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Abstract

Benzodiazepines and 5-HT1A agonists have been widely used as anxiolytic agents. Some clinical reports document that 5-HT1A agonists

induce memory impairment to a lesser degree than diazepam. In the present study, we compared the effects of diazepam and 5-HT1A agonist,

tandospirone, on hippocampal long-term potentiation (LTP) in Schaffer collateral-CA1, mossy fiber-CA3 and perforant path-dentate gyrus

synapses. In the diazepam-injected group, the reduction in LTP was observed in all three types of synapses, although the effective dose

differed among these. In the tandospirone-injected group, no reduction in LTP was observed except in Schaffer-CA1 synapses. In addition,

population spike amplitude was potentiated by tandospirone in mossy fiber-CA3 synapses in a dose-dependent manner. Thus, there was a

discrepancy in the effects on hippocampal LTP between diazepam and tandospirone, possibly reflecting the reported clinical properties of

these drugs, in that 5-HT1A partial agonists do not affect learning and memory, whereas diazepam impairs memory function. D 2001 Elsevier

Science Inc. All rights reserved.
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1. Introduction

Gamma-amino butyric acid (GABA) and serotonin (5-

HT) have been extensively used as anxiolytic agents.

Benzodiazepines, the classical anxiolytic agents usually

administered upon clinical signs of anxiety, panic and

epilepsy, bind to GABAA receptors at the benzodiazepine

recognition site and enhance the inhibitory effects of

GABA. 5-HT has been implicated in the control of a

wide variety of psychiatric functions, with dysfunction of

the 5-HT system thought to be involved in the develop-

ment and/or progression of neuropsychiatric disorders

including depression and anxiety (Duman, 1998; Graeff

et al., 1996). Previous studies have clarified the physio-

logical and pharmacological aspects of 5-HT receptor

subtypes. Among these, 5-HT1A receptors have attracted

the most attention, because the clinically effective anxio-

lytic agent, buspirone, is a 5-HT1A receptor partial agonist

(New, 1990; Tunnicliff, 1991) and because knockout mice

lacking 5-HT1A receptors showed an increased tendency to

avoid stressful situations (Parks et al., 1998; Ramboz et

al., 1998). These results suggest that 5-HT1A receptors

play an important role in modifying psychiatric functions.

However, a number of studies reported amnesia as a

common side effect of treatment with classical benzodia-

zepines such as diazepam in humans (Lister, 1985) and

other species (Izquierdo et al., 1990; Sarter et al., 1995;

Venault et al., 1986), whereas some clinical studies have

shown that a 5-HT1A partial agonist, the clinically effec-

tive anxiolytic buspirone, did not induce impairment of

learning or memory (Hart et al., 1991; Lawlor et al., 1992;

Lucki et al., 1987).

Hippocampal long-term potentiation (LTP) has been

suggested to be the electrophysiological basis of learning

and memory. Hippocampal LTP is expressed in the input–

output pathways of the hippocampus, i.e., the entorhinal

cortex to dentate granule cells, granule cells to CA3 pyr-

amidal cells and CA3 pyramidal cells to CA1 pyramidal

cells (Kelso et al., 1986; Steward, 1976). In these trisynaptic

circuits, different synaptic mechanisms are responsible for

the induction and maintenance of LTP. The induction of LTP

in the Schaffer-collateral CA1 and the perforant path-dentate
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gyrus synapses is dependent on NMDA receptors. In con-

trast, LTP in mossy fiber-CA3 synapses is independent of

NMDA receptors and the induction of LTP instead requires

an increase in cAMP (Manabe, 1997; Zalutsky and Nicoll,

1990). It is therefore possible that not only the mechanisms

but also the functional roles of LTP differ among hippo-

campal synapses.

In the present study, we investigated whether hippo-

campal LTP reflects the clinical properties previously

reported following administration of benzodiazepines and

5-HT1A agonists, i.e., the induction and non-induction of

memory impairment, respectively. The effects of a classical

benzodiazepine, diazepam, and of the 5-HT1A agonist,

tandospirone, on LTP in the Schaffer collateral-CA1, mossy

fiber-CA3 and perforant path-dentate gyrus synapses were

comparatively evaluated.

