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Abstract The effects of 5-hydroxytryptamine (5-HT) on
the responses of red nucleus (RN) neurones to glutamate
(glu) and its agonists were studied using a microiontopho-
retic technique in anaesthetised rats. Extracellular unitary
recordings of RN neuronal activity showed that 5-HT ap-
plication induced a significant and reversible depression
of glu-evoked excitations in 85% of the RN units tested.
This effect was independent of the action of the amine
on background firing, which appeared enhanced in the
majority of cases but was either depressed or uninflu-
enced in other cases. Microiontophoretic 5-HT also de-
pressed the excitatory responses evoked in RN neurones
by electrical stimulation of sensorimotor cortex. Methy-
sergide application, which prevented the enhancing ef-
fects of 5-HT on the background firing, was scarcely ef-
fective in antagonising the depression of glu responses.
In contrast, the serotonergic effects on the glu responses
were reduced by the iontophoretically applied antago-
nist of 5-HT1A receptors, NAN-190. Microiontophoretic
5-HT was also able to influence the neuronal responses
evoked by glu agonists quisqualate (quis) and N-methyl-
d-aspartate (NMDA), acting on non-NMDA and NMDA
receptors respectively. In fact 5-HT depressed quis-
evoked excitations and induced mixed effects on NMDA
responses, which were reduced in 45%, enhanced in 34%
and unmodified in 21% of the units tested. These results
suggest that 5-HT is able to modulate the motor gluta-
matergic input to RN by acting mostly on non-NMDA
receptors. The modulation of non-NMDA and NMDA re-
ceptors by 5-HT in the RN appears significant and its
functional meaning is discussed.
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Introduction

The red nucleus (RN) is a brainstem structure that plays a
role in motor control by delivering its output to the spinal
cord through the rubrospinal tract and relaying it to the
cerebellum by the rubro-olivary path (Massion 1967;
Martin and Ghez 1988). The nucleus receives a prominent
motor input from cortex and cerebellum, mostly conveyed
by fibres using excitatory amino acids as neurotransmit-
ters (Stone 1979; Davies et al. 1986; Bernays et al.
1988; Nieoullon et al. 1988).

A dense innervation by serotonergic fibres and termi-
nals has been also described in the RN of both the cat
(Bosler et al. 1983) and the rodent (Steinbusch 1984),
the bulk of this input to the RN being provided by the dor-
sal raphe nucleus (Pierce et al. 1976; Bernays et al. 1988).
The presence of serotonergic afferents to the RN is sub-
stantiated by high levels of 5-hydroxytryptamine (5-HT)
(Palkovitz et al. 1974) and by intermediate numbers of
5-HT receptors (Pazos and Palacios 1985; Pazos et al.
1985), mostly concentrated in the caudal-dorsal zone of
the nucleus.

The projections of 5-HT fibres have been classically
implicated in the control of pain (Basbaum and Fields
1984), depression (Deakin 1988; Meltzer and Lowy
1987; Kahn et al. 1988) and the sleep-waking cycle (Jou-
vet 1969; Hobson et al. 1986), but the serotonergic inner-
vation of RN indicates that the influence of 5-HT systems
might extend beyond these fields.

A hypothesis advanced by Jacobs and Fornal (1993) is
that the primary role of the 5-HT system might be to mod-
ulate motor activity. In this view, serotonergic innervation
of the RN is a possible substrate for the actions of 5-HT.
However, the interaction of 5-HT with other neurotrans-
mitters in the RN has received little attention. Directly ap-
plied 5-HT modifies the background firing rate of RN
neurones in vivo in cats (Davis and Vaughan 1969) and
rats (Licata et al. 1995) and depresses their excitatory re-
sponse to stimulation of the brachium conjunctivum in the
baboon (Huffman and Davis 1977). Given the motor role
exerted by the RN and the glutamatergic projection to the
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nucleus, a specific interaction between 5-HT and gluta-
mate (glu) could have functional implications in light of
the hypothesis outlined above.

In the present study, we tested the effects of microion-
tophoretic 5-HT on the glu-induced enhancements of fir-
ing rate in RN neurones. A secondary goal was to estab-
lish whether a possible interaction between 5-HT and glu
involved both N-methyl-d-aspartate (NMDA) and quisqu-
alate (quis) ionotrophic receptors for the excitatory amino
acids.

Materials and methods

The experiments were performed on male Wistar rats, anaesthetised
by intraperitoneal injection of urethane (1.5 g/kg). The principles
followed for the care and use of laboratory animals conformed to
the current version of the Italian law on the protection of Animals
and to NIH publication no. 85-23. The temperature of the animal
was maintained with a heating pad and the heart rate was continu-
ously monitored during the experiment. Exposed tissue was covered
with a gel of Agar-Agar (2%), applied to prevent desiccation. Sup-
plementary doses of anaesthetic were administered whenever the
heart rate exceeded the normal rate.

Small holes were drilled in the skull at the coordinates corre-
sponding to the RN (Paxinos and Watson 1986). Five-barrel micro-
pipettes were used for recording extracellular impulse activity from
single neurones and simultaneously applying pharmacological
agents.

The recording barrel (resistance 7±12 MW) was filled with a 4%
solution of Pontamine Sky Blue in 3 M NaCl. Action potentials, re-
corded extracellularly from single RN neurones, were identified on
line as neuronal activity and used for data only if the spike ampli-
tude was at least 4 times greater than the noise level and remained
unmodified during the tests. Recorded activity was filtered (300 Hz
to 10 kHz band-pass signal), amplified, discriminated and fed to a
personal computer via Cambridge Electronic design 1401 interface
and software, for storage and analysis on and off line.

