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Abstract

Although 5-hydroxytryptamine;g (5-HT1g) receptors are believed to be expressed on
nerve terminals, their precise mode of action is not fully understood because of the lack
of selective antagonists. The 5-HT;g receptor knockout mouse was used in the present
investigation to assess the function of 5-HT;g receptors in the modulation of synaptic
transmission in three areas of the central nervous system, i.e., the dorsal raphe, the ventral
midbrain, and the nucleus accumbens. N-(3-trifluoromethylphenyl)piperazine (TFMPP),
a 5-HTg receptor agonist, potently inhibited 5-HT; receptor-mediated slow inhibitory
postsynaptic potentials (IPSPs) in the dorsal raphe of wild-type but not knockout mice.
Both synaptically released 5-HT and exogenous 5-HT caused a presynaptic inhibition
that outlasted the postsynaptic hyperpolarization only in wild-type mice. In the ventral
midbrain, 5-HTg receptor-dependent inhibition of GABAg IPSPs in dopamine neurons
was present in wild-type animals and absent in knockout animals. Similar results were
obtained in the nucleus accumbens measuring glutamate-mediated excitatory
postsynaptic currents (EPSCs) in medium spiny neurons. Finally, cocaine, which blocks
5-HT uptake, inhibited IPSPs in the dorsal raphe and the ventral midbrain of wild-type
but not knockout mice, whereas cocaine produced comparable inhibition of EPSCs in the
nucleus accumbens of both types of animals. These results indicate that 5-HT;g receptors
function as autoreceptors and heteroreceptors to exert presynaptic inhibition of
transmitter release in the central nervous system. Furthermore, this study underscores the
role played by presynaptic 5-HT ;g receptors in mediating the effects of cocaine on

synaptic transmission.



Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a neuromodulator widely distributed in
the central nervous system and has been implicated in a number of neurophysiological
functions. The multiple actions of serotonin are mediated by at least 14 subtypes of
membrane surface receptors, most of which are members of the G protein-coupled
receptor superfamily (for review see Barnes and Sharp, 1999).

The 5-HT ;g receptor was initially identified as a [*H]-5-HT binding site with low
affinity for spiperone in the rodent brain (Pedigo et al., 1981). Another [*H]-5-HT
binding site designated the 5-HTp site was found in other species including human, dog,
and guinea pig (Hoyer and Middlemiss, 1989). It had a distribution similar to that of the
5-HT g site in rodents, although the pharmacological profile was distinct. Subsequent
molecular biological studies have demonstrated that the 5-HTp, receptor found in higher
species is a close homologue of the rodent 5-HT g receptor (Adham et al., 1992; Jin et al.,
1992), leading to the recent reclassification of these receptors as the 5-HT1g subtype
(Hartig et al., 1996). On the other hand, the 5-HT1p, receptor, found in all mammalian
species (Hamblin and Metcalf, 1991; Hamblin et al., 1992), is now termed the 5-HTp
receptor (Hartig et al., 1996).

5-HT g receptors are expressed in many brain areas, including the basal ganglia and
the midbrain raphe nuclei. 5-HT;p receptors appear to be colocalized with 5-HT1g
receptors, although at much lower densities (Bruinvels et al., 1993). A unique feature of
the expression pattern of 5-HTg receptors is the mismatch in the distribution of 5-HT1g
receptor mMRNAs and 5-HTg binding sites, which suggests that 5-HT g receptors are

expressed predominantly on nerve terminals of both 5-HT and non-5-HT neurons



(Boschert et al., 1994). This anatomical distribution is consistent with the idea that 5-
HT1g receptors function both as 5-HT auto- and heteroreceptors to control the release of
neurotransmitters.

The most selective ligands at 5-HT;g and/or 5-HT1p receptors are agonists. Thus,
previous pharmacological studies were based on a combination of selective agonists and
relatively nonselective antagonists. The recently developed selective 5-HT1g/1p receptor
antagonist GR 127935 has turned out to have a partial agonistic activity both in vitro and
in vivo (Pauwels, 1997), compromising its usefulness as a probe for the functions of
HT1g/1p receptors.

In the present study, the 5-HT g receptor knockout mouse was used to re-evaluate
the involvement of 5-HT 5 receptors in modulating the release of neurotransmitters in the
central nervous system. To this end, synaptic potentials or currents were examined in
three specific brain areas, i.e., the dorsal raphe, the ventral midbrain, and the nucleus
accumbens. Each of these areas is known to have presynaptic 5-HT1g receptors, which
have been suggested to inhibit synaptic transmission. These include 5-HT-mediated slow
inhibitory postsynaptic potentials (IPSPs) in the dorsal raphe (Pan and Williams, 1989b),
GABAergic slow IPSPs in the ventral midbrain (Johnson et al., 1992; Cameron and
Williams, 1994), and glutaminergic excitatory postsynaptic currents (EPSCs) in the
nucleus accumbens (Muramatsu et al., 1998). Furthermore, the effects of cocaine, which
elevates extracellular 5-HT concentration by uptake blockade, were investigated. The
results indicate that activation of presynaptic 5-HT1g receptors produces potent inhibition
of the release of 5-HT, GABA, and glutamate in the central nervous system and

unequivocally demonstrate the participation of 5-HT g receptors in the actions of cocaine.



Materials and Methods

Animals. All experiments were performed on tissues obtained from wild-type and
5-HT;g knockout inbred mice (20-53 days old). Both wild-type and knockout mice were
bred in the Portland VA Veterinary Medical Unit. Mice were maintained at 22 + 1°C
with a 12-hr:12-hr light:dark cycle. The background strain comprised a mixture of the
129/SvPas, 129/Sv-ter, and 129/SvEvTac substrains of 129 inbred mice (Phillips et al.,
1999).

