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The serotonergic system plays a key role in the regulation of brain
states, and many of the known features of serotonergic neurons
appear to match this function. Midbrain raphe nuclei provide a
diffuse projection to all regions of the forebrain, and raphe
neurons exhibit a slow metronome-like activity that sets the
ambient levels of serotonin across the sleep–wake cycle. Seroto-
nergic cells have also been implicated, however, in a variety of
more specific functions that can hardly be related to their low-rate
monotonous patterns of discharges. The amazing variety of sero-
tonergic receptors and their type-specific distribution on cortical
neurons also raise the possibility of a more intimate coordination
between the activity of serotonergic neurons and their target
cortical circuits. Here we report an unexpected diversity in the
behavior of immunohistochemically identified serotonergic neu-
rons. Two outstanding subpopulations were identified by using
the in vivo juxtacellular recording and labeling technique. The first
subpopulation of serotonergic cells exhibited the classic clock-like
activity with no apparent short timescale interaction with the
hippocampal electroencephalogram. The other subpopulation dis-
charged action potentials that were phase-locked to the hippocam-
pal theta rhythm, the oscillatory pattern associated with acquisi-
tion of information and memory formation. These results indicate
that the ascending serotonergic system comprises cells involved in
complex information processing beyond the regulation of state
transitions. The heterogeneity of serotonergic neuron behavior
can also help to explain the complexity of symptoms associated
with serotonergic dysfunction.
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The serotonergic system is a primary target of psychotherapy
that stresses the importance of serotonin in normal and

abnormal brain functioning. Serotonergic neurons of the mid-
brain raphe have been implicated in the control of affective and
cognitive functions and in modulating the neural activities of
networks across the sleep–wake cycle. Behaviorally related
oscillations in the theta frequency range (4–8 Hz), which are
most prominent in the hippocampus (1), are known to synchro-
nize neuronal activity in a number of forebrain structures
involved in these functions (2–4). Hippocampal theta oscillations
occur selectively during exploratory behaviors and paradoxical
sleep, whereas large-amplitude irregular activity is associated
with quiet waking, consummatory behaviors, and slow-wave
sleep (5, 6). As in sleep, hippocampal activity spontaneously
alternates between theta and nontheta states under urethane
anesthesia.

The majority of putative serotonergic neurons have been re-
ported to be most active during waking, to decrease their firing rate
during slow-wave sleep, and to cease firing during paradoxical sleep
(7).� The silencing of serotonergic cells during paradoxical sleep is
currently considered an important regulatory signal that contrib-
utes to the maintenance of the theta rhythm in this state. The role
of serotonin in controlling theta during the waking state is less

obvious, and it was proposed that serotonin might even promote (8)
rather than suppress a certain type of theta rhythm characteristic for
this state (5). In anesthetized animals, raphe stimulation disrupts
spontaneous hippocampal theta rhythm, and pharmacological sup-
pression of serotonergic neurons results in lasting theta in the
hippocampus (9). Surprisingly, however, a negative correlation
between hippocampal theta and raphe neuronal activity, which
would be consistent with these findings, was found only in a
minority (29%) of the slow-firing putative serotonergic cells (10).
Moreover, the firing of a large population (up to 55%) of raphe
neurons in both anesthetized (9–11) and freely behaving rats (12)
appeared phase-locked to hippocampal field potential oscillations
at theta frequency. However, raphe neurons with theta-related
firing were identified only by indirect electrophysiological criteria,
whose reliability was questioned in recent studies by using com-
bined cellular electrophysiology and immunohistochemistry (13–
15). Thus, the important question of how the seemingly homoge-
neous population of serotonergic neurons is able to participate in
the wide range of brain activity remains unanswered.