Prior to recording, each of three barrels of the micropipette was
filled with one of the following solutions: 5-HT (Sigma, 30 mM, pH
4.5), monosodium glutamate (glu, Sigma, 100 mM, pH 8), N-meth-
yl-d-aspartate (NMDA, Sigma, 100 mM, pH 8), sodium quisqualate
(quis, Sigma, 100 mM, pH 8), methysergide bimaleate (mts, Sandoz,
10 mM, pH 4.5±5), 1-(2-methoxyphenyl)-4-(4-phthalimidobutyl)pi-
perazine hydrobromide (NAN-190, Tocris Cookson, 10 mM, pH
4.5±5). All the drugs were made up in distilled water with the excep-
tion of 5-HT and NAN-190, which were dissolved in 165 mM NaCl
and in diluted dimethyl sulphoxide (DMSO) respectively. If neces-
sary, the pH was adjusted with HCl or NaOH (0.1 M). A barrel filled
with 3 M NaCl enabled the automatic current-balancing circuit to
neutralise any voltage shift. Retaining currents of 5±10 nA (positive
for glu, NMDA and quis, negative for 5-HT, mts and NAN-190)
were applied to the barrels to reduce drug leakage during electrode
penetrations.

Glu, NMDA and quis were applied with negative current pulses
having a duration of 30 s and intensity up to 60 nA. 5-HT and its an-
tagonists were ejected with long-lasting (4±20 min) positive currents
(2±40 nA). By passing current up to high intensity (60 nA) through a
barrel containing DMSO, it was preliminarily verified during a pen-
etration that DMSO had no effect on the neuronal firing rate.

The number of spikes was calculated and integrated over 1±5 s
for display and analysis. Spontaneous activity recorded for at least
3 min before drug tests was used to calculate the mean firing rate
[and both the standard deviation (SD) and the standard error
(SE)]. This value was defined as the mean background activity
and used for statistical analysis. If the SD exceeded 20% of this val-
ue, the unit was excluded from further analyses. Whenever a unit
slowly modified its mean background activity during the recording
session, a new value was calculated.

Routinely, whenever a single neurone was isolated, three micro-
iontophoretic applications (30-s pulses) of glu alone (or an agonist)
were followed by three applications performed during continuous 5-
HT application. Then, glu (or agonist) was pulsed for at least 5±
10 min after cessation of the 5-HT ejection to ascertain recovery.
In some cases this sequence of trials (indicated as complete set be-
low) was repeated, 5-HT antagonists being applied simultaneously
with 5-HT. The cycle of retention-ejection was fixed for each neu-
rone on the basis of the duration of the responses. As a rule, follow-
ing each trial we waited for the firing rate to return to the initial val-
ue and, after a further delay (1±2 min according to the variability of
the background) ejected the drug again. Whenever co-ejection of an-
other drug (e.g. 5-HT) or spontaneous oscillations modified the
background firing, the application of glu (or an agonist) was de-
layed.

Following a drug ejection, a response was defined as a change in
the mean firing rate by at least 2 SD from the mean background ac-
tivity and lasting more than 20 s. Three parameters were used to de-
scribe the response intensity: the magnitude M, the contrast C and
the duration D. M was defined as the difference between the num-
bers of spikes recorded during the response and during a similar pe-
riod of time preceding drug ejection. The ratio between these two
values was defined as the contrast C and was estimated as a sig-
nal-to-noise value. Finally D indicated how long the response lasted,
i.e. the mean firing rate modification above or below 2 SD from the
background.

The effect of 5-HT on the responses to glu (or NMDA or quis) in
each unit was expressed in terms of modifications (absolute values
and per cent) of the M, C and D values elicited by glu (or NMDA
or quis) applied to the same neurone alone. Two-tailed Student�s
t-test (or Mann-Whitney U-test for normalised data) was used to
compare different sets of single trials recorded under different con-
ditions (before, during and after application of 5-HT, mts, etc.).
Paired tests (t-test and Wilcoxon rank test) were used to compare
the mean values of responses recorded under different conditions
in a neuronal population. All the results referred to a population
are reported below as mean values�the standard error of the mean
(SEM).

The last recording site of each penetration was marked by ionto-
phoretic application of Pontamine Sky Blue (cathodal current: 10±
20 �A, 10±15 min).

At the end of the experiment the rat was killed by an overdose of
anaesthetic, and the brain removed and kept for 3 days in 10% for-
malin. The electrode tracks and the recording sites were identified in
serial brainstem coronal sections (50 �m thick), stained with Neutral
Red.

Cortex stimulation experiments

During three experimental sessions the firing of RN neurones was
recorded upon electrical stimulation of ipsilateral sensorimotor cor-
tex before, during and after microiontophoretic application of 5-HT
into RN by a barrel of the same recording microelectrode. A nickel-
chromium stimulating electrode delivered trains of two or three
pulses (0.1±0.2 mA, 0.25 ms, 500 Hz) at a frequency of 0.5 Hz.
Post-stimulus time histograms (PSTHs) were calculated, averaging
60±80 trials of the 100±200 ms period following each stimulus train.
PSTHs recorded under different conditions were compared using a
paired t-test.

Results

The neuronal activities of 82 units were recorded, 66 of
which were histologically identified as belonging to the
RN. Of these, 52 were tested during at least a complete
set of trials and 14 were used in control experiments.
The background discharge rate of the sample ranged be-
tween 5 and 45 spikes/s with a mean value of
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22.01�12.43 spikes/s, a median rate of 20 and a mode
around 10±15 spikes/s. These values were not significant-
ly different from those reported in other papers (Billard et
al. 1991) with regard to the active units. The high number
of silent neurones detected by other authors in the nucleus
was probably due to the different type of anaesthesia they
used. At least in some cases, however, leakage of glu, de-
spite the retention current, cannot be excluded.