Slice preparation. The preparation of slices containing the dorsal raphe, the
ventral midbrain, and the nucleus accumbens was as described previously (Pan et al.,
1989; Cameron and Williams, 1994; Manzoni et al., 1998). Briefly, mice were
anesthetized with halothane and killed. Brain slices (180-220 nm) were cut with a
vibratome (Leica, Nussloch, Germany) in cold (4°C) physiological saline. For recordings
from dorsal raphe neurons, coronal slices were taken at the level of the decussation of the
cerebellar peduncle or where the aqueduct begins to open to the fourth ventricle. For
recordings from midbrain dopamine neurons, horizontal slices were taken near the floor
of the interpeduncular fossa. For recordings from medium spiny neurons, parasaggital
slices containing the nucleus accumbens were cut. A single slice was placed in a
recording chamber and superfused with warmed (35°C) physiological saline containing
(in mM): NaCl 126, KCI 2.5, NaH,PO,4 1.2, MgCl, 1.2, CaCl; 2.4, glucose 11, NaHCO3
21.4, saturated with 95% O, and 5% CO,.

Recordings in the dorsal raphe and the ventral midbrain. Cells were visualized
with an upright microscope with infrared illumination, and whole-cell recordings of

membrane potential were made with patch pipettes (1.8-2.5 MW) containing (in mM): K



gluconate 115, KCI 20, MgCl, 1.5, BAPTA 1, MgATP 2, GTP 0.2, Na, phosphocreatine
10, buffered with HEPES 10 (pH 7.3, 285 mOsm/kg). An Axopatch 1D amplifier (Axon
Instruments, Foster City, CA) was used to record the data, which were filtered at 1 kHz,
digitized at 5 kHz, and collected on a personal computer using AxoGraph 4 or pPCLAMP
6 (Axon Instruments).

A single stimulus (500 nrsec) or a train of 10 stimuli (500 nsec at 70 Hz) was
delivered every 60 sec to evoke synaptic potentials in dorsal raphe neurons or midbrain
dopamine neurons, respectively, using a bipolar tungsten stimulating electrode placed
close (30-100 nm) to the soma. The stimulus intensity was adjusted to obtain a maximal
IPSP in each cell. To evoke a pair of IPSPs in dorsal raphe neurons, two successive
stimuli were applied at a 4-sec interval, and the paired-pulse ratio was calculated by
dividing the amplitude of the first IPSP by that of the second IPSP. When recordings
were made in dopamine neurons, a small hyperpolarizing current (10-50 pA) was injected
to maintain the membrane potential at —55 to —65 mV and stop the spontaneous firing.
Traces of IPSPs are shown after subtracting the baseline membrane potential obtained
during the 100-ms window before the stimuli, unless otherwise stated.

In order to isolate slow synaptic potentials, the superfusion medium contained a
cocktail of antagonists which blocks fast synaptic potentials, i.e., 2,3-dihydroxy-6-nitro-
7-sulfamoylbenzo[f]-quinoxaline (NBQX; 5 niM), picrotoxin (100 niM), and strychnine (1
nivl) to block AMPA-, GABAA-, and glycine-mediated synaptic potentials, respectively.
Slices were always pretreated with MK-801 (50 niM) to block the NMDA-mediated
synaptic potential. Prazosin (100 nM) was further added to block the a;-adrenergic

receptor-mediated slow EPSP in dorsal raphe neurons, and eticlopride (100 nM) was



included to block the dopamine D,-mediated slow IPSP in midbrain dopamine neurons.
No mGIuR IPSP was observed in dopamine neurons with the whole-cell recording using
K gluconate-based intracellular solution.

Recordings in the nucleus accumbens. Whole-cell recordings of membrane
current were made with patch pipettes (2-4 MW) containing (in mM): KCI 128, NaCl 20,
MgCl, 1, EGTA 1, CaCl; 0.3, MgATP 2, GTP 0.3, cAMP 0.2, buffered with HEPES 10
(pH 7.3, 290 mOsm/kg). The holding potential was =70 mV. An Axopatch 200A
amplifier (Axon Instruments) was used to record the data, which were filtered at 1 kHz,
digitized at 5 kHz, and collected on a personal computer using ACQUIS-1 (Bio-Logic) or
pCLAMP 6. To evoke EPSCs, extracellular stimuli (100 nsec) were delivered every 30
sec via bipolar tungsten stimulating electrodes at the prefrontal-accumbens border. The
superfusion medium contained picrotoxin (100 niM) and strychnine (1 miv) to block
GABAA- and glycine-mediated synaptic currents, respectively. Two stimuli were applied
at an interval of 50 msec to obtain a paired-pulse ratio, which was calculated by dividing
the amplitude of the first EPSC by that of the second EPSC.

Drug application. All drugs were applied by superfusion. Drugs used are as
follows: 5-HT, cocaine, [D-Ala?,N-Me-Phe* Gly®-ol]-enkephalin (DAMGO),
fenfluramine, picrotoxin, strychnine, and prazosin from Sigma (St. Louis, MO);
pindobind -5HT;4, N-(3-trifluoromethylphenyl)piperazine (TFMPP), MK-801, and
eticlopride from RBI (Natick, MA); NBQX from Tocris Cookson (Ballwin, MO);
CGP35348 was a gift from Novartis (Basel, Germany); and GR 127935 was a gift from

Glaxo Wellcome (Stevenage, UK).



