similar degree of enhancement of PS

was observed immediately after tetanus, the PS amplitude
soon returned to the control level. Although the PS ampli-
tude of Ab-infused rats after tetanic stimulation was
slightly higher compared to that of their control level, it
was significantly lower than that of the vehicle control rats
Ž .F s833.538, P-0.01; Fig. 2 and the PS amplitude1,1417

Ž .at the end of observation 45 min of control rats was
Ž .significantly higher than that of Ab-infused rats P-0.05 .

3.3. Effects of nicotinic blockade on LTP induction

Since we speculated that dysfunction of signal transduc-
tion of nicotinic acetylcholine receptor may be responsible
for impairment of LTP induction in Ab-infused rats, we
investigated whether nicotinic blockade suppresses LTP
induction. Although it has been known that hexametho-
nium is hardly delivered into the brain when administered
systemically, it can block central nicotinic acetylcholine
receptors when administered directly to brain slices. In this
experiment, hexamethonium was used to block nicotinic
acetylcholine receptors.

Ž .Fig. 2. Enhancement of PS amplitude after tetanic stimulation 100 Hz for 1 s in the hippocampal CA1 pyramidal cells of the intact control, vehicle
control and Ab-infused rats. An arrow indicates the time when tetanic stimulation was applied. Each value represents a relative amplitude to the control

Ž . Ž .level mean"S.E.M. . F s833.538, P-0.01 vehicle control vs. Ab-infused rats . The numbers of slices and animals are as follows: intact control1,1417

ns3; vehicle control ns7; Ab ns8.
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Ž .Fig. 3. Inhibition of LTP induction by application of the nicotinic blocker, hexamethonium 50 mM , in the hippocampal CA1 pyramidal cells of the
Ž .control rats. An arrow indicates the time when tetanic stimulation was applied 100 Hz for 1 s . Hexamethonium was perfused throughout experiments.

Ž . Ž .Each value represents a relative amplitude to the control level mean"S.E.M. . F s431.925, P-0.01 control vs. hexamethonium . The numbers of1,1042

slices and animals are as follows: control ns7; hexamethonium ns6.

As shown in Fig. 3, LTP could be induced in the slices
Ž .of intact control ns7 rats by tetanic stimulation, how-

ever, it was attenuated by the presence of hexamethonium
Ž .50 mM: F s431.925, P-0.01: ns6 throughout1,1042

the experiment. The PS amplitude at the end of observa-
Ž .tion 45 min was significantly higher in control slices

Ž .compared to hexamethonium-perfused slices P-0.05 .

3.4. Effects of nicotine on the impairment of LTP induction
in Ab-infused rats

The results described above suggested that dysfunction
of nicotinic signal transduction was induced in Ab-infused

Fig. 4. Effects of nicotine on LTP induction in the hippocampal CA1
Žpyramidal cells of the vehicle control and Ab-infused rats. Nicotine 50

. Ž . ŽmM was applied for 30 s a thick bar and tetanic stimulation 100 Hz
.for 1 s , indicated as an arrow, was applied during this period. Each value

Ž .represents a relative amplitude to the control level mean"S.E.M. .
Ž .F s475.475, P -0.01 vehicle control vs. Ab with nicotine . The1,980

number of slices and animals were as follows: intact control ns3;
vehicle control ns7: Ab ns8; Ab with nicotine ns4.

rats and that this dysfunction is responsible for the impair-
ment of LTP induction. Next, we attempted to find out
whether nicotine ameliorates the impairment of LTP induc-
tion in Ab-infused rats. In this experiment, the slices were

Ž .exposed to nicotine 50 mM for 30 s and tetanic stimula-
tion was applied during this period because, as mentioned
above, long-term nicotine exposure reduced PS amplitude.