2. Methods

2.1. Animals

Male Wistar rats (280–410 g and 8–13 weeks old) were

used (Slc:Wistar/ST, Shizuoka Laboratory Animal Center,

Hamamatsu, Japan). The animals were housed in a room

with a 12-h light–dark cycle and were given free access to

food and water. These studies were conducted in accordance

with the standards established by the Guide for the Care and

Use of Laboratory Animals of the Hokkaido University

School of Medicine.

2.2. Evaluation of fear-related behavior

A chamber (30� 30� 27 cm) constructed from alumi-

num (sidewalls) and Plexiglas (rear wall, ceiling and front

door) was used in order to evaluate fear-related behavior.

The floor of the chamber consisted of 27 stainless steel rods

wired to a shock generator that delivered foot shocks.

On day 1, rats were exposed to the chamber for 3 min.

After exploration of the new environment, rats were given

three foot shocks (2 s, 0.5 mA, 30 s intervals). Thirty

seconds after the final shock, the rats were returned to their

home cages. On day 2, saline (5.0 ml/kg i.p., control) or

either of the anxiolytic drugs diazepam (0.5 mg/kg i.p.) or

tandospirone (1.0 mg/kg i.p.) were injected. Twenty minutes

after injection, rats were reexposed to the chamber, and

freezing behavior was counted at 5-s intervals over a period

of 30 min. Freezing was defined as the absence of all

movement, with the exception of those related to respira-

tion. The percentage of freezing was calculated every 5 min.

2.3. Measurement of LTP

LTP was measured as previously described (Mori et al.,

1998). The rats were tracheotomized, artificially respirated

with 1% halothane and fixed in a stereotaxic frame. During

recording of LTP, heart rate and blood pressure were

monitored. Stainless steel bipolar stimulating electrodes

were inserted into the Schaffer collateral, mossy fiber or

the perforant path region. A monopolar recording electrode

was placed in the pyramidal cell layer of CA1, the pyrami-

dal cell layer of CA3 or the granule cell layer of the dentate

gyrus. Single test stimuli were delivered at intervals of 30 s

and an average of five responses was obtained every 5 min.

After test stimuli were delivered for 20 min, saline or either

diazepam or tandospirone were injected intraperitoneally. At

20 min postinjection, high-frequency stimuli were delivered.

These tetanic stimuli consisted of 5 or 10 trains at 1 Hz,

each composed of eight pulses at 400 Hz. Following

stimulation, the changes in the amplitude of the population

spike were measured for 1 h. In each synapse, the time

course of changes and the area under the curve (AUC) from

0 to 60 min were evaluated.

2.4. Statistical analysis

Statistical differences between group means were deter-

mined by analysis of variances, followed by Bonferroni-

adjusted t tests. Differences were considered significant at

the P < .05 level.

3. Results

3.1. Effects on fear-related behavior

Fear-conditioning was conducted to confirm the anxio-

lytic effects of diazepam and tandospirone. Diazepam (0.5

mg/kg i.p.) and tandospirone (1.0 mg/kg i.p.) were admin-

istered 20 min before rats were re-exposed to the foot shock

chamber. Administration of diazepam and tandospirone

Fig. 1. Administration of diazepam (0.5 mg/kg) and tandospirone (1 mg/kg)

reduced the freezing behavior of rats in fear conditioning. The anxiolytic

effects were comparable between these anxiolytic agents. .–., saline-

injected group (n= 8); 6–6, 0.5 mg/kg diazepam-injected group (n= 5);

~–~, 1 mg/kg tandospirone-injected group (n= 5). *P< .05, diazepam-

vs. saline-injected group . #P< .05, tandospirone- vs. saline-injected group.
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significantly reduced the incidence of freezing behavior

compared with the saline-injected control group (Fig. 1).

The anxiolytic effects were comparable between the diaze-

pam- and tandospirone-injected groups at doses of 0.5 and

1.0 mg/kg, respectively.