Data analysis. IPSP and EPSC amplitudes were measured, respectively, by
averaging 20-msec and 2-msec windows around the peak and subtracting the average
value obtained during 100-msec and 5-msec windows immediately before the stimuli.
The time constants for the rising phase and decaying phase of the IPSP were obtained by
fitting the IPSP trajectory with a double exponential function using AxoGraph 4. Data
are expressed as means = SEM. Statistical significance was determined with unpaired
Student’s t test or Mann-Whitney U test. The difference was considered significant if p <

0.05.



Results
A. Dorsal raphe neurons

Whole-cell recordings of synaptic potentials were made at the resting membrane
potential (-55 to —65 mV) from dorsal raphe neurons in wild-type and 5-HT;g knockout
mice. All experiments were carried out in slices treated with NBQX (5 nM), MK-801
(50 mM), picrotoxin (100 nmiv), strychnine (1 mM), and prazosin (100 nM) (see Materials
and Methods). A single electrical stimulus evoked a slow IPSP that was blocked by the
selective 5-HTa receptor antagonist pindobind 5-HT14 (1 uM) by 95 + 3% and 100 + 0%
in wild-type and knockout mice, respectively (n = 3 in each group). This IPSP was
reproducible throughout the duration of recordings (~3 hr) with the application of stimuli
at 60-sec intervals. The presence of a 5-HT-mediated IPSP in the mouse dorsal raphe
was expected from the experiments done in rats (Pan et al., 1989).

No compensatory alterations in 5-HT1g knockout mice. The time course of the
IPSP in wild-type and knockout animals was analyzed by examining the first IPSP
evoked by a pair of stimuli separated by 4 sec. This IPSP (P;) was fitted to a double
exponential function to obtain time constants of the rising and decaying phases of IPSP
(Fig. 1A). The rise time constant reflects the activation kinetics of the underlying
potassium conductance, while the rate of 5-HT uptake by the serotonin transporter is the
major determinant of the decay time constant (Pan et al., 1989). It was found that both of
these time constants were not significantly different between wild-type and knockout
mice (Fig. 1B). Furthermore, the peak amplitude of P, which should be determined by
the rise and decay time constants, the amount of 5-HT released, and the sensitivity of

postsynaptic 5-HT1a receptor, was also similar in wild-type (13.6 £ 0.9 mV, 3.7-23.5
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mV, n = 34) and knockout animals (13.4 £ 0.8 mV, 6.2-23.3 mV, n =37, p > 0.8) (Fig.
1C). Thus, deletion of the presynaptic 5-HT1g receptor caused no significant changes in
the functioning of the serotonin transporter and the postsynaptic 5-HT;4 receptor, or in
the presynaptic 5-HT release mechanism in the dorsal raphe.

Presynaptic 5-HT g receptor-mediated inhibition of 5-HT4 IPSPs is absent in
knockout mice. Application of TFMPP (1 niM), a moderately selective 5-HT;g receptor
agonist, reduced the P; amplitude to 20 £ 10% of control in wild-type mice (n = 3),
whereas it slightly augmented the P, amplitude in knockout mice (107 + 9% of control, n
=3, p <0.005 vs. wild-type) (Fig. 1D). TFMPP had no measurable effect on the baseline
membrane potential nor did it block the hyperpolarization caused by application of the 5-
HT; agonist 5-CT (100 nM; data not shown). Thus, it appeared that TFMPP selectively
activated 5-HTg receptors without acting on 5-HT; receptors in this preparation. These
data indicate that activation of presynaptic 5-HT;g receptors potently inhibits evoked 5-
HT release in the dorsal raphe.

The peak amplitude of the second IPSP of the pair (P2), evoked 4 sec after P1, was
depressed compared to Py in both wild-type and knockout mice (paired-pulse depression;
Fig. 1A). However, P, amplitude was significantly smaller in wild-type mice than in
knockout mice. Hence, the magnitude of paired-pulse depression was significantly larger
in wild-type mice (Fig. 1C). These results suggest that synaptically released 5-HT can
activate presynaptic 5-HT,g autoreceptors to inhibit subsequent release of 5-HT, and that
this mechanism accounts for part of the paired-pulse depression of the 5-HT; IPSP.

Persistent effect of 5-HT on the presynaptic 5-HT;g receptor. The effect of 5-

HT released by the first stimulus on presynaptic 5-HTg receptors outlasted the duration
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of the postsynaptic 5-HT 14 receptor-mediated IPSP. After 4 sec, the 5-HT1a IPSP
produced by the first stimulus had recovered but the second stimulus caused a much
smaller IPSP (Fig. 1A). It was next examined whether this differential kinetics of
presynaptic versus postsynaptic effects of synaptically released 5-HT could also be
observed for exogenously applied 5-HT. Superfusion of 5-HT (1 niM) caused a
membrane hyperpolarization of 16.1 £ 3.2 mV (n=4) and 17.6 £ 2.4 mV (n = 3) in wild-
type and knockout mice, respectively (p > 0.7) (Fig. 2B), further confirming the similar
sensitivity of the postsynaptic 5-HT;a receptor in both animals. In wild-type mice, 5-HT
(1 mM) almost completely abolished the IPSP (7 £ 3% of control, n = 4) (Fig. 2B).
Following washout of 5-HT, the membrane hyperpolarization recovered rapidly (~3 min).
However, inhibition of the IPSP recovered much more slowly over the time course of
~10 min. Thus, a significant reduction in the IPSP amplitude was observed even when
the membrane potential had completely recovered (Fig. 2A), indicating that 5-HT-
induced inhibition of the IPSP was not simply due to occlusion of the IPSP by the
membrane hyperpolarization. In contrast, in the same experiments with knockout mice,
the IPSP was largely occluded but not abolished. In the presence of 5-HT (1 uM), the
IPSP was still 31 + 6% of control (n = 3, p < 0.05 vs. wild-type) (Fig. 2D). In addition,
after washout of 5-HT, the membrane hyperpolarization and IPSP inhibition recovered
over a similar time course (Fig. 2C,D), suggesting that postsynaptic occlusion was mainly
responsible for the IPSP inhibition. We observed a small inhibition of IPSP transiently
remaining after hyperpolarization had subsided in one cell from knockout mice, which

may reflect a presynaptic effect of 5-HT not mediated by 5-HTg receptors. Taken
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together, these results show that the effect of 5-HT on presynaptic 5-HTg receptors is
more persistent than that on postsynaptic 5-HT1a receptors.