Application of nicotine during tetanic stimulation in-
creased the degree of enhancement of PS amplitude in-

Žduced by tetanic stimulation in vehicle control rats ns7,
.Fig. 4 . Two-factor ANOVA analysis showed significant

differences on the overall response during observation
period between control slices and nicotine-treated slices,
however, the amplitude at 45 min was not significant,
indicating that nicotine facilitate short-term potentiation
Ž .STP, in which the enhancement persists less than 30 min
in our condition. In contrast, in Ab-infused rats STP
andror LTP induction was not enhanced even though
nicotine was contained in the perfused solution during

Žtetanic stimulation F s475.475, P-0.01 vs. vehicle1,980
.control: ns4: Fig. 4 .

4. Discussion

Our previous reports indicate that Ab is related to the
Žlearning deficits and neurodegeneration Nabeshima and

.Nitta, 1994; Nitta et al., 1994, 1997 , and that the Ab-in-
Žfused rat is a useful animal model of AD Tanaka et al.,

.1998; Yamada et al., 1998 . In this animal model, the
nicotine-stimulated release of acetylcholine and dopamine
in the frontal cortexrhippocampus and striatum, respec-

Ž .tively, is also impaired Itoh et al., 1996 . In the present
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study, we examined the electrophysiological properties of
hippocampal neurons of intact control, vehicle control and
Ab-infused rats by using the extracellular recording tech-
nique.

First, we examined the nicotinic response in the hip-
pocampal CA1 area, since a previous in vivo microdialysis
study demonstrated decrease of nicotine-induced acetyl-
choline and dopamine release, suggesting the impairment

Ž .of nicotinic signal transduction Itoh et al., 1996 . Al-
though application of nicotine into the perfused solution
resulted in a decrease in the electrically evoked PS ampli-
tude in both intact and vehicle control rats, this nicotine-in-
duced reduction was smaller in the Ab-infused rats. This
result is consistent with our previous neurochemical study
that shows the decrease of nicotine-evoked release of
acetylcholine and dopamine, suggesting dysfunction of

Ž .nicotinic signal transduction Itoh et al., 1996 . The effect
of nicotine is blocked by co-application of mecamylamine,
a blocker of nicotinic acetylcholine receptor. This indicates
that reduction of PS amplitude was mediated through
nicotinic acetylcholine receptor, therefore, it is conceivable
that Ab impairs the function of nicotinic acetylcholine
receptors, andror the process of nicotinic signal transduc-
tion. We also found the decrease of the affinity of nicotinic
acetylcholine receptor in the hippocampus of Ab-infused

Ž .rats unpublished observation . In general, it has been
thought that nicotine stimulates neurotransmitter releases
via membrane depolarization induced by the opening of
receptor-cation channel complexes following the binding

Žof nicotine to nicotinic acetylcholine receptors Brazell et
.al., 1990; Sargent, 1993 . There are several reports show-

ing that nicotine enhances hippocampal synaptic transmis-
Žsion McGehee et al., 1995; Gray et al., 1996; Frazier et

.al., 1998 . In contrast to our present results, Freund et al.
Ž .1988, 1990 have demonstrated that enhancement of hip-
pocampal response induced by nicotine was due to the
disruption of inhibitory GABAergic neuronal systems. In
their experiments, they applied higher concentration of

Ž .nicotine 800 mM for more than 30 min. Therefore, it is
conceivable that nicotinic acetylcholine receptors located
on the GABAergic terminus were desensitized and then
GABAergic transmission was disrupted. We applied a

Ž .lower concentration of nicotine 50 mM and exposed at a
Žshorter time compared to the work of Freund et al. 1988,

.1990 , therefore, these differences may be responsible for
the differences in nicotinic responses between previous
and present results. The presence of presynaptic nicotinic
acetylcholine receptors has been reported in the central

Ž .nervous system Clarke et al., 1984 . Nicotine acting
presynaptically can produce either excitation or inhibition
indirectly through the release of endogenous neurotrans-

Ž . Ž .mitters or modulators Chesselet, 1984 . Lena et al. 1993´
have reported the presence of nicotinic acetylcholine re-
ceptors at a preterminal level on axons of intrinsic
GABAergic neurons, and demonstrated the enhancement
of the GABA releases and the increase of the frequency of

ŽGABAergic postsynaptic currents by nicotine Limberger
.et al., 1986; Wonnacott et al., 1990 . In our experiments,

GABA antagonists blocked the nicotine-induced reduction
of PS amplitude. Taken together, these findings suggest
that the facilitation of the GABAergic neuronal system by
stimulating nicotinic acetylcholine receptors may be re-
sponsible, at least in part, for the reduction of the PS
amplitude induced by nicotine in the vehicle control rats.
Since our study suggested that Ab causes an impairment
of GABAergic neuronal system and GABA might play a

Ž .role in AD Marczynski, 1998 , the role of GABA in
Ab-induced brain dysfunction remains to be shown.