3.2. Effects on LTP

After tetanic stimulation, each population spike ampli-

tude was potentiated in the control group. Following the

administration of diazepam (0.1–25 mg/kg) 20 min before

tetanic stimulation, LTP was reduced in a dose-dependent

manner in all three types of synapses. In Schaffer-CA1

synapses, induction of LTP was inhibited by injection of

0.25 mg/kg diazepam. The reduction in LTP by 0.25 and 0.5

mg/kg diazepam was statistically significant in AUC anal-

ysis (Fig. 2A, B). In mossy fiber-CA3 synapses, LTP was

inhibited by 25 mg/kg diazepam. A dose-dependent reduc-

tion in LTP by injection of diazepam was observed,

although the inhibition was not statistically significant

(Fig. 2C, D). In perforant path-dentate gyrus synapses,

induction of LTP remained unchanged, but maintenance of

LTP was inhibited by 5 mg/kg diazepam. The reduction in

LTP by injection of 5 mg/kg diazepam was statistically

significant (Fig. 2E, F). Thus, diazepam reduced hippo-

campal LTP in all three types of synapses examined,

although the effective doses were different.

Fig. 2. Effects of diazepam on time course of population spike amplitude

changes and AUC from 0 to 60 min in Schaffer-CA1 (A, B), mossy fiber-

CA3 (C, D) and perforant path-dentate gyrus (E, F) synapses. In these three

types of synapses, LTP was reduced in a dose-dependent manner. (A) In

Schaffer-CA1 synapses, induction of LTP was inhibited by injection of 0.25

mg/kg diazepam. (B) The reduction in LTP by 0.25 and 0.5 mg/kg

diazepam was statistically significant in AUC analysis. (C) In mossy fiber-

CA3 synapses, LTP was inhibited by 25 mg/kg diazepam. (D) A dose-

dependent reduction in LTP by injection of diazepam was observed,

although the inhibition was not statistically significant. (E) In perforant

path-dentate gyrus synapses, induction of LTP was not changed, but

maintenance of LTP was inhibited by 5 mg/kg diazepam. (F) The reduction

in LTP by injection of 5 mg/kg diazepam was statistically significant. The

numbers in parentheses in B, D and F are the numbers of animals examined.

6–6, saline-injected group in A, C, E; + –+, 0.1 mg/kg diazepam group

in A; ~–~, 0.25 mg/kg diazepam group in A; .–., 0.5 mg/kg diazepam

group in A, C, E; 5–5, 5 mg/kg diazepam group in C, E;5–5, 25 mg/kg

diazepam group in C. *P < .05, compared with the saline-injected group.

Fig. 3. Effects of tandospirone on time course of population spike amplitude

changes and AUC from 0 to 60 min in Schaffer-CA1 (A, B), mossy fiber-

CA3 (C, D) and perforant path-dentate gyrus synapses (E, F). Effects of

tandospirone differed in a synapse-dependent manner. (A) In Schaffer-CA1

synapses, induction of LTP was inhibited by injection of 1 mg/kg

tandospirone. The population spike amplitude was reduced by 10 mg/kg

tandospirone. (B) The reduction in LTP by 1 and 10 mg/kg tandospirone

was statistically significant in AUC analysis. (C) In mossy fiber-CA3

synapses, LTP and population spike amplitude were facilitated in a dose-

dependent manner. (D) A dose-dependent facilitation of LTP by injection of

tandospirone was observed, although the facilitation was not statistically

significant. (E) In perforant path-dentate gyrus synapses, LTP was not

affected by tandospirone. (F) LTP was not influenced by tandospirone in

AUC analysis. The numbers in parentheses in B, D and F are the numbers

of animals examined. 6–6, saline-injected group; .–., 1 mg/kg

tandospirone group; ~–~, 10 mg/kg tandospirone group. *P < .05,

compared with the saline-injected group.
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3.3. Effects of tandospirone