Results
In the present study, we used the juxtacellular labeling technique
(16), which allows a detailed analysis of single-cell activity and
a confirmation of their neurochemical and morphological iden-
tity by subsequent immunohistochemistry (13, 17). Extracellular
single-neuron recordings were performed in rats anesthetized
with urethane in two different states: one associated with
large-amplitude irregular activity in the hippocampus and the
other characterized by the presence of a sustained hippocampal
theta rhythm (henceforth called nontheta and theta states,
respectively). Twenty-one neurons were successfully labeled in
20 rats. These neurons were selected (see Materials and Methods)
to be representatives of all major raphe cell groups reported in
previous studies (10, 13, 14, 18).� Thus, the sample included both
theta-on and theta-off units, i.e., cells activated or suppressed
during theta and neurons with a wide range of firing rates (0.3–25
spikes per sec) and with a variety of spike waveforms. Fifteen of
these cells were identified as serotonergic [5-hydroxytryptamine
� (5-HT�)] or nonserotonergic (5-HT�) neurons; the remain-
ing six cells, the neurochemical identity of which remained
obscured, were excluded from this study.

Ten labeled cells were found immunoreactive for serotonin,
whereas the remaining five cells were serotonin-immunonega-
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tive. None of these neurons were tyrosine hydroxylase (TH)
immunoreactive. Serotonin-immunoreactive cells were exclu-
sively located in the raphe nuclei. This and the fact that 5-HT�
immunonegative cell bodies (e.g., neurobiotin labeled or TH�,
Fig. 2A) were also observed in the raphe further confirmed the
specificity of the 5-HT immunolabeling. Cell bodies were located
in the dorsal raphe, dorsal raphe interfascilular part, or median
raphe nuclei (n � 9, 2, and 4, respectively). All reconstructed
neurons had an axon that gave off local axon collaterals before
exiting the raphe nuclei. The electrophysiological features widely
used in previous studies to identify ‘‘putative’’ serotonergic and
nonserotonergic neurons (i.e., firing rates, coefficient of varia-
tion, and spike waveform characteristics) were highly variable
among both 5-HT� and 5-HT� cells (13, 14). As a group,
serotonergic neurons did not significantly differ from nonsero-
tonergic raphe neurons in any of these parameters (Table 1).

Serotonergic Neurons. The group of serotonergic neurons showed
a substantial diversity in all examined parameters of firing rate,
firing pattern, and spike shape. The firing rate varied in a wide
range between 0.03 and 17 spikes per second during theta and
showed a bimodal distribution during nontheta states (Fig. 1 Ab
and Ac). The spike waveform characteristics, i.e., the spike
duration and the relative amplitudes of the first and second
peaks,� also showed clear bimodal distributions (Fig. 1 Aa). By
using the multivariate distribution of these parameters (Fig. 1B
and Table 1), two major serotonergic subgroups could be
distinguished containing neurons with diagonally different dis-
charge characteristics.
Slow-firing serotonergic neurons with broad action potentials. This
subgroup of four cells corresponded to the ‘‘putative’’ seroto-
nergic neurons of previous studies (see example in Fig. 2). The
distinction from the other serotonergic cells was confirmed by a
clear separation of their spike waveform characteristics (Fig.
1Aa) and the slow metronome-like firing mode, which was
significantly different from the behavior of both the remaining
serotonergic and the group of nonserotonergic neurons. Signif-
icant coherence with the hippocampal theta rhythm was not
observed in the activity of any of these cells, but theta-related
change in firing rate could be detected in each of them (three off,
one on).
Fast-firing serotonergic neurons with theta rhythmic activity. The three
cells of this subgroup showed the spike-waveform and firing
characteristics previously attributed to nonserotonergic neu-
rons either in the raphe or in other brain regions. These cells
fired at high rates in both theta and nontheta states (Fig. 1Bb)
and created a distinct peak in the bimodal nontheta distribu-
tion histogram (�8 Hz; Fig. 1 Ab). All three neurons in this
subgroup fired phase-coupled to the hippocampal theta
rhythm (coherence 0.59–0.88). Fig. 3 provides a representative

example of the electrophysiological behavior and immunohis-
tochemical characteristics of this class of serotonergic cells.