Next, we examined whether induction of LTP is im-
paired by the continuous infusion of Ab. Although the
mechanisms underlying memory storage are not well un-
derstood, LTP provides a useful cellular model for certain

Žtypes of learning and memory Bliss and Collingridge,
.1993 . When a tetanic stimulation was applied to the

Shaffer collateral of both intact and vehicle control rats,
enhanced responses of PS that were maintained for more
than 45 min were observed in the hippocampal CA1
pyramidal cells. In contrast, in these areas of the Ab-in-
fused rats, although a transient enhancement of PS ampli-
tude was observed immediately after the tetanic stimula-
tion, only slight enhancement was observed. This result
indicates the impairment of LTP induction in the hip-
pocampal CA1 area of the Ab-infused rats. Since there is
general agreement that the hippocampus plays an impor-
tant role in the processes of learning and memory, this
deficiency may be responsible, in part, for the learning
deficits in the Ab-infused rats. Several groups have re-
ported the effects of Ab-related substances on LTP induc-

Ž . Ž .tion. Binsack et al. 1996 and Nalbantoglu et al. 1997
have developed transgenic mice carrying human Ab pre-
cursor 770 and carboxy terminus of APP, respectively.
They have demonstrated that not only spatial learning
evaluated by water maze, but also LTP induction in the
hippocampus were impaired in their transgenic animals.

Ž .Cullen et al. 1997 have demonstrated that i.c.v. injection
of Ab1–40, 1–42 or C-terminal fragment greatly short-

Ž .ened LTP in the CA1 in vivo. Lambert et al. 1998 have
also reported that application of small diffusible Ab

oligomers inhibits the induction of LTP in the medial
perforant path-granule cells. Taken together with our pre-
sent results, excess amount of Ab may impair learning and
memory following disruption of LTP induction. In con-

Ž . Ž .trast, Wu et al. 1995 and Schulz 1996 have reported
that bath application of Ab potentiated LTP in the hip-
pocampal slices. Discrepancy between facilitatory and sup-
pressive effects of Ab on LTP may be explained as
differences in the duration of the Ab exposure. It has been
reported that Ab elevates intracellular Ca2q concentration
Ž .Mattson et al., 1993 , which plays a crucial role for LTP

Ž .induction Bliss and Collingridge, 1993 . Therefore, it can
Ž .be considered that acute bath application of Ab potenti-

ated LTP induction. However, as in the case of Ab
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transgenic animals, in our experiments the animals were
continuously exposed to Ab for a long period, treatment
which may induce a sustained elevation of the intracellular
Ca2q and, therefore, may cause disruption of the neuronal
functions.

In the present study, as shown in Fig. 3, we found that
LTP induction was attenuated in the presence of the
nicotinic blocker, hexamethonium, suggesting that nico-
tinic blockade is sufficient for impairment of LTP induc-
tion. Moreover, application of nicotine in the perfused
solution during tetanic stimulation enhanced the degree of

ŽSTP induction in the slices from vehicle control rats Fig.
.4 . Enhancement of STP andror LTP induction by nico-

tinic agonists has been demonstrated by Hunter et al.
Ž . Ž .1994 and Sawada et al. 1994 . As yet, it has not been
clearly demonstrated that nicotinic antagonists inhibit LTP
induction in the hippocampal CA1 fields. However, Hunter

