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Neocortical neurons expressing the serotonin 5-HT3 receptor
(5-HT3R) were characterized in rat acute slices by using patchclamp recordings combined with single-cell RT-PCR and histochemical labeling. The 5-HT3A receptor subunit was expressed
selectively in a subset of GABAergic interneurons coexpressing
cholecystokinin (CCK) and vasoactive intestinal peptide (VIP).
The 5-HT3B subunit was never detected, indicating that
5-HT3Rs expressed by neocortical interneurons did not contain
this subunit. In 5-HT3A-expressing VIP/CCK interneurons, serotonin induced fast membrane potential depolarizations by
activating an inward current that was blocked by the selective
5-HT3R antagonist tropisetron. Furthermore, we observed
close appositions between serotonergic fibers and the dendrites and somata of 5-HT3R-expressing neurons, suggestive
of possible synaptic contacts. Indeed, in interneurons exhibitNeurons of the neocortex are classified as pyramidal cells or
nonpyramidal cells according to their morphology. Pyramidal
cells accumulate glutamate and are the main excitatory cortical
neuron, whereas most nonpyramidal cells use GABA as a neurotransmitter and are believed to be inhibitory interneurons (Peters
and Jones, 1984). The large diversity of neocortical GABAergic
interneurons has led to several classifications (Houser et al., 1983;
Hendry et al., 1989; Connors and Gutnick, 1990; Kawaguchi,
1993; Cauli et al., 1997, 2000; Kawaguchi and Kubota, 1997;
Somogyi et al., 1998). However, the specific function of interneuron subtypes in the physiology of the neocortex remains to be
established. Understanding how the excitability of interneuron
subtypes is regulated by extracortical inputs therefore may contribute to elucidating their specific role.
It is well documented that serotonergic neurons of the midbrain
raphe nuclei innervate neocortical nonpyramidal cells. At the
electron microscopy level it has been demonstrated that serotonergic fibers can form conventional synapses on their cortical
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ing rapid excitation by serotonin, local electrical stimulations
evoked fast EPSCs of large amplitude that were blocked by
tropisetron. Finally, 5-HT3R-expressing neurons were also excited by a nicotinic agonist, indicating that serotonergic and
cholinergic fast synaptic transmission could converge onto
VIP/CCK interneurons. Our results establish a clear correlation
between the presence of the 5-HT3A receptor subunit in neocortical VIP/CCK GABAergic interneurons, its functional expression, and its synaptic activation by serotonergic afferent
fibers from the brainstem raphe nuclei.
Key words: neocortex; GABAergic interneurons; vasoactive
intestinal peptide; cholecystokinin; single-cell RT-PCR; raphe
nucleus; serotonin; 5-HT3 receptor; 5-HT3A and 5-HT3B subunits; tropisetron; EPSC; nicotinic receptor
targets, suggesting that this subcortical projection may exert a fast
modulation of interneuron excitability (Papadopoulos et al.,
1987a; DeFelipe et al., 1991; Paspalas and Papadopoulos, 2001).
The neurotransmitter serotonin (5-HT) interacts with several
receptors, all of which are G-protein-coupled, with the exception
of the 5-HT3 receptor (5-HT3R), which is a cation-selective
ligand-gated ion channel suggested to mediate fast synaptic transmission (Derkach et al., 1989; Maricq et al., 1991; Sugita et al.,
1992). Two 5-HT3R subunits have been cloned, 5-HT3A, which
forms functional homomeric 5-HT3Rs, and 5-HT3B, which can
assemble with 5-HT3A subunits into heteromeric receptors (Davies et al., 1999; Hanna et al., 2000). In situ hybridization and
immunocytochemical analyses have shown that 5-HT3Rs are expressed selectively by a subgroup of GABAergic interneurons
characterized by the expression of cholecystokinin (CCK) and
located predominantly in neocortical layers II and III (Morales
and Bloom, 1997). Although 5-HT3R-mediated responses have
been reported in the neocortex (Roerig et al., 1997; Zhou and
Hablitz, 1999), a clear correlation between fast excitatory effects
mediated by 5-HT3Rs and a neuronal population remains to be
established.
In the present study we combined patch-clamp recordings followed by single-cell reverse transcription and multiplex PCR
(single-cell RT-mPCR; Lambolez et al., 1992; Ruano et al., 1995)
analyses to identify and characterize 5-HT3R-expressing neocortical neurons in rat acute slices. We found that functional postsynaptic 5-HT3R expression was restricted to a small subset of
GABAergic interneurons that coexpressed CCK and vasoactive
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Table 1. PCR primers and FRET probes
Size
GAD 65
#M72422
GAD 67
#M76177
CaB
#M27839
PV
#M12725
CR
#X66974
NPY
#M15880
SOM
#K02248
VIP
#X02341
CCK
#K01259
5-HT3A
#U59672
5-HT3B
#NM_022189

391
600
432
381
309
359
209
286
216
411
275

PCR

FRET probes
b

Sense , 713: TCTTTTCTCCTGGTGGTGCC
Antisenseb, 1085: CCCCAAGCAGCATCCACAT
Sensea, 713: TACGGGGTTCGCACAGGTC
Antisense, 1294: same as GAD65
Sensea, 134: AGGCACGAAAGAAGGCTGGAT
Antisensea, 544: TCCCACACATTTTGATTCCCTG
Sense, 247: ACAAAGACGCTGATGGCTGC
Antisense, 607: CGTGGTCCTTCGCTCTCTCTC
Sensea, 142: CTGGAGAAGGCAAGGAAAGGT
Antisensea, 429: AGGTTCATCATAGGGACGGTTG
Sensea, ⫺45: GCCCAGAGCAGAGCACCC
Antisensea, 292: CAAGTTTCATTTCCCATCACCA
Sensea, 43: ATCGTCCTGGCTTTGGGC
Antisensea, 231: GCCTCATCTCGTCCTGCTCA
Sensea, 167: TGCCTTAGCGGAGAATGACA
Antisensea, 434: CCTCACTGCTCCTCTTCCCA
Sensea, 174: CGCACTGCTAGCCCGATACA
Antisensea, 373: TTTCTCATTCCGCCTCCTCC
Sense, 1105: TTCCAAGCCAACAAGACTGATG
Antisense, 1499: AGGGGACTGGGGTTGCTC
Sense, 51: CACAGCGACACCTCAGCCT
Antisense, 304: TGGCACTGAGAGGGAGAGAGAT