Tandospirone (1.0 and 10 mg/kg i.p.) was injected intra-

peritoneally 20 min before tetanic stimulation. Effects of

tandospirone differed in a synapse-dependent manner. In

Schaffer-CA1 synapses, induction of LTP was inhibited by

injection of 1 mg/kg tandospirone. The population spike

amplitude was reduced by 10 mg/kg tandospirone. The

reduction in LTP by 1 and 10 mg/kg tandospirone was

statistically significant in AUC analysis (Fig. 3A, B). In

mossy fiber-CA3 synapses, LTP and population spike

amplitude were facilitated in a dose-dependent manner,

although the facilitation was not statistically significant

(Fig. 3C, D). In perforant path-dentate gyrus synapses,

LTP was unaffected by tandospirone (Fig. 3E, F). Thus,

tandospirone reduced population spike amplitude both

before and after tetanic stimulation only in Schaffer-CA1

synapses. On the other hand, it facilitated both in mossy

fiber-CA3 synapses in a dose-dependent manner.

4. Discussion

In the present study, behavioral experiments were carried

out in addition to electrophysiological ones in order to

indicate the anxiolytic activity of these agents in the dose

ranges used in the LTP experiments. All rats injected with

the benzodiazepine, diazepam (0.5 mg/kg i.p.) or the 5-

HT1A agonist, tandospirone (1 mg/kg i.p.) showed reduced

fear-related freezing behavior in the conditioning chamber,

compared with controls, confirming that both drugs possess

anxiolytic ability. We preliminarily studied the effects of

high-dose diazepam (5 mg/kg i.p.) and tandospirone (10

mg/kg i.p.) on fear-related behavior. In both groups, various

side effects, i.e., muscle relaxation by diazepam, flat-body

posture and the hypolocomotion by tandospirone, were

observed. Thus, we did not consider that it was possible

to exactly evaluate anxiolytic effects in both high-dose

diazepam and tandospirone.

In the diazepam-injected group, the induction of LTP in

Schaffer-CA1 synapses as well as the maintenance of LTP

in mossy fiber-CA3 and perforant path-dentate gyrus syn-

apses were reduced. The pharmacological effects of benzo-

diazepines are mediated by binding to a recognition site of

the benzodiazepine–GABAA receptor complex. These

receptors gate fast inhibitory synaptic transmission via an

integral chloride ion channel. Previous reports that GABAA

agonists suppress LTP induction (Del Cerro et al., 1992;

Evans and Viola-McCabe, 1995) and that GABAA antago-

nists facilitate it (Seabrook et al., 1997) in the CA1 region in

vitro suggest that LTP might be controlled by GABAA-

mediated inhibitory mechanisms. Our observation that dia-

zepam suppressed hippocampal LTP in the CA1 region is

consistent with these previous reports. However, it was

noted that effective doses differed among the three types

of synapses examined. In the CA3 region, differences in the

mechanism of LTP induction might be responsible for

sensitivity to diazepam. However, in the present study, the

induction of LTP was inhibited in Schaffer-CA1 synapses,

whereas only the maintenance of LTP was inhibited in

perforant path-dentate gyrus synapses, although both mech-

anisms of LTP induction are mediated by NMDA receptors.

The reason for this was not clarified, but this finding may

indicate that the involvement of GABAA receptors in LTP

induction differs between Schaffer-CA1 and perforant path-

dentate gyrus synapses.

Tandospirone influenced hippocampal LTP in a synapse-

dependent manner in the present study. In Schaffer-CA1

synapses, the induction of LTP was reduced by 1 mg/kg

tandospirone, and the population spike amplitude before

tetanic stimulation was also suppressed by 10 mg/kg tando-

spirone. In contrast, both were potentiated in mossy fiber-

CA3 synapses in a dose-dependent manner. In perforant

path-dentate gyrus synapses, tandospirone did not affect the

induction or maintenance of LTP.