The effects of 5-HT uptake inhibition by cocaine. Application of cocaine
increased the decay time constant of IPSP, resulting from the blockade of 5-HT uptake
(Fig. 3A,B). This action was similar in wild-type and knockout mice, indicating that the
sensitivity of the serotonin transporter was not different. However, cocaine affected the
peak amplitude of the IPSP differently in two groups of animals (Fig 3A,C). Superfusion
of cocaine (1 nM) increased the P; amplitude to 128 + 8% and 152 + 29% in wild-type
and knockout animals, respectively (n =5 each, p > 0.4). Increasing the concentration of
cocaine from 1 mM to 10 nM caused a reduction in the P; amplitude to 88 + 13% of
control in wild-type mice (n = 5), whereas the P; amplitude remained at the same level in
knockout mice (148 + 19% of control, n =5, p < 0.05 vs. wild-type). Under the
conditions of these experiments, cocaine had no effect on the membrane potential in
either group of animals. These results indicate that an increase in the ambient
concentration of 5-HT produced by cocaine acts selectively on presynaptic 5-HT;g
receptors to inhibit 5-HT release.

B. Dopamine neurons in the ventral midbrain

A train of 10 extracellular stimuli was applied to evoke synaptic potentials
mediated by GABAGg receptors in midbrain dopamine neurons. The membrane potential
was maintained at —55 to —65 mV to stop the spontaneous firing and GABAg IPSPs were
isolated pharmacologically (see Materials and Methods). IPSPs thus recorded were
completely blocked by the GABAg receptor antagonist CGP35348 (100 niV) in both

wild-type and knockout mice (n = 3 each). The average amplitude of the IPSP was
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similar in wild-type (10.2 £ 1.1 mV, 4.6-22.1 mV, n = 18) and knockout mice (10.5+ 0.8
mV, 5.2-17.8 mV, n = 20, p > 0.8).

Application of 5-HT (10-30 M) caused a marked reduction of the IPSP amplitude
in wild-type mice, while it failed to affect IPSPs in 5-HTg knockout mice (Fig. 4A,B).
On the other hand, the mopioid receptor agonist DAMGO (300 nM), which is known to
presynaptically inhibit the GABAg IPSP (Shoji et al., 1999), reduced the IPSP amplitude
to a similar degree in wild-type and knockout mice, indicating that the machinery
required for the presynaptic inhibition is intact in knockout mice. 5-HT produced no
measurable change in the membrane potential in both animals. Thus, 5-HT acts on
presynaptic 5-HT;g receptors on GABAergic terminals to inhibit the release of GABA on
GABAg receptors.

Superfusion with cocaine (1 mM) and the 5-HT releasing agent fenfluramine (10
niM) significantly inhibited the IPSP in wild-type mice (Fig. 4C,D). Both of these drugs
had no effect on the membrane potential or the time course of the IPSP. In contrast,
IPSPs were marginally affected by cocaine (1 mM) and fenfluramine (10 M) in
knockout mice (Fig. 4C,D). These data indicate that increasing the ambient
concentration of endogenous 5-HT with cocaine or fenfluramine inhibits GABA release
through activation of presynaptic 5-HT;g receptors.

C. Medium spiny neurons in the nucleus accumbens

Whole-cell recordings were made at a holding potential of —70 mV from medium
spiny neurons in the nucleus accumbens. Glutamate EPSCs elicited by focal extracellular
stimuli were isolated by blocking IPSCs with receptor antagonists (see Materials and

Methods). The 5-HTg receptor agonist TFMPP (1 nM) inhibited EPSCs in wild-type
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mice (Fig. 5A,B). This inhibition was associated with an increase in the paired-pulse
ratio (151 £ 41% of control, n = 5), consistent with a presynaptic locus of action.
Superfusion with fenfluramine (10 niM) also caused a reduction in the EPSC amplitude
(Fig. 5B). Both of these drugs failed to affect EPSCs in knockout mice. These results
show that activation of presynaptic 5-HT g receptors inhibits glutamate release and that
this can be achieved by the endogenous 5-HT.

Cocaine at 1 mM had no significant effect on EPSCs, while 10 mM cocaine reduced
the EPSC amplitude to a similar degree in both wild-type and knockout mice (Fig. 5C).
Thus, cocaine inhibits glutamate EPSCs through a mechanism independent of 5-HT

receptors in the nucleus accumbens.
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Discussion

Using the 5-HT g receptor knockout mouse, this study demonstrates that the
presynaptic 5-HT;g receptor functions both as an autoreceptor to inhibit 5-HT release in
the dorsal raphe and as a heteroreceptor to inhibit the release of GABA and glutamate in
the ventral midbrain and the nucleus accumbens, respectively. Endogenous 5-HT,
released either electrically, spontaneously or pharmacologically, can activate presynaptic
5-HT g receptors on all of these three types of terminals, i.e., serotonergic, GABAergic,
and glutaminergic. Furthermore, the cocaine-induced inhibition of the 5-HT-mediated
IPSP in the dorsal raphe and the GABAergic IPSP in the ventral midbrain was mediated
by the activation of presynaptic 5-HTg receptors. In contrast, presynaptic 5-HTg
receptors were not involved in the effects of cocaine on the glutaminergic transmission in
the nucleus accumbens.