3⬘ FITC, 848: TTTCTCTCAAGAAGGGAGCTGCA
5⬘ R705, 872: CCTTGGGGATCGGAACAGACA
3⬘ FITC, 930: CCTGGGGGAGCCATATCCAA
5⬘ R705, 951: ATGTACAGCATCATGGCGGCTC
3⬘ FITC, 263: TCCTGCTGCTCTTTCGATGCC
5⬘ R705, 285: GCAACTGAAGTCCTGCGAGGAA
3⬘ FITC, 283: GACGGCAAGATTGGGGTTGA
5⬘ R705, 304: GAATTCTCCACTCTGGTGGCCG
3⬘ FITC, 248: TTGAGATGGCAGAGCTGGCG
5⬘ R705, 269: AGATCCTGCCAACCGAAGAGAAT
3⬘ FITC, 17: AACGAATGGGGCTGTGTGGA
5⬘ R705, 38: TGACCCTCGCTCTATCCCTGC
3⬘ FITC, 105: GCAGAAGTCTCTGGCGGCTG
5⬘ R705, 126: CACCGGGAAACAGGAACTGGC
3⬘ FITC, 199: TGTGTCCAGAAATGCCAGGCA
5⬘ R705, 221: GCTGATGGAGTTTTCACCAGCG
3⬘ FITC, 198: CCAGCAGGTCCGCAAAGCT
5⬘ R705, 218: CCTCTGGCCGCATGTCCG
3⬘ FITC, 1127: ACTGCTCAGCCATGGGAAACC
5⬘ R705, 1149: CTGCAGCCATGTCGGAAGCC
Position 1: first base of the start codon

a
b

Cauli et al. 1997.
Bochet et al. 1994.

intestinal peptide (VIP). Furthermore, we present functional and
anatomical evidence of the fast synaptic excitation of 5-HT3Rexpressing interneurons by 5-HT-containing afferent fibers. Finally, 5-HT3R-expressing interneurons are also responsive to a
nicotinic agonist, suggesting that serotonergic and cholinergic fast
synaptic transmission could converge onto the same subpopulation of neocortical interneurons.

MATERIALS AND METHODS
Slice preparation. Young Wistar rats (postnatal day 14 –21) were anesthetized deeply with a mixture of ketamine (65 mg / kg) and xylazine (14
mg / kg) and decapitated. Subsequently, 300-m-thick parasagittal sections of cerebral sensorimotor cortex were prepared as described previously (C auli et al., 1997). The slices were incubated at room temperature
(20 –25°C) in artificial C SF (AC SF) containing (in mM): 126 NaC l, 2.5
KC l, 1.25 NaH2PO4, 2 C aC l2, 1 MgC l2, 26 NaHC O3, 20 glucose, and 5
pyruvate, which was bubbled with a mixture of 95% O2/5% C O2.
W hole-cell recordings. Slices were transferred to a chamber and perf used at 1–2 ml /min with AC SF at room temperature. Patch pipettes
(6 – 8 M⍀), pulled from borosilicate glass, were filled with 8 l of internal
solution containing (in mM): 123 K-gluconate, 21 KC l, 3 MgC l2, 0.5
EGTA, and 10 H EPES plus 2 mg /ml biocytin (Sigma, St. L ouis, MO). In
the internal solution used for recording evoked postsynaptic currents (see
below), KC l was replaced by K-gluconate (144 mM final). The pH was
adjusted to 7.2 and osmolarity to 285/295 mOsm. Whole-cell recordings
were made from neocortical neurons identified under infrared video
microscopy with Nomarski optics (Stuart et al., 1993) and with a patchclamp amplifier (Axopatch 200A, Axon Instruments, Foster C ity, CA).
Resting membrane potential was measured just after passing in wholecell configuration, and only cells with a resting membrane potential more
hyperpolarized than ⫺50 mV were analyzed. All membrane potentials
were corrected for junction potential (⫺11 mV). C ells were maintained
at a holding potential of ⫺71 mV by continuous current injection, and
their firing behavior was tested by applying depolarizing current pulses.
Action potential discharges were recorded by using the I-clamp fast mode
of the amplifier. The signals were filtered at 5 kHz, digitized at 10 kHz,
saved to a PC, and analyzed off-line with Acquis1 software (Gérard
Sadoc, Gif-Yvette, France).