The remaining three serotonergic cells fired at low rates
(fewer than two spikes per sec; Fig. 1Bb) during nontheta
states. These neurons were undistinguishable from the major-

Table 1. Spike-wave characteristics and firing rate of midbrain raphe neurons

Spike wave Firing rate

CoV
Width of first and

second peaks
Relative amplitude of
first and second peaks Theta Nontheta

5-HT� (n � 10) 2.68 � 0.30 2.20 � 0.32 5.40 � 1.95 4.69 � 1.94 78 � 11
5-HT� (n � 5) 2.35 � 0.17 1.50 � 0.05 11.84 � 5.59 4.90 � 3.78 134 � 40

Broad (n � 4) 3.63 � 0.29 3.23 � 0.15 0.90 � 0.34 1.20 � 0.21 54 � 15
Fast (n � 4) 1.50 � 0.04 1.01 � 0.02 10.75 � 4.60 8.50 � 0.71 84 � 19
Others (n � 7) 2.40 � 0.37 1.51 � 0.12 5.77 � 8.05 1.37 � 0.44 128 � 93
Bonferroni: B�F, B�o B�F, B�o B�F B�F, F�o

Bold letters indicate significant t test or significant effect of the group factor on the parameter (ANOVA P �
0.05); Bonferroni, pairs with significantly different means using post hoc Bonferroni test. CoV, coefficient of
variance; B, broad; F, fast; o, others.

Fig. 1. Diverse firing behavior of midbrain raphe neurons. (Aa–Ac) Distri-
bution of the electrophysiological parameters of serotonergic neurons (n �
10) representing their spike waveform characteristics (relative amplitudes of
the first and second peak of the action potential; Aa), and their average firing
rates during nontheta (Ab) and theta states (Ac). Note bimodal distributions
of the spike waveform parameter and of the nontheta firing rate and near-
homogeneous wide distribution of firing rates during theta states. (B) Pair-
wise scatter plots showing the relationship between these parameters and
also representing the 2D projections of the classes of raphe cells [10 seroto-
nergic (filled squares) and 5 nonserotonergic neurons (open triangles)], iden-
tified by the multivariate distributions of the three electrophysiological pa-
rameters. Neurons with theta-related firing are marked with encircled
symbols. (Ba) Separation of slow-firing serotonergic neurons (n � 4, all sero-
tonergic) with clock-like activity (circled area). Note also significant negative
correlation between spike waveform and firing rate during theta states for
serotonergic cells (P � 0.01) and no correlation for nonserotonergic neurons
(P � 0.22). (Bb) Separation of fast-firing neurons (three serotonergic, one
nonserotonergic) with theta-rhythmic activity (circled area).
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ity (four of five) of nonserotonergic neurons recorded in this
study on the basis of electrophysiological parameters. Unlike
the fast-firing serotonergic neurons, the discharge rates of
these cells during the theta and nontheta states were not always
related (Fig. 1Bb); i.e., neurons classified as slow firing during

the nontheta states were either activated (theta-on) or sup-
pressed (theta-off), associated with theta yielding a wide
homogeneous distribution of firing rates (between 0.03 and
four spikes per sec; Fig. 1Ba). One of these cells exhibited theta
rhythmic firing (coherence, 0.54).