Presynaptic 5-HT;g receptor as an autoreceptor in the dorsal raphe. 5-HT1a
IPSPs exhibited paired-pulse depression when two IPSPs were elicited 4 sec apart. The
magnitude of paired-pulse depression was significantly reduced in knockout mice,
indicating a significant contribution of the activation of presynaptic 5-HTg
autoreceptors. Paired-pulse depression of slow synaptic potentials has been described for
5-HT;a IPSPs in the nucleus prepositus hypoglossi (Bobker and Williams, 1990) and for
GABAG; IPSPs in the ventral midbrain and the CA1 region of the hippocampus (Cameron
and Williams, 1994; Davies et al., 1990). In all of these cases, neurotransmitters released
by the first stimulus were suggested to activate presynaptic autoreceptors to suppress

their own release. Our data with 5-HT;g receptor knockout mice provides the most
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compelling evidence for the involvement of presynaptic autoreceptors in this form of
frequency-dependent fatigue of the slow synaptic transmission.

Paired-pulse depression of ~35% was observed even in knockout mice. It was not
caused by desensitization of the postsynaptic 5-HT;a receptor, because hyperpolarization
produced by prolonged application of 5-HT showed no desensitization (data not shown).
5- HTyp receptors are colocalized with 5-HT;g receptors on nerve terminals in several
brain areas, including the dorsal raphe (Bruinvels et al., 1993). Thus, activation of
presynaptic 5- HT;p receptors could be responsible for the paired-pulse depression
observed in 5-HT;g knockout mice. In line with this, it has been reported that 5- HT1p
receptors mediate suppression of 5-HT release in the midbrain raphe nuclei of 5-HT;g
knockout mice (Pifieyri et al., 1995). Alternatively, this paired-pulse depression may
well be due to heterosynaptic depression by neurotransmitters other than 5-HT. Since
GABA and norepinephrine are known to be released by electrical stimulation in the
dorsal raphe (Pan and Williams, 1989a; Yoshimura et al., 1985), the GABAg receptor
antagonist CGP35348 (100 niv) and the a,-adrenergic receptor antagonist idazoxan (1
nM) were tested. Neither had an effect on the paired-pulse ratio (data not shown).
However, the involvement of other neurotransmitters cannot be ruled out. Finally, it is
possible that presynaptic depletion of synaptic vesicles containing 5-HT plays a role in
this depression.

The action of 5-HT on presynaptic 5-HTg receptors appears to persist longer than
that on postsynaptic 5-HT 14 receptors. Thus, 5-HT released by electrical stimulation
could inhibit subsequent release of 5-HT through activation of 5-HT g receptors after 4

sec (paired-pulse depression), when the hyperpolarization mediated by postsynaptic 5-
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HTa receptors had decayed. Likewise, the inhibition of IPSP caused by exogenous 5-
HT (1 M) lasted longer (~10 min) after washout than the hyperpolarization, which
decayed rapidly (~3 min). This differential kinetics of the effects of exogenous 5-HT
was not observed in knockout mice. It can be accounted for if 5-HT acts more potently
on 5-HTg receptors than on 5-HT1a receptors, so that lower concentrations of 5-HT can
selectively activate presynaptic 5-HT;g receptors without activating postsynaptic 5-HT;a
receptors. Indeed, it has been reported that GABAg agonists act more potently on
presynaptic than postsynaptic GABAg receptors in the hippocampus, resulting in a
similar long-lasting presynaptic effect compared to the postsynaptic effect (Davies et al.,
1990; Isaacson et al., 1993). However, lower concentrations of 5-HT (100-300 nM)
produced marginal hyperpolarization with no long lasting inhibition of the IPSP even in
wild-type mice. This is consistent with the similar potency of 5-HT on the cloned 5-
HT1a and 5-HT g receptors in expression systems (Fargin et al., 1989; Maroteaux et al.,
1992). Therefore, the more persistent effect of 5-HT on presynaptic 5-HT;g receptors
than on postsynaptic 5-HT;a receptors was not due to a difference in the sensitivity of
these receptors, but instead should be due to the persistence of 5-HT at the presynaptic
site compared to the postsynaptic site. The mechanism for this is not clear at present.
Cocaine (1 mM) augmented the amplitude and duration of the 5-HT-mediated IPSP
in the dorsal raphe in both wild-type and knockout mice. This augmentation can be
accounted for by the increase in the decay time constant of the IPSP resulting from 5-HT
uptake blockade by cocaine (Pan and Williams, 1989b). Increasing the concentration of
cocaine to 10 mM produced a decrease in the IPSP amplitude only in wild-type mice.

Similar inhibition of the IPSP by relatively high concentrations of cocaine was observed
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in rat dorsal raphe (Pan and Williams, 1989b) and guinea pig prepositus hypoglossi
(Bobker and Williams, 1991). The absence of this inhibition in 5-HT1g knockout mice
indicates that it results from the activation of presynaptic 5-HT;g receptors by increased
ambient 5-HT.