The nicotinic receptor agonist 1–1-dimethyl-4-phenyl-piperazinium
iodide (DM PP), 5-hydroxytryptamine hydrochloride (5-HT), and the
5-HT3R agonist 1-(m-chlorophenyl)-biguanide hydrochloride (m-C PBG;
Sigma) were added either to the bathing solution or were applied by
pressure from a large pipette onto the recorded neuron. The 5-HT3R
antagonist 3-tropanyl-indole-3-carboxylate hydrochloride (tropisetron,
IC S 205-930; Sigma) was added to the bathing solution.
Electrical stimulations were performed in the presence of D(⫺)-2amino-5-phosphopentanoic acid (D-AP-5) and 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX; Tocris, Ballwin, MO) by using conventional
glass electrodes filled with AC SF. The holding potential of the recorded
neurons was adjusted to the reversion potential of inhibitory currents in
our experimental conditions (⫺78 mV). We did not use GABAA receptor antagonists in these experiments because of their reported lack of
selectivity within the GABAA, nicotinic, and 5-HT3 receptor channel
superfamily (Mayer and Straughan, 1981; Demuro et al., 2001; Erkkila et
al., 2001). Stimulations (0.1–1 mA, 0.3 msec) were applied every 15 sec by
using a stimulation isolation unit (Isolator-11, Axon Instruments). For
each cell several locations of the stimulating electrode in the rostral local
environment of the recorded neurons (60 –100 M) were tested for their
ability to evoke postsynaptic currents. Hyperpolarizing voltage steps (5
mV) were applied before each stimulation to monitor passive electrical
properties of the recorded cell as well as the stability of access resistances. Series resistances ranged from 15 to 30 M⍀, and a 50 –70%
compensation was achieved routinely by using the amplifier adjustments.
Cytoplasm harvesting and reverse transcription. At the end of the recording as much as possible of the content of the cell was aspirated into the
recording pipette by the application of a gentle negative pressure in the
pipette while maintaining the tight seal. Then the pipette was removed
delicately allowing, in most instances, outside-out patch formation. Next,
the content of the pipette was expelled into a test tube, and reverse
transcription (RT) was performed in a final volume of 10 l as described
previously (Lambolez et al., 1992).
Multiple x PCR . T wo steps of mPCR were performed essentially as
described previously (Ruano et al., 1995). The cDNAs present in 10 l of
the reverse transcription reaction first were amplified simultaneously by
using all of the primer pairs described in Table 1 (for each primer pair
the sense and antisense primers were positioned on two different exons).
Taq polymerase (2.5 U; Qiagen GmbH, Hilden, Germany) and 10 pmol
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of each primer were added to the buffer supplied by the manufacturer
(final volume, 100 l), and 20 cycles (94°C for 30 sec; 60°C for 30 sec;
72°C for 35 sec) of PCR were run. Second rounds of PCR were performed by using 2 l of the first PCR product as a template. In this
second round each cDNA was amplified individually with its specific
primer pair by performing 35 PCR cycles (as described above). Then 10
l of each individual PCR was run on a 2% agarose gel, with x174
digested by HaeIII as a molecular weight marker and was stained with
ethidium bromide.
Identification of the PCR products. PCR-generated fragments obtained
from each cell were analyzed by fluorescence resonance energy transfer
(FRET) between two adjacent oligoprobes (purchased from Genset,
Paris, France; see Table 1) internal to the amplified sequence. The
upstream probe was FI TC -labeled at the 3⬘ end (donor; excitation, 470
nm), and the downstream probe was Red705-labeled at the 5⬘ end
(acceptor; emission, 710 nm). FRET between the two fluorophores,
which can occur only when both probes are hybridized to their cognate
PCR fragment, was measured with a LightC ycler instrument (Roche
Diagnostics GmbH, Mannheim, Germany) that used the following protocol. At the end of the second PCR, 18 l of the PCR was mixed with
the oligoprobes (each at 0.2 M final) and EDTA (2 mM final) in a final
volume of 20 l. After 10 sec of denaturation at 95°C and 1 min of
hybridization at 50°C, the FRET was measured continuously during a
ramp to 95°C (1°C /sec) and analyzed with the manufacturer’s software.
Test of the RT-mPCR protocol. The RT-mPCR protocol was tested on
500 pg of total RNA purified from rat neocortex (Chomczynski and
Sacchi, 1987). All of the transcripts were detected from 500 pg of
neocortical RNA, except for the 5-HT3B subunit, which was detected
from 10 ng of whole brain RNA. The absence of 5-HT3B mRNA detection from neocortical RNA is consistent with a recent report showing the
very low abundance of 5-HT3B transcripts in the rat C NS (Wang et al.,
2001). The sizes of the PCR-generated fragments were as predicted by
the mRNA sequences (see Table 1), and their identity was confirmed by
FRET between adjacent oligoprobes (as described above).
Intracellular labeling and immunoc ytochemistr y. The slices containing
cells recorded and filled with biocytin were fixed overnight in 4% paraformaldehyde in PBS at 4°C, rinsed six times in 0.1 M phosphate buffer
for 10 min, incubated for 30 min in PBS containing 70% methanol, and
rinsed three times in PBS supplemented with 0.1 M gelatin and 0.25%
Triton X-100 (GT-PBS) for 10 min. For the immunostaining of 5-HT
fibers, before biocytin revelation, the slices were incubated overnight
with rabbit antisera raised against serotonin (1:10,000; Diasorin, Stillwater, M N) in GT-PBS. Slices then were washed four times in GT-PBS for
10 min and incubated for 4 hr at room temperature with Streptavidin
Alexafluor 488 (1:1000; Molecular Probes, Leiden, The Netherlands) and
C y3-conjugated goat anti-rabbit IgG (1:400; Chemicon, Temecula, CA);
they were diluted in GT-PBS and subsequently were rinsed twice in PBS.
The slices were mounted in Vectashield (Vector, Burlingame, CA) medium for observation, and labeled cells were reconstructed with a confocal microscope (Leica, TC S N T, Mannheim, Germany).