The application of 5-HT consistently depressed the re-
sponses to iontophoretic glu in 19 of the 22 neurones test-
ed (Table 1). In fact 5-HT ejection at a low current inten-
sity (2±20 nA) induced a significant decrease in both M
and C. This effect was significant in each of these units
with regard to M (t-test, P<0.0001) and in 18 of them
with regard to C (Mann-Whitney U-test, P<0.0001) val-

Fig. 1 A Rate histograms (1-s
bins) showing the inhibitory ef-
fects of 5-hydroxytryptamine
(5-HT) on the excitatory re-
sponses to glutamate (glu) in
two neurones of the red nucleus
(RN). The horizontal bars above
the histograms indicate the du-
ration of the ejection periods at
the currents given. Responses to
glu ejection during iontophoret-
ic application of 5-HT appear
attenuated in both traces. Note
in the upper trace the slow re-
covery after 5-HT application
and in the lower trace the 5-HT-
induced enhancement of the
basal firing rate. In the latter,
glu responses are attenuated,
but not abolished even after
15 min of 5-HT ejection.
B Graphs showing the modifi-
cations induced by 5-HT on the
magnitude M and the contrast C
describing the glu responses.
The mean depression of the glu
responses by 5-HT (DM and
DC) is reported (whenever sig-
nificant) as a function of the
mean M and C values of the glu
response recorded in the same
cell in the absence of 5-HT. A
significant linear correlation is
found in both cases (DM vs M:
r=0.82, P<0.0001; DC vs C:
r=0.95, P<0.0001; paired two-
tailed t-tests)

Table 1 5-Hydroxytryptamine (5-HT) effects on responses to gluta-
mate agonists. All observations in each column were made on the
population of neurones indicated in parentheses. M values are given
in number of spikes (�SE), C values in per cent variation (%) (N
number of significant effects, Crtl control values)

glu (N=22) quis (N=14) NMDA (N=29)

N 19 8 13 10

M
n

Ctrl 395�40 373�86 435�71 443�62
+5-HT 166�6 213�73 248�58 647�93
P *** *** * **
N 18 8 11 9

C
n

Ctrl 78�18 79�23 53�7 35�7
+5-HT 29�8 40�12 32�6 79�34
P *** ** *** **

* P<0.05, ** P<0.01, *** P<0.001
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ue. On the whole 5-HT was able to reduce glu-evoked ex-
citations to about 40% of their initial magnitude.

Glu responses generally appeared depressed within 1±
2 min from the beginning of 5-HT application (Fig. 1A)
and recovered 3±15 min from the end of the ejection.
The only exception was a unit that exhibited an enhance-
ment of the response followed by a late depression after
2±3 min. In contrast with its effects on the intensity of
glu-evoked responses, 5-HT ejection had no effect on
their time course, D, in the great majority of cases. In fact
a significant reduction was detected only in two units.

Whenever possible, 5-HT was applied at doses which
did not modify the background firing. Attenuation by 5-
HT of glu-evoked activity was, however, independent of
its effects on background firing. In fact a depression of

glu responses was observed in RN neurones showing no
or small changes of basal activity during 5-HT as well
as in those modifying their resting discharge.

The depressive action of 5-HT on the glu responses
was dose-dependent, but in the majority of cases unable
to abolish the glu-evoked effect totally. In fact, only in
six of the 19 responsive units could glu responses be re-
duced by more than 80%, even when the 5-HT ejection
current was enhanced to more than 40 nA.

To test the hypothesis of a direct antagonistic action of
5-HT on glu receptors we analysed the maximal depres-
sions (DM and DC) of the glu responses induced by 5-
HT in each responsive unit, reporting them as a function
of the M and C values detected in the same cell before 5-
HT ejection (Fig. 1B). The two sets of parameters were

Fig. 2 A Rate histograms (1-s
bins) showing the effects of the
5-HT antagonist methysergide
(mts) on the glu responses of a
RN neurone. Mts antagonised
the 5-HT-evoked enhancement
of the background firing rate
whereas it slightly attenuated
glu responses, in this regard
mimicking the action of 5-HT.
B Rate histograms (1-s bins)
showing the effects of the 5-
HT1A antagonist NAN-190 on
the glu responses of a RN neu-
rone. 5-HT-induced attenuation
of excitatory glu responses was
partially antagonised by simul-
taneous NAN-190 application
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linearly and positively related (DM vs M: r=0.82,
P<0.0001; DC vs C: r=0.95, P<0.0001, paired two-tailed
t-test). Thus, 5-HT ejection was able to reduce large glu
responses more than small ones.

Microiontophoretic application of the 5-HT antagonist
mts scarcely prevented attenuation of the glu responses by
5-HT. In fact mts, tested in six RN neurones, was ineffec-
tive on 5-HT-induced depression of glu responses in three
of them, enhanced it in two (Fig. 2A) and antagonised it
partially in one case. In contrast, mts antagonised the 5-
HT-evoked enhancement of the background firing in five
of six neurones and in two cases turned the excitatory re-
sponse to 5-HT application into a biphasic one, unmask-
ing an inhibitory component.

The 5-HT1A receptor antagonist NAN-190, tested in
six RN neurones, was able to reduce the 5-HT effect on
glu responses in four of them (Fig. 2B) and was ineffec-
tive on glu responses in the remaining two neurones, both
unresponsive to 5-HT.

Sporadic enhancements of glu responses by 5-HT were
recorded in two of the three units whose background fir-
ing was inhibited by 5-HT.

The effects of 5-HT on the activation by microionto-
phoresis of glu agonists quis and NMDA were also anal-
ysed in RN neurones. Both quis- and NMDA-evoked ex-
citatory responses were modulated by 5-HT but its effec-
tiveness was different in the two cases.