Intracellular recordings from hippocampal CA1 pyrami-

dal cells in vitro have shown that exogenously applied 5-HT

produces both inhibitory and excitatory effects (Andrade

and Nicoll, 1987; Colino and Hallowell, 1987; Corradetti et

al., 1992). In the CA1 region, previous studies have dem-

onstrated that 5-HT decreases excitatory postsynaptic poten-

tials by eliciting a 5-HT1A receptor-mediated increase in

potassium conductance (Anwyl, 1990). In addition, periph-

eral application of 5-HT1A receptor agonists reportedly

primarily activated the somadendritic 5-HT1A autoreceptors

and caused suppression of the firing rate in the raphe

nucleus (Dong et al., 1997; Godbout et al., 1991). Since

the hippocampal CA1 pyramidal cells receive afferent fibers

from the raphe area, reduction in the firing rate in the raphe

nucleus might suppress population spike amplitude. Our

results were consistent with those of previous studies,

indicating that 8-OH-DPAT, a 5-HT1A agonist, suppressed

the population spike amplitude in Schaffer-CA1 synapses of

hippocampal slices (Bijak et al., 1996).

In mossy fiber-CA3 synapses, the population spike

amplitude both before and after tetanic stimulation was

increased after administration of tandospirone in the present

study. LTP in mossy fiber-CA3 synapses is NMDA recep-

tor-independent and is triggered by a rise in intracellular

calcium levels and subsequent formation of cAMP in the

mossy presynaptic terminals. Since 5-HT1A receptors are

considered to be coupled with Gi-protein and decrease

cAMP levels (Gerhardt and Heerikhuizen, 1997; Lucas

and Hen, 1995), we assumed that the population spike

amplitude in mossy fiber-CA3 synapses might be reduced

by the application of tandospirone. The reasons why the

population spike amplitude was increased by administration

of the 5-HT1A agonist, tandospirone remain to be deter-

mined. Mossy fibers make synaptic contact with inhibitory

interneurons, and the number of their connections is 200- to

2000-fold greater than those between mossy fibers and CA3

pyramidal cells (Gulyas et al., 1992). It is possible that the
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changes in population spikes observed in mossy fiber-CA3

synapses may be related to inhibitory interneurons. 5-HT

has been reported to suppress inhibitory interneurons via 5-

HT1A receptors (Schmitz et al., 1995), with 5-HT1A agonists

increasing cAMP levels in the hippocampus (Markstein et

al., 1999). The LTP-like changes in the mossy fiber-CA3

synapses may therefore be attributable to the tandospirone-

induced increase in cAMP levels in the CA3 area.

In perforant path-dentate gyrus synapses, we found that

even the highest dose of tandospirone did not influence

induction or maintenance of LTP. LTP in the CA1 region

might be more sensitive to 5-HT than that in the dentate

gyrus region, although both mechanisms of LTP are thought

to be identical. The reason for the differential effects of

tandospirone is less clear, although they are known to be

due to the influences of the dopamine and adrenergic

systems, which interact with 5-HT in the hippocampus.

The contribution of dopamine D1/D5 receptors and b-
adrenergic receptors to LTP reportedly differ between the

CA1 and the dentate gyrus region (Swanson-Park et al.,

1999). Tandospirone might moderate the dopamine and

adrenergic systems, which in turn would induce the disso-

ciation of LTP between CA1 and the dentate gyrus.

During exploratory behavior, rhythmic firing is recorded

only in granule cells of the dentate gyrus, and at the end of

exploration synchronized firing is observed in pyramidal

cells in CA3 and CA1 (Buzsáki, 1989). According to this

two-staged model proposed by Buzsáki, the rapid firing in

the dentate gyrus might provide the neural basis of the

fragile memory trace, and the synchronized firing in

pyramidal cells in CA3 and CA1 might form the enduring

memory trace. Thus, the formation of LTP in perforant

path-dentate gyrus synapses might be required for fragile

learning and memory. On the basis of this hypothesis, the

present observation that tandospirone did not affect LTP,

whereas diazepam reduced LTP in the dentate gyrus, might

explain the clinical evidence that acute benzodiazepine

intake impairs memory function, whereas 5-HT1A agonists

do not.

In the present study, the effects of two major anxiolytic

agents on hippocampal LTP in three types of synapses

were investigated. LTP in only schaffer-CA1 synapses was

reduced by tandospirone, whereas LTP was reduced

throughout the hippocampus upon the administration of

diazepam. These differences might reflect the clinical

evidence that 5-HT1A agonists do not impair learning

and memory.
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