RESULTS
The 5-HT3R is expressed by a subset of
VIP/CCK interneurons
To identify and characterize 5-HT3R-expressing neocortical neurons, 13 pyramidal neurons and 94 interneurons from neocortical
layers I, II, III, and V were visually selected via infrared video
microscopy, electrophysiologically characterized, and analyzed by
single-cell RT-mPCR. All cells were classified as irregular spiking
(IS), fast spiking (FS), regular spiking nonpyramidal (RSNP), or
pyramidal neurons according to their action potential firing behavior (McCormick et al., 1985; Cauli et al., 1997, 2000; Porter et
al., 1998) after application of depolarizing current pulses. The
molecular analysis protocol was designed to probe for the mRNA
expression of the 5-HT3A subunit of the 5-HT3R in addition to
nine interneuron markers [GAD 65; GAD 67; three calcium
binding proteins: parvalbumin (PV), calretinin (CR), and calbindin (CB); and four neuropeptides: neuropeptide-Y (NPY), somatostatin (SOM), cholecystokinin (CCK), and vasoactive intestinal peptide (VIP)].
The 5-HT3A mRNA expression was restricted to a small subset
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of neocortical neurons (n ⫽ 19 of 107) exhibiting the firing
properties of RSNP (n ⫽ 14) or IS (n ⫽ 5) interneurons. The
molecular profile of 5-HT3A-expressing neurons is summarized in
Figure 1 A. The high occurrence of GAD 65, GAD 67, VIP, and
CCK (95, 89, 95, and 100%, respectively) indicated that the
5-HT3R was expressed selectively by GABAergic interneurons
that coexpressed VIP and CCK (VIP/CCK interneurons). As
documented previously (Morales and Bloom, 1997), 5-HT3Aexpressing neurons also showed substantial expression of CB and
CR (37 and 53%, respectively). Among VIP/CCK interneurons
(n ⫽ 41) we did not observe significant differences between the
expression profiles of 5-HT3A-positive and 5-HT3A-negative interneurons. 5-HT3A was expressed in 33% of the sampled CCKexpressing interneurons and in 27% of those containing VIP
(data not shown). In addition, 5-HT3B subunit expression was
tested in 56 of the 107 neurons that were tested for 5-HT3A
expression. 5-HT3B was never detected, even in five 5-HT3Apositive cells, suggesting that the 5-HT3Rs expressed in neocortical interneurons were composed primarily of the 5-HT3A
subunit.
Figure 1 B,C shows the molecular profiles of the two neuronal
populations that expressed the 5-HT3A subunit: IS interneurons
(n ⫽ 12) and RSNP VIP/CCK cells (n ⫽ 32). Consistent with
previous studies (Porter et al., 1998; Cauli et al., 2000), IS interneurons frequently expressed VIP and CCK (83 and 75%, respectively). Although our present sample of IS and RSNP VIP/
CCK cells differed by the occurrence of CR, NPY, and SOM (Fig.
1 B,C), they exhibited a similar incidence of 5-HT3A expression
(42 and 38%, respectively). Indeed, previous studies have shown
that these two interneuron populations form a relatively homogeneous cell type (Cauli et al., 2000).

Functional 5-HT3R expression by VIP/CCK
neocortical interneurons
The functionality of the 5-HT3Rs that were expressed by neocortical interneurons was tested by local pressure application of 5-HT
(200 M, 50 msec) in 48 of the 107 neurons that were analyzed by
single-cell RT-mPCR (see above).
In nine interneurons (7 RSNP and 2 IS cells; see examples in
Fig. 2 A), 5-HT applications induced a rapid membrane potential
depolarization resulting, in most instances, in action potential
discharge (Fig. 2 B1,B2). Voltage-clamp recordings from the same
neurons showed that 5-HT applications elicited inward currents,
with peak amplitudes ranging from ⫺22 to ⫺319 pA (mean, ⫺125
pA) and a time course similar to that of the depolarization (rise
time, 2.5–5 sec and decay time, 15–30 sec; see examples in Fig.
2C1,C2). We observed that repetitive applications of 5-HT at 2
min intervals resulted in inward currents with no substantial
change in peak amplitude (data not shown). Responses to 5-HT
applications were blocked totally by the bath application of the
highly potent and selective 5-HT3R antagonist tropisetron (10
nM) (Fig. 2C1,C2). Recovery of the 5-HT-induced currents was
not observed even after 25 min of tropisetron washout. This was
consistent with previous studies that showed only partial recovery
after 0.5–1.5 hr of tropisetron washout (Ropert and Guy, 1991;
Kawa, 1994; McMahon and Kauer, 1997). RT-mPCR analyses of
5-HT3-responsive cells consistently revealed the expression of the
5-HT3A subunit in addition to GAD65 and/or GAD67, VIP, and
CCK (Fig. 2 D1,D2). Conversely, the 5-HT3A mRNA was never
detected in unresponsive neurons. Occasionally 5-HT application
induced a slowly developing depolarization (n ⫽ 1) or hyperpo-
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Figure 1. 5-HT3R is expressed selectively in a subset of GABAergic
interneurons coexpressing VIP and CCK. Single-cell RT-mPCR analyses
of 107 neocortical neurons, including 13 pyramidal cells and 94 interneurons, revealed 5-HT3A expression in five IS and 14 RSNP interneurons.
The histogram in A illustrates the percentage of 5-HT3A-expressing IS
(dark gray) and RSNP (light gray) neurons that expressed each of the
biochemical markers. The high occurrence of GAD 65, GAD 67, VIP,
and CCK (95, 89, 95, and 100%, respectively) indicated that 5-HT3R
expression was restricted to a subset of neocortical GABAergic interneurons coexpressing VIP and CCK. 5-HT3-expressing interneurons were
also characterized by a low occurrence of PV, SOM, and NPY (5, 16, and
21%, respectively) and the relatively frequent expression of CB and CR
(37 and 53%, respectively). B, C, Two histograms illustrating the molecular profiles of IS interneurons and VIP/CCK RSNP cells. The 5-HT3A
mRNA was detected in 42% of IS and 38% of RSNP VIP/CCK interneurons. No significant difference was observed between 5-HT3Aexpressing and 5-HT3A-nonexpressing IS and RSNP VIP/CCK neurons.
The 5-HT3B subunit was never detected (56 neurons tested).
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Figure 2. Functional 5-HT3R expression by VIP/CCK interneurons. A,
In current-clamp mode the RSNP and IS neurons were identified by their
firing properties after depolarizing current injections (100 pA; holding
potential, ⫺71 mV). The RSNP neuron exhibited a 50.9% reduction of
firing frequency along the discharge (A1), and the IS neuron showed an
initial burst of action potentials followed by irregularly emitted action
potentials (A2). B, Local pressure applications of 5-HT (200 M, 50 msec)
induced fast membrane potential depolarizations in these neurons (B1,
B2). Note the action potential discharge in B1. C, In voltage clamp
(holding potential, ⫺71 mV) the 5-HT applications induced inward currents (C1, ⫺68.5 pA; C2, ⫺67.5 pA) that were blocked by bath application
of tropisetron (10 nM). D, Agarose gel analysis of PCR products obtained
from these two 5-HT3-responsive neurons (D1, D2) revealed the expression of the 5-HT3A subunit together with GAD65 (and GAD67 in D1),
VIP, and CCK.
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larizations (n ⫽ 2) of small amplitude. These slow responses were
not associated with 5-HT3R expression (data not shown).
Consistent with the GABAergic nature of 5-HT3R-expressing
cells, the selective agonist mCPBG has been reported to induce
IPSCs in neocortical neurons (Zhou and Hablitz, 1999). Indeed,
the bath application of mCPBG (100 M, 15 sec) in the presence
of CNQX (10 M) and D-AP-5 (50 M) increased the frequency
of spontaneous IPSCs in three of seven interneurons that were
tested (data not shown). In these neurons recorded in voltageclamp mode at a holding potential of ⫺80 mV, mCPBG induced
a mean 3.3-fold increase in the frequency of IPSCs but did not
affect their amplitudes. Hence, these observations demonstrated
a good correspondence between the 5-HT3A expression and physiological 5-HT3R responses, indicating that the 5-HT3A subunit
expressed by VIP/CCK GABAergic interneurons forms functional 5-HT3Rs.