Quis, tested on 14 RN neurones, induced excitatory ef-
fects similar in shape and duration to glu responses. Quis-
evoked excitations were significantly depressed by 5-HT
application in eight units (Fig. 3), unaffected in four and
enhanced in two.

The depression of quis-evoked responses during 5-HT
application (Table 1) affected both M and C, which were
reduced to about 57% and 51% of control values respec-

tively. In four RN units the time course D of the responses
was also significantly shortened by about 34% (from
42�5 s to 28�3 s, N=4) during 5-HT application. The de-
pressive action of 5-HT on the quis-evoked responses was
independent of its effects on background firing (Fig. 3B,
C).

The percentage of quis responses depressed by 5-HT
and the mean reduction of M and C values suggest that
5-HT is less effective on quis than on glu responses. Dif-
ferences between the two cases, however, were not statis-
tically significant.

Responses to NMDA ejection during 5-HT application
were studied in 29 RN units. NMDA application evoked
longer-lasting excitations than glu, a fast enhancement
of the firing rate being followed by a slow recovery. Dur-
ing 5-HT application these responses were depressed in
13 units, enhanced in ten and unaffected in six (Table 1).
There was no relation between the influence of 5-HT on
the NMDA-evoked responses and on the background ac-
tivity.

In 13 RN neurones, 5-HT depressed the NMDA re-
sponses (Fig. 4A, B) reducing M, C and in almost a half
the cases also D (from 49�5 to 32�4 s, N=6). On the
whole 5-HT was able to reduce NMDA responses to
about 60% of their initial value.

In ten RN neurones 5-HT enhanced NMDA-evoked re-
sponses (Fig. 4C, D), increasing M, C and in 2 cases also
D. The enhancement of NMDA-evoked responses was
transient (3±6 min) whatever the duration of 5-HT ejec-
tion (Fig. 4D).

The units whose NMDA responses were enhanced dur-
ing 5-HT ejection were more numerous in the caudal sec-
tors (stereotaxic planes A: 2.70±2.96, see Paxinos and
Watson 1986) than in the rostral sectors (A: 3.20±3.40)
of the nucleus. The inverse was true for the neurones

Fig. 3A±D Rate histograms (1-
s bins) showing the depressive
effects of 5-HT on responses to
quisqualate (quis) application in
RN neurones. 5-HT attenuated
responses to quis application
independently of its effects on
the background firing, which
were either unaffected (A), de-
pressed (B) or enhanced (C, D).
Note that, after 5-HT ejection,
recovery times of the glu re-
sponses and basal firing rate
were unrelated. In fact a fast
recovery of both is recorded in
C, and a slow recovery of the
glu responses in D
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whose NMDA responses were depressed in the presence
of 5-HT. The difference between the two distributions
was significant (Fisher�s exact test for 2�2 tables,
P<0.05).

We compared directly the effects of 5-HT on quis and
NMDA responses in 12 neurones. In six of them 5-HT
had the same depressive action on both responses and in
1 case was ineffective on both. In the remaining five neu-
rones the effect of 5-HT on the two responses was differ-
ent. In fact, whenever NMDA responses were enhanced
by 5-HT (3 cases), quis responses appeared depressed or
uninfluenced and, on the contrary, when NMDA respons-
es were uninfluenced (2 cases) quis responses appeared
depressed.

On the whole, glu- and quis-evoked responses were
similar in shape and duration and the depressive action
of 5-HT was also similar on both. NMDA effects differed
significantly from the glu effects with regard to C and D
values and were variously modulated by 5-HT, either de-
pressive or enhancing effects being observed in a signifi-
cant group of cells.

Cortex stimulation experiments

Low-frequency trains of two or three pulses (see Materi-
als and methods) were applied to the sensorimotor cortex
during the recording of neuronal activities of 14 neurones
in the course of three experimental sessions. The PSTHs,

Fig. 4A±D Rate histograms (1-
s bins) showing the effects of 5-
HT application on the excitatory
response to N-methyl-d-aspar-
tate (NMDA) in four RN neu-
rones. A NMDA responses were
depressed and the background
firing was enhanced. B Both
NMDA responses and basic fir-
ing rate were depressed. C, D
Both NMDA responses and
background firing rate were en-
hanced. Note that in D the en-
hancing action of 5-HT on the
NMDA responses lasted less
than 5 min, although the 5-HT
application lasted about 9 min

Fig. 5A, B Post-stimulus time histograms (PSTHs) calculated from
unitary discharges of two RN neurones in response to somatosensory
cortex electrical stimulation. The same number of trials was record-
ed during a control interval (Pre 5-HT), a 5-min microiontophoretic
application of 5-HT (During 5-HT) and a recovery period (Post 5-
HT). A The excitatory-inhibitory pattern (80 trials, 150 ms) evoked
by cortical stimulation is abolished during 5-HT application (inten-
sity 40 nA), mostly for an enhancement of the background firing. B
The excitatory pattern (60 trials, 40 ms) evoked by cortical stimula-
tion is depressed by 5-HT application (intensity 40 nA). Note that in
both neurones the effect is reversible
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calculated from 60±80 trials during cortical stimulation,
were compared with those recorded in an equal number
of trials during continuous microiontophoretic application
of 5-HT (intensity: 20±60 nA).