Fig. 2. Firing pattern of a slow-firing serotonergic dorsal raphe neuron with clock-like activity. (A) The labeled neuron is located in the dorsal raphe nucleus
(DRN). Blue staining shows the filled neurons visualized by streptavidin (SA), which expresses 5-HT (red) but not TH (green). Arrow indicates the position of the
recorded and filled neuron. (B) Reconstruction of the dendritic (blue) and axonal (green) arborization. (C) General view of the soma location and axonal
arborization (green) in the midbrain. (D) Wide (�3.8-ms) asymmetric action potential of the cell. (E) Hippocampal EEG and DR neuron firing during nontheta
and theta states. (F) Spike autocorrelation histogram (blue; bin � 0.05 s) with clock-like activity expressed more during nontheta states. Crosscorrelation (red)
shows no relationship between DR unit and hippocampal field potentials. (G) Autospectra (0.24-Hz resolution) of hippocampal EEG (red) and DR unit activity
(blue) during theta (filled area) and nontheta states (line). DRI, DRN interfascicular part; mlf, medial longitudinal fasciculus. [Scale bars: (A) 50 �m; (B) 100 �m;
(D) 2 ms and 2 mV; (E) 1 sec and 2 mV.]
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Nonserotonergic Neurons. These cells formed a heterogeneous
group containing one fast-firing cell and four neurons with
variable firing characteristics. The fast-firing neuron showed
similar activity pattern and action potential waveform to the
fast-firing serotonergic neurons. Significant theta coherence
could also be detected in the case of this cell (coherence, 0.51).
The remaining four neurons exhibited variable firing and spike
shape undistinguishable from the third subgroup of serotonergic
cells (Fig. 1B). During nontheta states, these neurons had

low-frequency activity, which elevated or decreased further at
the onset of hippocampal theta. One of these cells showed theta
rhythmic activity (coherence, 0.35).

Discussion
As shown here, the diversity in the population of serotonergic
neurons can be revealed only by combined analyses of their
electrophysiological, immunochemical, and morphological prop-
erties. Electrophysiological criteria used to identify putative

Fig. 3. Firing pattern of a fast-firing serotonergic dorsal raphe neuron with theta-rhythmic activity. (A) The labeled neuron is located in the dorsal raphe nucleus
(DRN). Inset shows a low-power image of the raphe nucleus. The recorded neuron (arrow) is 5-HT immunoreactive (red and merged images). (B) General view
of the soma location and axonal arborization (green) in the midbrain. (C) Reconstruction of the filled cell showing the dendritic (blue) and axonal (green)
arborization. (D) Narrow (�1.5-ms) symmetric action potential of the cell. (E) Synchronized theta oscillations in the hippocampal EEG and DR unit spike train.
(F) Spike autocorrelation histogram (blue; bin � 0.02 s) and hippocampus–raphe crosscorrelation (red) with regular peaks repeated at theta frequency (4.4 Hz).
(G) Coherence spectrum with highly significant peak (0.78) at 4.4. Hz. (Inset) Autospectra (0.24-Hz resolution) of hippocampal EEG (red) and DR unit activity (blue)
during theta state. DRI, DRN interfascicular part; mlf, medial longitudinal fasciculus; SA, streptavidin. [Scale bars: (A) 50 �m; (Inset) 100 �m; (C) 100 �m; (D) 2
ms and 2 mV; (E) 1 sec and 2 mV.]
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serotonergic neurons in previous studies may be appropriate for
a gross classification of raphe cells, but they fail to identify
subpopulations with atypical discharge properties. Recent intra-
cellular (14, 15) and juxtacellular labeling (13) investigations
reported that cell identification based on electrophysiological
criteria alone yielded false-negative and -positive results. For
example, Allers and Sharp (13) found that half of the slow-firing
raphe neurons were nonserotonergic, and 2 of 10 fast-firing
putative nonserotonergic neurons were in fact serotonergic.
Although relatively small in numbers, these subsets represent
real functional classes of cells, as indicated by their increase in
number as the sample size increases [e.g., 18 of 180 fast-theta
rhythmic neurons in the median raphe nucleus (10)]. In a recent
study by Urbain et al.,� 117 of 531 (i.e., 22%) putative seroto-
nergic neurons did not show the expected ‘‘classic’’ decrease in
firing from waking to slow-wave sleep, and a significant number
of such cells were active during paradoxical sleep.