The increase in ambient 5-HT caused by cocaine failed to activate postsynaptic 5-
HTa receptors, as opposed to the hyperpolarization observed in a previous study with
intracellular recording (Pan and Williams, 1989b). It is possible that, with whole-cell
recording in the present study, uptake inhibition did not elevate the extracellular
concentration of 5-HT enough at the soma of the recorded cell, which was located close
to the surface of the slice.

Presynaptic 5-HT g receptor as a heteroreceptor in the ventral midbrain and
the nucleus accumbens. 5-HT, the 5-HT; agonist TFMPP, or the 5-HT releasing agent
fenfluramine suppressed GABAergic and glutaminergic transmission in the ventral
midbrain and the nucleus accumbens, respectively, only in wild-type mice. These results
confirm previous pharmacological studies reporting the involvement of presynaptic 5-
HT g receptors in these effects (Johnson et al., 1992; Cameron and Williams, 1994;
Muramatsu et al., 1998). The ventral midbrain and the nucleus accumbens are known to
receive substantial 5-HT innervation from the median and dorsal raphe (Parent et al.,
1981). Moreover, ultrastructural studies have found evidence for non-junctional
communications made by these 5-HT terminals in the ventral midbrain and the nucleus
accumbens (Hervé et al., 1987; Van Bockstaele and Pickel, 1993). Thus, endogenous 5-
HT may well diffuse extrasynaptically to act on presynaptic 5-HTg receptors expressed

at non-5-HT terminals. Indeed, cocaine inhibited GABAg IPSPs in midbrain dopamine
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neurons from wild-type mice but not from knockout mice, showing that facilitating the
diffusion of endogenous 5-HT by uptake blockade can induce activation of presynaptic 5-
HT1g receptors at GABAergic terminals in the ventral midbrain. A similar conclusion
was reached on a pharmacological basis in a previous study done in slices from guinea
pig (Cameron and Williams, 1994). In the nucleus accumbens, on the other hand,
cocaine produced a comparable inhibition of glutaminergic EPSCs both in wild-type and
knockout mice, excluding the involvement of 5-HT g receptors. This is in accord with
the previous report showing that cocaine suppresses glutaminergic transmission in the
nucleus accumbens through an increase in endogenous extracellular dopamine levels and
subsequent activation of presynaptic dopamine receptors (Nicola et al., 1996). It should
be noted that a relatively high concentration (10 M) was required to obtain this
inhibitory effect of cocaine in the nucleus accumbens compared to the concentration of
cocaine (1 mM) that caused inhibition of GABAergic transmission in the midbrain. This
Is consistent with the known lower affinity of cocaine for the dopamine transporter than
for the serotonin transporter (Ritz et al., 1987).

Significance. Studies on the functions of 5-HTg receptors have been confounded
by the lack of a potent and selective antagonist. GR 127935, a benzanilide compound,
was originally developed as a highly selective HT1g/1p receptor antagonist (Skingle et al.,
1993). However, accumulating evidence has demonstrated that it has a considerable
intrinsic activity at HT1g/1p receptors both in vitro and in vivo (Pauwels, 1997). In line
with this, GR 127935 (1 niM) inhibited GABAg IPSPs and occluded the effect of 5-HT in
midbrain dopamine neurons (data not shown). On the other hand, the 5-HT 5 receptor

knockout mice have been used successfully to probe the functions of 5-HTg receptors in
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behavior and neuropsychiatric disorders (Scearce-Levie et al., 1999). Although
developmental compensations have been suggested to be responsible for the increased
vulnerability to cocaine in 5-HT;g receptor knockout mice (Rocha et al., 1998;
Shippenberg et al., 2000), our results show that 5-HT;g receptors are indeed responsible
for the effects of cocaine on synaptic transmission in the ventral midbrain and the dorsal
raphe, two brain areas believed to be important for cocaine sensitization (Parsons and
Justice, 1993). Furthermore, deletion of 5-HT;g receptors appeared to induce no
compensatory changes in the properties of synaptic transmission recorded with brain
slices. Thus, the impact of ablation of the 5-HT g receptor protein could be
unambiguously detected when the assay was performed at the site of its expression, i.e.,

the presynaptic terminal.

21



References

Adham N, Romanienko P, Hartig P, Weinshank RL and Branchek T (1992) The rat 5-
hydroxytryptamine;g receptor is the species homologue of the human 5-

hydroxytryptaminesp, receptor. Mol Pharmacol 41:1-7.

Barnes NM and Sharp T (1999) A review of central 5-HT receptors and their function.

Neuropharmacology 38:1083-1152.

Bobker DH and Williams JT (1990) Serotonin-mediated inhibitory postsynaptic potential
in guinea-pig prepositus hypoglossi and feedback inhibition by serotonin. J Physiol

(Lond) 422:447-462.

Bobker DH and Williams JT (1991) Cocaine and amphetamine interact at 5-HT synapses
through distinct mechanisms in guinea-pig prepositus hypoglossi. J Neurosci 11:2151-

2156.

Boschert U, Amara DA, Segu L and Hen R (1994) The mouse 5-hydroxytryptamine;g

receptor is localized predominantly on axon terminals. Neuroscience 58:167-182.

Bruinvels AT, Palacios JM and Hoyer D (1993) Autoradiographic characterisation and

localisation of 5-HT1p compared to 5-HT g binding sites in rat brain. Naunyn

Schmiedebergs Arch Pharmacol 347:569-582.

22



Cameron DL and Williams JT (1994) Cocaine inhibits GABA release in the VTA

through endogenous 5-HT. J Neurosci 14:6763-6767.

Davies CH, Davies SN and Collingridge GL (1990) Paired-pulse depression of
monosynaptic GABA-mediated inhibitory postsynaptic responses in rat hippocampus. J

Physiol (Lond) 424:513-531.