In 11 RN neurones, cortical stimulation induced short-
latency responses: inhibitory in six units, excitatory in
two and biphasic (excitation followed by inhibition) in
three cases. The effects of microiontophoretic 5-HT on
the excitatory responses were studied. Long-lasting
(5 min) application of 5-HT during cortical stimulation
significantly attenuated (two-tailed t-test, P<0.05) the
peak of the excitatory responses with respect to the back-
ground, the effect being reversible and dose-dependent.
The suppression of the excitatory peak by 5-HT was
due either to an enhancement of the background firing
rate that ªmaskedº the response (Fig. 5A) or to a reduced
firing in response to cortical activation (Fig. 5B). In all
cases excitatory responses were reduced to 50±60% of
the control, but never abolished. Thus, the effects of 5-
HT on excitatory responses evoked by cortex stimulation
or microiontophoretic glu application were similar.

Discussion

These results demonstrate the depressive effect of 5-HT
on the glu-evoked responses in RN neurones. This action
is independent of the direct modulation exerted by 5-HT
on the background firing rate of RN neurones and in fact
is observed in units whose basal firing is enhanced, re-
duced or unaffected by 5-HT.

In the RN, where both 5-HT1 and 5-HT2 receptors have
been detected (Pazos and Palacios 1985; Pazos et al.
1985), 5-HT increases the basal firing rate of neurones
by an action on 5-HT2 receptors and, less frequently, de-
creases the firing rate by acting on 5-HT1A receptors (Li-
cata et al. 1995).

The attenuation of the glu-evoked neuronal responses
during 5-HT ejection appears likely to be mediated by
5-HT1A receptors, at least partially. In fact mts, mostly
a 5-HT2 antagonist (Zifa and Fillion 1992), was able to
block the 5-HT-evoked enhancement of background fir-
ing but was slightly effective in modifying 5-HT-evoked
depression of glu responses. In contrast, NAN-190, a 5-
HT1A antagonist, attenuated the action of 5-HT on glu re-
sponses.

An involvement of 5-HT1A receptors in reducing de-
polarisation induced by excitatory amino acids has al-
ready been demonstrated in rat locus coeruleus (CharleÂty
et al. 1991) and neocortex (Rahman and Neuman 1993).
Furthermore, a presynaptic inhibition of glutamatergic
transmission mediated through activation of 5-HT1A re-
ceptors has been described in the rat spinal cord (Singer
et al. 1996). A similar mechanism might be considered
also in our case. Presynaptic actions of 5-HT should, how-
ever, account for the RN responses evoked by cortical
stimulation whereas they appear less probable in the ex-
perimental procedure involving direct glu application on
RN neurones. As the effects of 5-HT on cortical and on

glu responses were similar, the interaction of 5-HT and
glu at a postsynaptic level seems probable although a par-
ticipation of presynaptic mechanisms cannot be excluded.

On the other hand, a direct action of 5-HT as an antag-
onist at the same receptor site as glu appears unlikely. In
fact, 5-HT, even when ejection currents were increased,
was unable to block the glu-evoked responses entirely.
In addition, a high positive correlation was found between
the attenuation induced by 5-HT on the glu-evoked re-
sponses and the initial intensity (M and C values) of the
same responses. In other words, 5-HT attenuated large
glu-evoked responses more than small ones. These results
do not appear compatible with a mechanism of competi-
tive antagonism and so they allow exclusion of the possi-
bility that 5-HT may act as a glu antagonist in the RN.

Interactions between excitatory amino acids and 5-HT
have been described in various brain areas and in different
animals, the most common effect of 5-HT being an atten-
uation of the glu-evoked response. In fact a suppressive
action of 5-HT was detected in cerebellar cortex (Lee et
al. 1986; Hicks et al. 1989), cerebellar deep nuclei
(Gardette et al. 1987), locus coeruleus (Aston-Jones et
al. 1991), substantia nigra (Aghajanian and Bunney
1975) and nucleus accumbens (White et al. 1994), where-
as an enhancement of amino-acid-evoked responses was
observed in facial (McCall and Aghajanian 1979) and spi-
nal (White and Neuman 1980) motoneurones. In some
structures, such as neocortex (Nedergaard et al. 1987),
ventrobasal thalamus (Eaton and Salt 1989) or dorsal spi-
nal cord (Murase et al. 1990), 5-HT induced mixed ef-
fects, whose characteristics depended on the doses of
ejected 5-HT and/or on the type of amino acid receptors
involved.

Our data indicate that also in the RN, although the ac-
tion of microiontophoretic 5-HT on the glu responses is
inhibitory, this amine is able to exert a different influence
on glu-evoked responses mediated by different glu recep-
tors. In fact, 5-HT attenuated quis-evoked responses, al-
though to a lesser extent than glu-evoked ones, but in-
duced mixed effects on NMDA-evoked excitations. The
latter, during 5-HT ejection, were decreased in the major-
ity of units, but enhanced in a significant number of them,
mostly those located in the caudal RN zones.

Both NMDA and non-NMDA receptors are present in
the RN of various species such as turtle (Keifer and Houk
1991), cat (Davies et al. 1986) and rat (Billard et al.
1991). The hypothesis that 5-HT exerts a different modu-
lation on the excitatory neuronal responses mediated by
these two types of receptors is plausible. In fact, in the
presence of 5-HT a selective enhancement of the respons-
es mediated by NMDA receptors has been described in
cat and rat neocortex (Nedergaard et al. 1978; Reynolds
et al. 1988, Rahman and Neuman 1993). However, in
these neurones 5-HT had no effect on the excitatory re-
sponses mediated by non-NMDA receptors. A similar se-
lective action of 5-HT, although opposite in nature, was
observed in the dorsal horn of the spinal cord (Murase
et al. 1990), where 5-HT depressed the effects mediated
by NMDA receptors. In cerebellar cortex and deep nuclei
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the modulatory action of 5-HT was depressive on both
quis- and NMDA-evoked excitations, but significantly
stronger on the former (Gardette et al. 1987; Hicks et
al. 1989). On the other hand in ventrobasal thalamus
(Eaton and Salt 1989) and in locus coeruleus (CharleÂty
et al. 1993), 5-HT influenced quis- and NMDA-mediated
excitations to a similar extent, although in the locus coe-
ruleus 5-HT attenuated both quis- and NMDA-mediated
responses but enhanced kainate-evoked effects.