The two activity patterns of serotonergic neurons found in this
study may have different functions, which can be most effectively
mediated by different types of receptors expressed in cortical
networks. The slow clock-like activity seems optimal for main-
taining state-dependent stable serotonin levels and requires the
slow action of G protein-coupled serotonin 1A and 2A receptors.
The extrasynaptically located inhibitory serotonin 1A receptor
on pyramidal cell dendrites (19) can be activated by serotonin
released not only through spillover from synaptic terminals but
also from nonsynaptic varicosities, resulting in further reduction
of the temporal and spatial precision of the serotonergic control.
Activation of the excitatory G protein-coupled serotonin 2A
receptors expressed by GABA-expressing (GABAergic) inter-
neurons (20) was also shown to have a long-lasting effect on
pyramidal neurons (21, 22).

The fast excitatory ion-channel-coupled serotonin 3 receptors
are capable of following the theta rhythmic serotonergic input.
These receptors are expressed by several classes of GABAergic
interneurons (23–25), which have specific functions. Thus, cho-
lecystokinin-containing basket cells, which are also endowed by
nicotinic and cannabinoid receptors, are credited for conveying
emotional-, mood-, and motivational-related inputs to the net-
work of pyramidal cells (26, 27). Serotonin 3 receptors are also
expressed on calbindin- and calretinin-containing GABAergic
cells (28), which control not only pyramidal cells but other
hippocampal inhibitory cells as well (29, 30). Serotonergic fibers
do not contact the parvalbumin-containing GABAergic basket
cells, which are responsible for generating the synchronized
somatic membrane potential oscillations in pyramidal cells.
Therefore, the rhythmic serotonergic input is unlikely to drive
hippocampal theta field potentials. Rhythmically synchronized
firing, however, may provide a precisely timed arrival of the
information carried by this phasic input to the oscillating target
networks not only in the hippocampus but also in other struc-
tures, including entorhinal, prefrontal cortex, and amygdala
(2–4). Importantly, this serotonergic input is active during theta
states when the bulk of the ascending serotonergic pathway is
suppressed.�

The large number and the variety of neurons exhibiting
theta-related activity in the midbrain raphe (12) indicate that
theta oscillation also plays an important role in organizing the
neuronal activity within the raphe circuit. Rhythmically firing
serotonergic neurons have local axon collaterals and can there-
fore participate in suppressing the activity of slow-firing neurons
either through serotonin 1A autoreceptors or through a local
serotonin 2 receptor-activated GABAergic circuit (31). The
rhythmically firing nonserotonergic neurons may also comprise
an essential part of this network (32, 33).

Materials and Methods
Experiments were performed on male Sprague–Dawley rats
anesthetized with urethane (1.2–1.5 g�kg), in accordance with
National Institutes of Health guidelines.

Juxtacellular Recording and Labeling. Hippocampal electroenceph-
alogram (EEG) was recorded with two pairs of twisted wires
(125-�m stainless steel) separated by 1 mm at their tips and
implanted in the CA1 region and at the hippocampal fissure,
verified by the out-of-phase rhythmicity in the two recordings.
The traces of hippocampal EEG along with their spectra and the
power within the theta range (2–8 Hz) was continuously mon-
itored during the experiment. Juxtacellular recordings were
made with fine micropipettes (impedance, 30–60 MOhm) filled
with 2% Neurobiotin in 0.5 M NaCl. Each neuron was recorded
during control, associated with low-amplitude irregular activity
in the hippocampus and during theta episodes that occurred
either spontaneously or in response to sensory stimulation (tail
pinch). The neuronal signal was amplified by a DC-coupled
amplifier, filtered between 0.3 and 5 kHz, and, along with
hippocampal EEG, digitized at 10 kHz. Once a unit had been
isolated, the activity was recorded during theta and nontheta
states followed by juxtacellular dye injection by using the appli-
cation of positive current pulses (2–8 nA, 200 ms duration, 50%
duty cycle) for 5–10 min (13, 16, 17).