Close apposition of serotonergic fibers with dendrites
and somata of 5-HT3R-expressing neurons
Within the neocortex, serotonergic (5-HT) fibers originating from
the brainstem raphe nuclei project broadly and diffusely and
constitute the only source of 5-HT (Mulligan and Tork, 1988;
Seguela et al., 1989; DeFelipe et al., 1991; Hornung and Celio,
1992; Smiley and Goldman-Rakic, 1996). To investigate whether
these fibers could exert fast synaptic excitation of 5-HT3Rexpressing interneurons, we combined intracellular biocytin labeling of recorded neurons with 5-HT immunostaining. 5-HT3Rexpressing interneurons were identified by the local pressure
application of mCPBG (100 M, 50 msec). Like for 5-HT, responses to mCPBG consisted of rapid membrane potential depolarizations leading to action potential discharges (Fig. 3A1,B1).
Examples of confocal reconstructions are shown for two
mCPBG-responsive RSNP neurons from layer V (Fig. 3A2) and
layer II (Fig. 3B2). Neurons responsive to mCPBG (n ⫽ 8)
exhibited a bipolar/bitufted morphology, typical of VIP/CCK
interneurons (Morrison et al., 1984; Kawaguchi and Kubota,
1996; Bayraktar et al., 1997, 2000; Kubota and Kawaguchi, 1997;
Porter et al., 1998). Immunocytochemical staining of 5-HT revealed an intricate network of thin, varicose, and tortuous fibers
for which the overall distribution and orientation pattern were
consistent with earlier descriptions (Lidov et al., 1980; Papadopoulos et al., 1987a). The density of 5-HT fibers coursing in the
vicinity of the labeled neurons was highly variable (Fig. 3A2,B2).
However, in each case it was possible to highlight close appositions of 5-HT-containing varicosities onto the soma and dendrites
of mCPBG-responsive neurons (as seen at higher magnification
in Fig. 3A3–A7,B3,B4 ), suggestive of possible synaptic contacts.

Evoked synaptic responses mediated by the 5-HT3R
To assess the presence of functional serotonergic synapses, we
attempted to stimulate 5-HT fibers by performing local electrical
stimulation in the vicinity of 5-HT3R-expressing interneurons. In
this set of experiments 99 neurons were recorded in currentclamp mode and, after characterization of their firing properties,
were exposed to bath application of 5-HT (10 M, 10 sec). In this
case 5-HT was preferred to mCPBG because this latter agonist
induced significantly longer desensitization (data not shown) (see
also Kawa, 1994). Electrical stimulation of 5-HT fibers was attempted for four IS and 20 RSNP interneurons that exhibited
rapid depolarization in response to 5-HT application. Voltageclamp recordings of these neurons were performed in the presence of D-AP-5 (20 M) and CNQX (10 M) to prevent glutama-

Figure 3. 5-HT-containing fibers form close appositions with 5-HT3responsive neurons. Confocal reconstruction shows two mCPBGresponsive neurons from layers V (A2) and II (B2) labeled by biocytin
( green) and immunostained 5-HT-containing fibers (red). Responses to
local pressure applications of mCPBG (100 M, 50 msec), a selective
5-HT3R agonist, consisted of membrane potential depolarizations surmounted by action potentials (A1, B1). Confocal reconstructions shown in
A2 and B2 (scale bars, 20 m) consisted of a z-series of 48 and 28 images,
respectively, projected in one layer via the maximum intensity method
(the spacing of successive z-images was 1 m). mCPBG-responsive neurons exhibited a bipolar morphology, typical of VIP/CCK-expressing
interneurons. 5-HT immunostaining showed thin varicose fibers coursing
in the vicinity of these neurons. As seen at higher magnification (6⫻) on
unitary z-images, 5-HT-containing varicosities were in close apposition to
the soma (A4, A5, B3) or dendrites (A3, A6, A7, B4 ) of mCPBGresponsive neurons.