In our experiments 5-HT was able to induce both ef-
fects ± an enhancement or a depression of NMDA-medi-
ated responses ± in different RN neurones. A plausible
hypothesis is that different mechanisms, and specifically
different 5-HT receptors, are implicated in the two cases.
In addition, a selective modulation of excitatory amino-
acid-induced responses is suggested by the fact that in a
significant number of RN neurones, tested for both
NMDA and quis, 5-HT influenced the two responses dif-
ferently. Further experiments with selective antagonists of
5-HT and glu receptors are necessary to clarify these as-
pects.

Although 5-HT modulates RN neuronal responsive-
ness in several ways, and interacts with more than one
type of excitatory amino acid receptor, the effect of this
drug on glu-evoked effects appears depressive in almost
all cases. In fact glu-evoked responses were similar to
the excitations mediated by non-NMDA receptors and
the action of 5-HT depressed both in a similar way. Our
hypothesis is that, in our experimental set-up, microionto-
phoretic glu evokes excitatory responses mostly via non-
NMDA receptors and induces a slight involvement of
NMDA receptors, which in RN neurones are segregated
on distal dendrites (Davies et al. 1986; Billard et al.
1991). Furthermore glu is known to act mostly on non-
NMDA receptors in the RN as well as in other nervous
structures (McLennan et al. 1981; Watkins and Evans
1981; Billard et al. 1991).

Functional implications

Various data support the hypothesis that 5-HT plays an
important role in processing the afferent input to the
RN. In fact, in rat RN, evidence exists of a high concen-
tration of 5-HT (Palkovitz et al. 1974) and serotonergic
terminations (Steinbusch 1984), of a dense projection to
the RN from the dorsal raphe (Pierce et al. 1976; Bernays
et al. 1988) and of an intermediate number of 5-HT1 and
5-HT2 receptors (Pazos and Palacios 1985; Pazos et al.
1985).

Cerebellar nuclei provide the main bulk of glutamate-
rgic afferents to the RN (Massion 1967; Bernays et al.
1988). These fibres, together with fewer cholinergic pro-
jections, are delivered to the soma and proximal dendrites
of RN neurones in the cat (Song et al. 1993) and to the
soma and the entire dendritic tree in the rat (Caughell
and Flumerfelt 1977; Flumerfelt and Caughell 1978;
Nauss et al. 1985). In any case this input is the strongest
excitatory drive to RN neurones and acts mainly via non-

NMDA receptors (Billard et al. 1991). Our results demon-
strate that enhanced levels of 5-HT, corresponding to the
firing of serotonergic afferens to the RN, are able to re-
duce the effectiveness of cerebello-rubral transmission
and thus to uncouple te RN from its most important input.
A similar depression of responsiveness of RN neurones to
stimulation of the brachium conjunctivum has been de-
scribed in the baboon in the presence of biogenic amines
such as dopamine, noradrenaline and 5-HT (Huffman and
Davis 1977).

According to the hypothesis advanced by Jacobs and
Fornal (1993), 5-HT exerts a diffuse facilitatory action
on motor output while it inhibits the processing of sensory
information. The enhancement of neuronal background
firing, induced by microiontophoretic application of 5-
HT to motoneurones (McCall and Aghajanian 1979;
Takahashi and Berger 1990) and in motor structures such
as the RN (Licata et al. 1995) and the lateral vestibular
nucleus (Licata et al. 1990), is in agreement with this hy-
pothesis. On the other hand, mixed or inhibitory responses
were recorded in motor cortex (Jordan et al. 1972), cere-
bellum (Strahlendorf et al. 1984; Gardette et al. 1987),
and medial and superior vestibular nuclei (Licata et al.
1993a, b). Our results show that in the RN although the
neuronal background firing rate, i.e. the noise level, in-
creases in the presence of 5-HT, the function of the nucle-
us as a relay station of motor information is impaired or at
least reduced.

Another important drive to the RN mediated by excita-
tory amino acids, even if weaker than the cerebellorubral
one, is provided by corticorubral fibres. This input shows
various characteristics in different animals. In fact this af-
ferent path is a direct one in the cat, although terminations
end on distal dendrites and are confined to the parvocel-
lular zone (Pizzini et al. 1975). In the rat the two segments
of the RN are not histologically distinct and the existence
of a direct corticorubral path is not certain (Brown 1974;
Nauss et al. 1985). The few excitatory responses we re-
corded in RN neurones upon cortical stimulation were
significantly depressed by microiontophoretic 5-HT. This
effect appeared to be due more to an enhancement of the
background activity than to an effective decrease of the
response. Therefore, even if the action of 5-HT on the
weak cortically induced excitations was inhibitory, it ap-
peared to be smaller than the strong influence described
on the excitations induced by stimulation of brachium
conjunctivum (Huffman and Davis 1977).

On the whole 5-HT is in a position to selectively gate
or filter the motor glutamatergic input to the RN, depress-
ing the short-term responses that are thought to be medi-
ated by non-NMDA receptors.

The present findings indicate a different serotonergic
modulation of NMDA-mediated effects and the segrega-
tion of the enhancing and depressive effects of 5-HT in
the caudal and rostral zones respectively. It is worth mo-
ting that in mammals the population of RN large cells is
located in the caudal part of the nucleus only. The two di-
visions are not histologically clearly distinct in the rat
(Brown 1974), but it cannot be excluded that the different
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behaviour of 5-HT on NMDA responses results from its
effects on two different population of RN neurones (e.g.
local interneurones and projecting neurones, or rubrospi-
nal and rubro-olivary neurones). Furthermore, as NMDA
receptors are also involved in long-term potentiation, the
influence of 5-HT on these receptors deserves attention
and better understanding.