Fargin A, Raymond JR, Regan JW, Cotecchia S, Lefkowitz RJ and Caron MG (1989)
Effector coupling mechanisms of the cloned 5-HT14 receptor. J Biol Chem 264:14848-

14852.

Hamblin MW and Metcalf MA (1991) Primary structure and functional characterization

of a human 5-HTp-type serotonin receptor. Mol Pharmacol 40:143-148.

Hamblin MW, McGuffin RW, Metcalf MA, Dorsa DM and Merchant KM (1992)
Distinct 5-HT;5 and 5-HT;p receptors in rat: structural and pharmacological comparison

of the two cloned receptors. Mol Cell Neurosci 3:578-587.

Hartig PR, Hoyer D, Humphrey PP and Martin GR (1996) Alignment of receptor

nomenclature with the human genome: classification of 5-HT;g and 5-HT;p receptor

subtypes. Trends Pharmacol Sci 17:103-105.

23



Hervé D, Pickel VM, Joh TH and Beaudet A (1987) Serotonin axon terminals in the
ventral tegmental area of the rat: fine structure and synaptic input to dopaminergic

neurons. Brain Res 435:71-83.

Hoyer D and Middlemiss DN (1989) Species differences in the pharmacology of terminal

5-HT autoreceptors in mammalian brain. Trends Pharmacol Sci 10:130-132.

Isaacson JS, Solis JM, Nicoll RA (1993) Local and diffuse synaptic actions of GABA in

the hippocampus. Neuron 10:165-75.

Jin H, Oksenberg D, Ashkenazi A, Peroutka SJ, Duncan AM, Rozmahel R, Yang Y,
Mengod G, Palacios JM and O'Dowd BF (1992) Characterization of the human 5-

hydroxytryptaminesg receptor. J Biol Chem 267:5735-5738.

Johnson SW, Mercuri NB and North RA (1992) 5-hydroxytryptamine;g receptors block

the GABAGg synaptic potential in rat dopamine neurons. J Neurosci 12:2000-2006.

Manzoni O, Pujalte D, Williams J and Bockaert J (1998) Decreased presynaptic

sensitivity to adenosine after cocaine withdrawal. J Neurosci 18:7996-8002.

Maroteaux L, Saudou F, Amlaiky N, Boschert U, Plassat JL and Hen R (1992) Mouse

5HT g serotonin receptor: cloning, functional expression, and localization in motor

control centers. Proc Natl Acad Sci U S A 89:3020-3024.

24



Muramatsu M, Lapiz MD, Tanaka E and Grenhoff J (1998) Serotonin inhibits synaptic
glutamate currents in rat nucleus accumbens neurons via presynaptic 5-HT;g receptors.

Eur J Neurosci 10:2371-2379.

Nicola SM, Kombian SB and Malenka RC (1996) Psychostimulants depress excitatory
synaptic transmission in the nucleus accumbens via presynaptic D1-like dopamine

receptors. J Neurosci 16:1591-1604.

Pan ZZ and Williams JT (1989a) GABA- and glutamate-mediated synaptic potentials in

rat dorsal raphe neurons in vitro. J Neurophysiol 61:719-726.

Pan ZZ and Williams JT (1989b) Differential actions of cocaine and amphetamine on

dorsal raphe neurons in vitro. J Pharmacol Exp Ther 251:56-62.

Pan ZZ, Colmers WF and Williams JT (1989) 5-HT-mediated synaptic potentials in the
dorsal raphe nucleus: interactions with excitatory amino acid and GABA

neurotransmission. J Neurophysiol 62:481-486.

Parent A, Descarries L and Beaudet A (1981) Organization of ascending serotonin

systems in the adult rat brain. A radioautographic study after intraventricular

administration of [*H]5-hydroxytryptamine. Neuroscience 6:115-138.

25



Parsons LH and Justice JB Jr (1993) Serotonin and dopamine sensitization in the nucleus
accumbens, ventral tegmental area, and dorsal raphe nucleus following repeated cocaine

administration. J Neurochem 61:1611-1619.

Pauwels PJ (1997) 5-HTgp receptor antagonists. Gen Pharmacol 29:293-303.

Pedigo NW, Yamamura HI and Nelson DL (1981) Discrimination of multiple [*H]5-
hydroxytryptamine binding sites by the neuroleptic spiperone in rat brain. J Neurochem
36:220-226.

Phillips TJ, Hen R and Crabbe JC (1999) Complications associated with genetic
background effects in research using knockout mice. Psychopharmacology (Berl) 147:5-
7.

Pifieyro G, Castanon N, Hen R and Blier P (1995) Regulation of [*H]5-HT release in
raphe, frontal cortex and hippocampus of 5-HT1g knock-out mice. Neuroreport 7:353-

350.

Ritz MC, Lamb RJ, Goldberg SR and Kuhar MJ (1987) Cocaine receptors on dopamine

transporters are related to self-administration of cocaine. Science 237:1219-1223.

Rocha BA, Scearce-Levie K, Lucas JJ, Hiroi N, Castanon N, Crabbe JC, Nestler

26



EJ and Hen R (1998) Increased vulnerability to cocaine in mice lacking the serotonin-1B

receptor. Nature 393:175-178.

Scearce-Levie K, Chen JP, Gardner E and Hen R (1999) 5-HT receptor knockout mice:
pharmacological tools or models of psychiatric disorders. Ann N'Y Acad Sci 868:701-

715.

Shippenberg TS, Hen R and He M (2000) Region-specific enhancement of basal
extracellular and cocaine-evoked dopamine levels following constitutive deletion of the

serotining receptor. J Neurochem 75:258-265.