tergic transmission and at a holding potential of ⫺78 mV, which
corresponded to the reversal potential of GABAA receptormediated events. The effective block of glutamatergic and
GABAergic postsynaptic currents in these conditions was verified
in each recorded cell (data not shown). Because it is not possible
to predict the exact trajectory of 5-HT fibers in acute neocortical
slices, electrical stimulations were applied at different sites in the
rostral environment of the recorded neurons (distance between
stimulating and recording electrodes varied from 60 to 100 m).
For five 5-HT-responsive RSNP neurons the electrical stimulations evoked fast EPSCs of large amplitude that were blocked by
tropisetron. Examples of these evoked EPSCs recorded in a layer
II RSNP cell are shown in Figure 4. Local electrical stimulation
applied in layer I ⬃100 m away from the soma of this cell
induced fast EPSCs (Fig. 4 A, black arrow) with a latency of 2.3 ⫾
0.2 msec (measured between the beginning of the stimulation
artifact and the peak of the EPSCs) and a steady amplitude of
⫺287 ⫾ 13 pA (mean ⫾ SD for 10 successive events) (Fig. 4 A,C).
The rise time (10 –90%) of EPSCs was 0.29 msec, and their decay
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was well fit with two exponentials, with time constants of 0.62 ⫾
0.03 msec (84% of decay) and 3.16 ⫾ 0.73 msec (16% of decay,
mean ⫾ SD, for 10 successive events). A slowly inactivating
outward current was apparent at the end of the EPSCs (13.9 ⫾ 3.7
pA) (Fig. 4 B, arrowhead). It is likely that this outward current
partly contributed to the very fast decay of the EPSCs.
As shown in Figure 4 A,B, these D-AP-5/CNQX-resistant
postsynaptic currents were blocked completely by bath application of tropisetron (1 nM), suggesting that both inward and outward currents resulted from the activation of 5-HT3Rs. It is
known that 5-HT3Rs are highly permeable to calcium (Yang et
al., 1992; Brown et al., 1998). The slowly inactivating outward
current therefore might be attributable to calcium-activated potassium conductances (Sah, 1996). Figure 4C shows the steady
amplitude of the 5-HT3R postsynaptic responses and their complete block by tropisetron 2.5 min after the beginning of the bath
application. Similar results were obtained for the other four cells
showing D-AP-5/CNQX-resistant evoked EPSCs.
In our sample of five neurons showing D-AP-5/CNQX-resistant
EPSCs, the mean EPSC amplitude was ⫺240.8 ⫾ 50 pA, and the
mean latency to peak was 1.6 ⫾ 0.9 msec (ranging from 0.8 to 3.1
msec). Mean decay time constants were 0.71 ⫾ 0.03 msec (fast
exponential, 84%) and 4.84 ⫾ 1.96 msec (slow exponential, 16%).
The mean amplitude of the slowly inactivating outward current
was 5.25 ⫾ 2.04 pA. The D-AP-5/CNQX-resistant evoked
postsynaptic currents of all five cells were blocked totally by the
bath application of tropisetron (1 nM) in 2–3 min, indicating that
they were mediated by 5-HT3R activation. The 5-HT3R-mediated
EPSCs exhibited an “all-or-none” behavior because their amplitude did not vary according to the stimulation intensity. Furthermore, within each neuron the response-to-response amplitude
variability was very small (6 ⫾ 3%), and, once effective location
and intensity of stimulation was found, no transmission failure
was observed. The latencies appeared to be correlated to the
distance of the stimulation electrode from the recorded neurons.
The low conduction velocity of 5-HT fibers (Jones, 1982; Goldfinger et al., 1992), together with their tortuous topology, also
could explain the large latency variability. We did not detect
D-AP-5/CNQX-resistant evoked postsynaptic currents in any of
the remaining 19 cells that responded to 5-HT application (see
above). In addition, three IS, nine RSNP, and four pyramidal
neurons that did not respond to 5-HT bath application were also
tested as negative controls. No D-AP-5/CNQX-resistant postsynaptic currents were recorded in these cells.
These results indicated that 5-HT3Rs can mediate fast synaptic
excitation of 5-HT3A-expressing VIP/CCK neocortical interneurons by fibers originating from the raphe nucleus.

Convergence of fast serotonergic and nicotinic
pathways on a subset of VIP/CCK interneurons

Figure 4. Serotonergic synaptic transmission in 5-HT3-responsive cells.
A 5-HT-responsive RSNP interneuron located in layer II was recorded in
voltage-clamp mode at a holding potential of ⫺78 mV (corresponding to
the reversal potential of GABAA-mediated events). Electrical stimulation
(0.2 mA; 0.067 Hz) applied in layer I, ⬃100 m above the soma of this
neuron, evoked D-AP-5/CNQX-resistant EPSCs. The example of evoked
D-AP-5/CNQX-resistant EPSCs shown in A had an amplitude of ⫺310
pA and a latency to peak of 2.25 msec. For this EPSC the rise time was
0.29 msec (10 –90%), and the decay was fit with two exponentials with
time constants of 0.65 msec (87%) and 2.63 msec (13%). The same EPSC
shown in B at a different time scale was followed by a slowly inactivating