Acknowledgements The authors are grateful to Prof. David Tracey
for critical reading of the manuscript and for revision of the English
text. This research was supported by grants from the Ministero
dell�UniversitaÁ e della Ricerca scientifica.

References

Aghajanian GK, Bunney BS (1975) Dopaminergic and non-dopami-
nergic neurones of the substantia nigra: differential responses to
putative transmitters. In: Bousier JR, Hippius H, Rohot P (eds)
Neuropsychopharmacology: proceedings of the congress of the
Collegium Internationale Neuropsychopharmacologicum. Ex-
cerpta Medica, Amsterdam, pp 444±452

Aston-Jones G, Akaoka H, CharleÂty P, Chouvet G (1991) Serotonin
selectively attenuates glutamate-evoked activation of noradren-
ergic locus coeruleus neurones. J Neurosci 11:760±769

Basbaum AI, Fields HL (1984) Endogenous pain control systems:
brainstem spinal pathways and endorphin circuitry. Annu Rev
Neurosci 7:309±338

Bernays RL, Heeb L, Cuenod M, Streit P (1988) Afferents to the rat
red nucleus studied by means of d-[3H]aspartate, [3H]choline
and non-selective tracers. Neuroscience 26:601±619

Billard JM, Daniel H, Pumain R (1991) Sensitivity of rubrospinal
neurones to excitatory amino acids in the rat red nucleus in vivo.
Neurosci Lett 134:49±52

Bosler O, Nieoullon A, Onteniente B, Dusticier N (1983) In vitro au-
toradiographic study of the monoaminergic innervation of cat
red nucleus: identification of serotonergic terminals. Brain Res
259:288±292

Brown LT (1974) Corticorubral projections in the rat. J Comp Neu-
rol 154:149±168

Caughell KA, Flumerfelt BA (1977) The organization of the cere-
bellorubral projection: an experimental study in the rat. J Comp
Neurol 176:295±306

CharleÂty PJ, Akaoka H, Aston-Jones G, Buda M, Chouvet G
(1991) 5-HT decreases glutamate-evoked activation of locus
coeruleus neurones through 5-HT1A receptors. C R Acad Sci
312:421±426

CharleÂty PJ, Chergui K, Akaoka H, Saunier CF, Buda M, Aston-
Jones G, Chouvet G (1993) Serotonin differentially modulates
responses mediated by specific excitatory amino acid receptors
in the rat locus coeruleus. Eur J Neurosci 5:1024±1028

Davies J, Miller AJ, Sheardown J (1986) Amino acid receptor me-
diated excitatory synaptic transmission in the cat red nucleus.
J Physiol (Lond) 376:13±29

Davis R, Vaughan PC (1969) Pharmacological properties of feline
red nucleus. Int J Neuropharmacol 8:475±488

Deakin JF (1988) 5-HT2 receptors, depression and anxiety. Pharma-
col Biochem Behav 29:819±820

Eaton SA, Salt TE (1989) Modulatory effects of serotonin on exci-
tatory amino acid responses and sensory synaptic transmission
in the ventrobasal thalamus. Neuroscience 33:285±292

Flumerfelt BA, Caughell KA (1978) A horseradish peroxidase study
of the cerebellorubral pathway in the rat. Exp Neurol 58:95±101

Gardette R, Krupa M, CreÂpel F (1987) Differential effects of seroto-
nin on the spontaneous discharge and on the excitatory amino
acid-induced responses of deep cerebellar nuclei neurones in
rat cerebellar slices. Neuroscience 23:491±500

Hicks TP, Krupa M, Crepel F (1989) Selective effects of serotonin
upon excitatory amino acid-induced depolarizations of Purkinje

cells in cerebellar slices from young rats. Brain Res 492:371±
376

Hobson JA, Lydic R, Baghdoyan HA (1986) Evolving concepts of
sleep cycle generation: from brain centers to neuronal popula-
tions. Behav Brain Sci 9:371±448

Huffman RD, Davis R (1977) Pharmacology of the brachium con-
junctivum:red nucleus synaptic system in the baboon. J Neurosci
Res 3:175±192

Jacobs BL, Fornal CA (1993) 5-HT and motor control: a hypothesis.
Trends Neurosci 9:346±352

Jordan LM, Frederickson RCA, Phillis JW, Lake N (1972) Micro-
electrophoresis of 5-hydroxytryptamine: a clarification of its ac-
tion on cerebral cortical neurones. Brain Res 40:552±558

Jouvet M (1969) Biogenic amines and states of sleep. Science
163:32±41

Kahn RS, van Praag HM, Wetzler S, Asnis GM, Barr G (1988) Se-
rotonin and anxiety revisited. Biol Psychiatry 23:189±208

Keifer J, Houk JC (1991) Role of excitatory amino acids in mediat-
ing burst discharge of red nucleus neurones in the in vitro turtle
brain stem±cerebellum. J Neurophysiol 65:454±467

Lee M, Strahlendorf JC, Strahlendorf HK (1986) Modulatory action
of serotonin on glutamate-induced excitation of cerebellar Pur-
kinje cells. Brain Res 361:107±113

Licata F, Li Volsi G, Maugeri G, Santangelo F (1990) Effects of 5-
hydroxytryptamine application on the neuronal firing rate of the
lateral vestibular nucleus in the rat in vivo. Exp Brain Res
79:293±298