Shoji Y, Delfs J and Williams JT (1999) Presynaptic inhibition of GABAg-mediated
synaptic potentials in the ventral tegmental area during morphine withdrawal. J Neurosci

19:2347-2355.

Skingle M, Scopes DIC, Feniuk W, Connor HE, Carter MC, Clitherow JW and Tyers MB
(1993) GR 127935: a potent orally active 5-HT;p receptor antagonist. Br J Pharmacol

110: 9P.

Van Bockstaele EJ and Pickel VM (1993) Ultrastructure of serotonin-immunoreactive

terminals in the core and shell of the rat nucleus accumbens: cellular substrates for

interactions with catecholamine afferents. J Comp Neurol 334:603-617.

27



Yoshimura M, Higashi H and Nishi S (1985) Noradrenaline mediates slow excitatory

synaptic potentials in rat dorsal raphe neurons in vitro. Neurosci Lett 61:305-310.

28



Footnotes

This work was supported by Uehara Memorial Foundation Fellowship, Institut National
de la Sante et de la Recherche Médicale, and National Institute of Health Grant
DAO04523. The mice were provided from the colony of Dr. Tamara Phillips, supported
by National Institute of Health Grant AA11322. We thank Dr. René Hen for helpful

comments on the manuscript.

Send reprint requests to: John T. Williams, Ph.D., Vollum Institute, Oregon Health

Sciences University, 3181 SW Sam Jackson Park Road, Portland, Oregon 97201. E-mail:

williamj@ohsu.edu

29



Figure legends

Fig. 1. Properties of 5-HTa IPSPs in the dorsal raphe of wild-type and 5-HT1g knockout
mice. A, Representative traces of 5-HT1a IPSPs in wild-type and knockout mice. IPSPs
were evoked by a pair of stimuli separated by 4 sec to obtain the first (P1) and second (P2)
IPSPs. Dashed lines are the double exponential fit to P;. B, The time constants of the
rising and decaying phases of IPSPs determined by the double exponential fitas in A. C,
P1 and P, amplitudes and the paired-pulse ratio (P1/P2). D, Representative traces showing
the effect of TFMPP (1 mM) in wild-type and knockout mice. Data are shown as means

+ SEM. **p <0.01, ***p <0.001.

Fig. 2. The effects of exogenous 5-HT on the membrane potential and IPSPs in the
dorsal raphe. A and C, Representative traces of IPSPs illustrating the effects of 5-HT (1
M) in wild-type (A) and 5-HT1g knockout (C) mice. Traces of IPSPs immediately
before application of 5-HT (Control), in the presence of 5-HT (5-HT), and at the time
when the membrane potential had recovered to control level after washout of 5-HT
(Wash) are shown. The baseline membrane potential before the stimulus is not
subtracted in these traces to depict the hyperpolarization induced by 5-HT. B and D,
Summary graphs illustrating the time course of the effects of 5-HT (1 M) in wild-type
(n = 4; B) and knockout (n = 3; D) mice. The baseline membrane potential before the
stimulus is plotted after subtraction of the mean membrane potential obtained during the
5 min period prior to application of 5-HT, and the IPSP amplitude is normalized to the
mean amplitude obtained during the same 5 min period. Data are expressed as means +

SEM.
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Fig. 3. The effects of cocaine on IPSPs in the dorsal raphe. A, Representative traces of
IPSPs illustrating the effects of cocaine in wild-type and 5-HT;g knockout mice. B, A
summary bar graph showing the effects of cocaine on the time constants of the rising and
decaying phases of IPSP. Sequential application of increasing concentrations of cocaine
(1 MM and 10 nv) was made in each cell. The time constants are normalized to those
obtained in the absence of cocaine. C, A summary bar graph depicting the effects of
cocaine on the P, amplitude. The P, amplitude is normalized to that obtained in the

absence of cocaine. Data are expressed as means = SEM. *p < 0.05.

Fig. 4. 5-HT,p receptor-mediated inhibition of GABAg IPSPs in midbrain dopamine
neurons. A, Representative traces of GABAg IPSPs showing the effect of 5-HT (10 mM)
in wild-type and 5-HT;g knockout mice. IPSPs were evoked by a train of 10 stimuli (70
Hz). B, A summary bar graph of the inhibition of GABAg IPSPs by 5-HT (10 mM, 30
nivl) and DAMGO (300 nM). C, Representative traces of IPSPs depicting the effect of
cocaine (1 mM) in wild-type and knockout mice. D, A summary bar graph of the
inhibition of IPSPs by cocaine (1 M) and fenfluramine (10 nM). Data are shown as

means + SEM. *p <0.05, **p <0.01, ***p < 0.001.

Fig. 5. 5-HTg receptor-mediated inhibition of glutamate EPSCs in the nucleus
accumbens. A, Representative traces of EPSCs illustrating the effect of TFMPP (1 niM)
in wild-type and 5-HT,g knockout mice. EPSCs were evoked by a pair of stimuli

separated by 45 msec. B, A summary bar graph showing the inhibition of EPSCs by
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TFMPP (1 mM) and fenfluramine (10 niv1). C, A summary bar graph depicting the effect
of cocaine on EPSCs. Sequential application of increasing concentrations of cocaine (1
nmM and 10 niM) was made in each cell. The EPSC amplitude is normalized to that

obtained in the absence of cocaine. Data are expressed as means + SEM. *p < 0.05.
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Index terms

Serotonin; 5-HTg receptors; presynaptic inhibition; knockout mice; cocaine
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