Given the great variety of neurons in the midbrain raphe and
the relatively low yield of juxtacellular labeling (one neuron per
rat), the sampling was intentionally biased to collect at least a few
representative units from all major cell groups reported in
previous studies. Special effort was made to include units that,
on visual inspection during the experiments, appeared to change
their firing patterns in relation to the simultaneously recorded
hippocampal EEG (10–12). Thus, the cells submitted for juxta-
cellular labeling were selected from a total of 162 neurons
extracellularly recorded in 57 rats in the stereotaxic location of
the midbrain raphe nuclei (7–9 mm caudal to bregma on the
midline, between 5.0 and 8.3 mm from the surface of the brain).
Juxtacellular labeling was attempted in 43 experiments. One
neuron was filled with neurobiotin in each rat, except for two
experiments, in which two neurons separated by �1.2 mm were
labeled. In 14 rats, the labeled cell was outside the raphe or no
cell was found. Another nine experiments were also excluded
from the analysis due to ambiguous results, i.e., faint or multiple
labeling (13, 16, 17).

Tissue Preparation and Immunohistochemistry. Rats were perfused
with 0.9% saline followed by a fixative containing 4% parafor-
maldehyde in phosphate buffer (0.1 M, pH 7.4). Brains were
removed, and sections were cut with a vibratome, washed with
TBS (0.05 M, pH 7.4; Sigma-Aldrich), and blocked with a
solution containing 2% BSA and 0.5% Triton X-100. Sections
were incubated overnight in solution containing Marina blue-
conjugated streptavidin (1:200; Molecular Probes) and analyzed
under fluorescent microscope. Cell body- and primary dendrite-
containing sections were incubated for 48 h at 4°C with primary
antisera against serotonin (rat anti-5-HT; Chemicon, 1:100; ref.
34), TH (mouse anti-TH; Chemicon, 1:100), washed, and incu-
bated in carbocyanine 3 (CY3)- or CY2-conjugated anti-rabbit,
-mouse, or -rat secondary antibodies (1:500; The Jackson Lab-
oratory). Sections were examined under fluorescence light mi-
croscope (Provis AX70; Olympus, Melville, NY) or confocal
microscope (Zeiss LM 510). At the end of the experiment,
sections were rinsed in TBS and incubated in avidin-biotinylated
horseradish peroxidase complex (1:400; Vector Laboratories).
The immunoperoxidase reaction was carried out by using Ni2�-
intensified 3,3�-diaminobenzidine 4-HCl (Sigma-Aldrich) as a
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chromogen and 0.05% H2O2. Cells were reconstructed by using
a drawing tube at 	400 magnification.

Data Analysis. The digitized spike train from single-cell record-
ings with high signal-to-noise ratio was processed with a window
discriminator and, together with the hippocampal EEG, was
resampled at 250 Hz. The neuronal discharge was characterized
by the average firing rate and the coefficients of variation
calculated separately for theta and nontheta episodes and by two
parameters of the spike waveshape, i.e., spike duration and the
relative amplitudes of the first and second peaks of the spike.
These latter two parameters strongly correlated (R � 0.81,
ANOVA F[1,13] � 24.91, P � 0.001), and thus only one was used
for presentation of the results. The neurons were classified by
using the distribution of these parameters, and the groups were
compared by ANOVA and post hoc Bonferroni test. Time and
frequency domain analyses were used for statistical testing of
significant relationships between EEG and unit signals at the
theta frequency. Time domain analysis included autocorrelo-

grams and unit–EEG crosscorrelogram. In the frequency do-
main, autospectra for both the unit and EEG signals along with
their coherence function were calculated for 10–25 contiguous
windows of 4-s duration by using the fast Fourier transform
implemented in a customized program (12). The unit spikes,
before the fast Fourier transform analysis, were subjected to
digital low-pass filtering performed by convolving the sequence
of standardized pulses representing the spike trains with a sinc
function with parameters set so that the information in the
spectra represented the interspike intervals rather than the
shape of the standardized pulses.
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