Licata F, Li Volsi G, Maugeri G, Ciranna L, Santangelo F (1993a)
Serotonin-evoked modifications of the neuronal firing rate in the
superior vestibular nucleus: a microiontophoretic study in the
rat. Neuroscience 52:941±949

Licata F, Li Volsi G, Maugeri G, Santangelo F (1993b) Excitatory
and inhibitory effects of 5-hydroxytryptamine on the firing rate
of medial vestibular nucleus neurones in the rat. Neurosci Lett
154:195±198

Licata F, Li Volsi G, Maugeri G, Santangelo F (1995) Neuronal re-
sponses to 5-hydroxytryptamine in the red nucleus of rats. Exp
Brain Res 107:215±220

Martin JH, Ghez C (1988) Red nucleus and motor cortex: parallel
motor systems for the initiation and control of sklled movement.
Behav Brain Res 28:217±223

Massion J (1967) The mammalian red nucleus. Physiol Rev 47:38±43
McCall RB, Aghajanian GK (1979) Serotonergic facilitation of fa-

cial motoneuron excitation. Brain Res 169:11±27
McLennan H, Hicks TP, Hall JG (1981) Receptors for the excitatory

amino acids. In: De Feudis FW, Mandel P (eds) Amino acid
neurotransmitters. (Advances in biochemical psychopharmacol-
ogy, vol 29). Raven Press, New York, pp 213±229

Meltzer HY, Lowy MT (1987) The serotonin hypothesis of depres-
sion. In: Meltzer HY (ed) Psychopharmacology: the third gener-
ation of progress. Raven Press, New York, pp 513±525

Murase K, Randic M, Shirasaki T, Nakagawa T, Akainateke N
(1990) Serotonin suppresses N-methyl-d-aspartate responses in
acutely isolated spinal dorsal horn neurones of the rat. Brain
Res 525:84±91

Nauss CG, Flumerfelt BA, Hrycyshyn AW (1985) A HRP-TMB ul-
trastructural study of rubral afferents in the rat. J Comp Neurol
239:453±465

Nedergaard S, Engberg I, Flatman JA (1987) The modulation of ex-
citatory amino acid responses by serotonin in the cat neocortex
in vitro. Cell Mol Neurobiol 7:367±379

Nieoullon A, Vuillon-Cacciuttolo G, Dusticier N, KerkeÂrian L, An-
dreÂ D, Bosler O (1988) Putative neurotransmitters in the red nu-
cleus and their involvement in postlesion adaptive mechanisms.
Behav Brain Res 28:163±174

Palkovitz M, Brownstein M, Saavedra JM (1974) Serotonin content
of the brainstem nuclei in the rat. Brain Res 80:247±249

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordi-
nates. Academic Press, New York

Pazos A, Palacios JM (1985) Quantitative autoradiographic mapping
of serotonin receptors in the rat brain. I. Serotonin-1 receptors.
Brain Res 346:205±230



70

Pazos A, CorteÂs R, Palacios JM (1985) Quantitative autoradiograph-
ic maping of serotonin receptors in the rat brain. II. Serotonin-2
receptors. Brain Res 346:231±249

Pierce ET, Foote WE, Hobson JA (1976) The efferent connection of
the nucleus raphe dorsalis. Brain Res 107:137±144

Pizzini G, Tredici G, Miani A (1975) Corticorubral projection in the
cat: an experimental electromicroscopic study. J Submicrosc
Cytol 7:231±238

Rahman S, Neuman RS (1993) Activation of 5-HT2 receptors facil-
itates depolarization of neocortical neurones by N-methyl-d-as-
partate. Eur J Pharmacol 231:347±354

Reynolds JN, Baskys A, Carlen PL (1988) The effects of serotonin
on N-methyl-d-aspartate and synaptically evoked depolariza-
tions in the rat neocortical neurones. Brain Res 456:286±292

Singer JH, Bellingham MC, Berger AJ (1996) Presynaptic inhibition
of glutamatergic synaptic transmission to rat motoneurones by
serotonin. J Neurophysiol 76:799±807

Song WJ, Kanda M, Ohno T, Kanda M, Oikawa H, Murakami F
(1993) Segregation of cerebrorubral and cerebellorubral synap-
tic inputs on rubrospinal neurones of fetal cats as demonstrated
by intracellular recording. Neurosci Lett 159:99±102

Steinbusch HWM (1984) Serotonin-immunoreactive neurones and
their projection in the CNS. In: Bjorklund A, Hokfelt T, Kuhar

MJ (eds) Handbook of chemical neuroanatomy, vol III. Elsevier,
Amsterdam, pp 68±125

Stone TW (1979) Amino acid as neurotransmitter of corticofugal
neurones in the rat: a comparison of glutamate and aspartate.
Br J Pharmacol 67:545±551

Strahlendorf JC, Lee M, Strahlendorf HK (1984) Effects of seroto-
nin on cerebellar Purkinje cells are dependent on the baseline
firing rate. Exp Brain Res 56:50±58

Takahashi T, Berger AJ (1990) Direct excitation of rat spinal moto-
neurones by serotonin. J Physiol (Lond) 423:63±76

Watkins JC, Evans RM (1981) Excitatory amino acid transmitters.
Annu Rev Pharmacol Toxicol 21:165±204

White SR, Neuman RS (1980) Facilitation on spinal motoneuron ex-
citability by 5-hydroxytryptamine and noradrenaline. Brain Res
188:119±127

White SR, Duffy P, Kalivas PW (1994) Methylenedioxymetham-
phetamine depresses gluatamate-evoked neuronal firing and in-
creases extracellular levels of dopamine and serotonin in the nu-
cleus accumbens in vivo. Neuroscience 62:41±50

Zifa E, Fillion G (1992) 5-Hydroxytryptamine receptors. Pharmacol
Rev 44:401±458