It has been shown previously that nicotinic receptor agonists
selectively excite a subpopulation of GABAergic interneurons
coexpressing VIP and CCK via the activation of somatodendritic
nicotinic receptors containing the ␣4, ␣5, and ␤2 subunits (Porter
et al., 1999). To establish whether 5-HT3 and nicotinic receptors
4
outward current (17 pA; arrowhead). Both the EPSC and the outward
current were blocked completely by the 5-HT3R antagonist tropisetron
(A, B). C shows the steady amplitude of the evoked EPSCs (mean,
⫺287 ⫾ 13 pA for 10 successive events) that were blocked completely by
tropisetron 2.5 min after the beginning of the bath application.
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interneurons that coexpressed VIP and CCK. The occurrence of
evoked fast EPSCs mediated by 5-HT3Rs in these interneurons
suggested that they received synaptic inputs from the raphe
nuclei, as further emphasized by the presence of close appositions
between 5-HT-immunostained nerve terminals and 5-HT3Rresponsive neurons. Finally, 5-HT3R-responsive interneurons
represented a subset of interneurons responding to nicotinic
agonists.

5-HT3R is expressed selectively by a subset of VIP/
CCK-expressing GABAergic interneurons

Figure 5. 5-HT3R expression is restricted to a subset of DMPP-sensitive
interneurons. On 86 recorded neurons we successively applied mCPBG
(local pressure application, 100 M; 50 msec) and the nicotinic agonist
DMPP (bath application, 100 M). All of the mCPBG-responsive neurons (n ⫽ 7) also responded to DMPP ( A). However, 42 neurons responded only to DMPP ( B), and 37 neurons did not show any response
(data not shown). DMPP responses were not affected by tropisetron (1
nM; data not shown).

are expressed by the same interneurons, we sequentially applied
mCPBG (100 M; local pressure application), and the nicotinic
agonist DMPP (100 M; bath application) to another set of
nonpyramidal neurons (n ⫽ 86, including 79 RSNP, 3 FS, and 4
IS cells). All of the mCPBG-responsive neurons (n ⫽ 7) also
responded to DMPP (Fig. 5A). Forty-two neurons responded
only to DMPP (Fig. 5B), and 37 neurons were not responsive to
either mCPBG or DMPP (data not shown). Neurons responsive
only to mCPBG were not observed in our sample. Neurons
responding only to DMPP showed a lower occurrence of CCK
(35% in 20 neurons that were analyzed molecularly; data not
shown) compared with 5-HT3R-expressing neurons (100%; see
above). No other significant difference was observed among their
firing patterns, morphologies, or molecular profiles. Therefore,
these data indicated that 5-HT3R-expressing neurons represented
a subset of DMPP-responsive interneurons. It must be noted that
no nicotinic receptor-mediated EPSC was observed in the above
stimulation experiments despite the reported existence of cholinergic synaptic junctions in the neocortex, albeit at a low incidence
(Chedotal et al., 1994; Umbriaco et al., 1994). The fact that
DMPP responses were not affected by tropisetron (1 nM; n ⫽ 3
responsive neurons; data not shown) confirms that the above
D-AP-5/CNQX-resistant EPSCs indeed were mediated by
5-HT3Rs.

DISCUSSION
In the present study we found that, in the rat neocortex, 5-HT3R
expression was restricted to a subset of IS and RSNP GABAergic

Using single-cell RT-mPCR, we probed for the expression of both
5-HT3A and 5-HT3B subunits in neocortical neurons. We found
that the expression of the 5-HT3A subunit was selective for
VIP/CCK-expressing GABAergic interneurons. In contrast, no
5-HT3B transcripts were detected, either at the single neuron level
or in total neocortical RNA preparations (see Materials and
Methods). Together, the present results agree with previous findings of the neocortical expression of 5-HT3Rs demonstrated by
radioligand binding, in situ hybridization, and immunocytochemistry (Kilpatrick et al., 1987, 1988; Barnes et al., 1990; Gehlert et
al., 1991; Laporte et al., 1992; Morales et al., 1996a, 1998; Morales
and Bloom, 1997) but further indicate that these receptors are
composed primarily with the 5-HT3A subunit.
Consistent with previous studies, we detected 5-HT3R expression only in CCK-containing GABAergic interneurons that also
expressed CB and CR (Morales et al., 1996a; Morales and Bloom,
1997). 5-HT3-expressing neurons represented 33% of our CCKpositive interneurons, in accordance with an earlier study (Morales and Bloom, 1997). Assuming that CCK is expressed by 10%
of interneurons (Demeulemeester et al., 1988) and that interneurons represent 20% of neocortical neurons, 5-HT3R would be
expressed in 0.7% of the neurons in the neocortex. In the present
study we found that 5-HT3R-containing interneurons were also
characterized by VIP expression, which is coexpressed mainly
with CCK in the neocortex (Papadopoulos et al., 1987b; Kubota
and Kawaguchi, 1997; Cauli et al., 2000). 5-HT3A-expressing
neurons represented 27% of our sampled VIP-positive neurons.
A similar assumption as above with VIP (present in ⬃20% of
neocortical interneurons; Kubota et al., 1994; Cauli et al., 1997)
indicates the expression of 5-HT3R in 1% of the neurons in the
neocortex. 5-HT3R-expressing neurons therefore would represent
0.7–1% of neocortical neurons.
5-HT3R-expressing neurons exhibited IS or RSNP firing properties with an IS/RSNP proportion (0.35) similar to that we
reported previously for VIP/CCK interneurons (0.5; Cauli et al.,
2000). Conversely, the proportion of 5-HT3-positive cells in our
sampled IS neurons (42%) was equivalent to that observed in
RSNP VIP/CCK interneurons (38%). Together, the present results support our previous studies indicating that neocortical IS
and RSNP VIP/CCK interneurons form a relatively homogeneous cell type (Cauli et al., 2000), also characterized by the
selective expression of postsynaptic nicotinic receptors (Porter et
al., 1999).