Ž .et al. 1994 have reported that low concentration of a
nicotinic agonist facilitates LTP induction in rat hippocam-
pus, and in contrast, a high concentration inhibits LTP
induction, an effect which may induce desensitization of
nicotinic acetylcholine receptor. These results suggest that
nicotinic receptors play a key role in LTP induction in the
hippocampal CA1. Therefore, it is possible that dysfunc-
tions of signal transduction via nicotinic receptor lead to
impairment of LTP induction in Ab-infused rats, although
it is not clear how the inhibition of PS by exogenous
nicotine relates to the impairments of LTP induction. The
profiles of inhibition of LTP induction might be different
in the slices from Ab-infused rats and in the hexametho-
nium-treated slices, because the degree of LTP induction
was slightly higher in hexamethonium-treated slices than
in the slices from Ab-infused rats. This suggests that the
impairment of LTP induction in Ab-infused rats may not
be due to only dysfunction of nicotinic acetylcholine re-
ceptors, but also dysfunctions of other neuronal transmis-
sion. Application of nicotine during tetanic stimulation,
however, failed to recover the impairment of LTP induc-

Ž .tion in Ab-infused rats Fig. 4 . This result may be
interpreted as follows: the nicotinic signal transduction is

Ž .impaired in Ab-infused rats Fig. 1 , the hippocampal CA1
cells hardly responded to nicotine. Therefore, the enhance-
ment of STP andror LTP induction was not observed in
Ab-infused rats in spite of the presence of nicotine. Fur-
ther studies are required to elucidate the detailed mecha-
nisms underlying neuronal dysfunction induced by contin-
uous Ab infusion. It is possible that Ab causes an impair-
ment of GABAergic neuronal system as discussed above.
Further, since it is well known that NMDA receptors play
an essential role in the development of LTP, we are
currently investigating the function of NMDA receptors in
Ab-infused rats.

In the present study we used two different antagonists,
mecamylamine and hexamethonium. Mecamylamine has
been widely used to block central nicotinic acetylcholine
receptors in vivo. In contrast, hexamethonium does not

block central nicotinic acetylcholine receptors when ad-
ministered peripherally since it cannot pass the blood–brain
barrier. However, when directly administered into the brain
or when incubated with brain slices in vitro, hexametho-
nium can block the central nicotinic acetylcholine recep-

Žtors to a similar extent with mecamylamine Kihara et al.,
.1997 . Therefore, it is considered that both mecamylamine

and hexamethonium effectively block nicotinic acetyl-
choline receptors in vitro. We cannot exclude the possibil-
ity, however, that two different subtypes of nicotinic
acetylcholine receptors are blocked by mecamylamine and
hexamethonium.

It has been reported that Ab toxicity is potentiated by
self-aggregation of Ab and that this aggregation is acceler-

Ž .ated under physiological conditions Pike et al., 1991 .
Under our experimental conditions, it is unlikely that Ab

Žaggregated in the pump, as we selected a solvent 35%
acetonitriler0.5% trifluoroacetic acid, see the experimental

.procedures that would avoid such aggregation. Although
acetonitrile toxicity to neuronal cells has been suggested
Ž .Waite et al., 1992 , our preliminary experiments showed
no differences in learning ability and ChAT activity be-
tween the acetonitrile-treated and untreated rats. This may

Ž y1 .be due to the slow infusion rate 0.5 ml h or to the
Ž .infusion site into the ventricle, not parenchyma . In the

present results, we could not find significant differences in
nicotinic response and LTP induction between the intact
and vehicle control rats. Based upon these observations, it
is likely that the neuronal dysfunctions found in the pre-
sent and previous experiments were induced by Ab, and
not by the solvent used.

In conclusion, Ab infusion impairs the nicotinic signal
transduction mechanism at the pyramidal cell layer in the
hippocampal CA1 area. In the present study, we did not
investigate the contribution of other neuronal systems,
however, as we previously had reported that in Ab-infused
rats not only cholinergic but also dopaminergic neuronal
systems were impaired. Therefore, there is a possibility
that, in the Ab-infused rats, several neuronal systems
including dopaminergic and GABAergic neuronal systems
are also impaired. This dysfunction may be responsible, at
least in part, for the impairment of LTP induction and
leads to the impairment of learning and memory.
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