Selective excitation of neocortical VIP/CCK
interneurons mediated by the 5-HT3Rs
We observed an excellent correlation between 5-HT-evoked
rapid depolarizing responses blocked by tropisetron and the
expression of the 5-HT3A subunit in VIP/CCK interneurons. This
clearly indicated that the 5-HT3R-mediated excitation of these
interneurons was attributable to the activation of postsynaptic
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receptors. This is in agreement with immunocytochemical studies
that described a dense labeling of neocortical interneuron somata
with 5-HT3R antibodies (Morales et al., 1996b; Morales and
Bloom, 1997; Jakab and Goldman-Rakic, 2000). A similar excitation of interneurons via somatodendritic 5-HT3Rs has been reported in hippocampal (Kawa, 1994; McMahon and Kauer, 1997)
and neocortical layer I (Zhou and Hablitz, 1999) interneurons. As
described by these authors, 5-HT3R activation resulted in an
inward current that showed a large amplitude variability from one
cell to another (from 22 to 319 pA). The present results provide
a direct correlation between the expression of native 5-HT3A
receptors and their ligand-gated ion channel function.

Coexpression of 5-HT3Rs and nicotinic receptors in
VIP/CCK interneurons
Because IS interneurons and RSNP cells coexpressing VIP and
CCK had been shown previously to be responsive selectively to
nicotinic stimulation (Porter et al., 1999), we investigated whether
the same interneurons could be excited by both 5-HT3R and
nicotinic agonists (mCPBG and DMPP, respectively). We found
that all mCPBG-responsive cells also responded to DMPP and
therefore represented a subgroup (14%) of DMPP-responsive
neurons. This finding discloses a remarkable convergence between putative serotonergic and cholinergic fast transmission in
the same interneuron subtype.
Nicotinic receptors expressed by VIP/CCK interneurons are
formed with a combination of the ␣4, ␣5, and ␤2 subunits (Porter
et al., 1999). It has been shown that the 5-HT3A subunit can
coassemble with the ␣4 nicotinic subunit in heterologous expression systems to form functional hybrid receptors that are activated by 5-HT3R agonists, but not by nicotinic agonists (van
Hooft et al., 1998; Kriegler et al., 1999). Our results suggest that
both the nicotinic ␣4 and the 5-HT3A subunits can be expressed
in the same interneurons and thus open the possibility that such
hybrid receptors exist in native conditions. The absence of discriminative pharmacological tools did not allow us to investigate
the existence of 5-HT3A–␣4 hybrid receptors. However, if
5-HT3A-expressing interneurons contain such hybrid receptors,
they also express “pure” nicotinic receptors, because all of them
also responded to DMPP.

5-HT3Rs mediate fast synaptic excitation of VIP/CCK
neocortical interneurons
Many histochemical studies have reported a dense innervation of
neocortical interneurons by serotonergic fibers originating from
the midbrain raphe nuclei (Mulligan and Tork, 1988; Seguela et
al., 1989; DeFelipe et al., 1991; Hornung and Celio, 1992; Smiley
and Goldman-Rakic, 1996). In addition, at the electron microscopy level it has been shown that some of the 5-HT varicosities
form identifiable synapses onto their cortical targets (Descarries
et al., 1975; Papadopoulos et al., 1987a; Seguela et al., 1989;
Smiley and Goldman-Rakic, 1996; Paspalas and Papadopoulos,
2001). In the present study, using two-channel confocal microscopy, we observed close appositions of 5-HT fibers on the dendrites and somata of 5-HT3R-expressing interneurons, suggestive
of possible synaptic contacts.
In five neurons showing fast depolarizing responses to 5-HT,
electrical stimulation evoked robust D-AP-5/CNQX-resistant EPSCs of large amplitude. The complete block of these currents by
the highly selective antagonist tropisetron indicated that they
resulted from the activation of 5-HT3Rs. The short mean latency
to peak of these EPSCs (1.6 msec), together with the absence of
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serotonergic neocortical intrinsic neurons, indicates that the
tropisetron-sensitive EPSCs were attributable to the stimulation
of 5-HT fibers originating from the raphe nuclei. Although
5-HT3R-mediated synaptic responses have been reported previously (Sugita et al., 1992; Roerig et al., 1997), we establish here a
clear correlation between the functional expression of the
5-HT3A receptor subunit in VIP/CCK GABAergic interneurons
and its synaptic activation by serotonergic afferent fibers.
The most remarkable characteristics of the 5-HT3R-mediated
EPSCs were their “all or none” behavior and their high amplitude, suggesting that they resulted from the stimulation of a single
5-HT fiber, which probably excited the neuron via multiple synaptic contacts. Indeed, the amplitude of the EPSCs (⫺240 ⫾ 50
pA) was always superior to that necessary to induce action potential discharge in these neurons (below 50 pA at a membrane
potential of ⫺71 mV), suggesting that a single raphe serotonergic
neuron could synchronize the activity of its VIP/CCK neocortical
interneuron target.
Because 5-HT3Rs appear to mediate fast direct synaptic excitation from the raphe nucleus to neocortical interneurons, their
selective expression by the VIP/CCK GABAergic subtype may
have important functional implications. It is known that peptidergic release requires higher levels of activity than that of
classical neurotransmitters (for review, see Zupanc, 1996). It
might be hypothesized that, with the excitation via 5HT3Rs,
VIP/CCK interneurons would reach the activity threshold of
CCK release. Synaptic activation of neocortical VIP/CCK interneurons by the raphe serotonergic system therefore might provide
a functional and cellular explanation to the well known involvement of both 5HT3R and CCK in anxiety and other emotional
disorders (for review, see van Megen et al., 1996).
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