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The Synchronous Activity of Lateral Habenular Neurons
Is Essential for Regulating Hippocampal Theta Oscillation
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Lateral habenula (LHb) has attracted growing interest as a regulator of serotonergic and dopaminergic neurons in the CNS. However, it
remains unclear how the LHb modulates brain states in animals. To identify the neural substrates that are under the influence of LHb
regulation, we examined the effects of rat LHb lesions on the hippocampal oscillatory activity associated with the transition of brain
states. Our results showed that the LHb lesion shortened the theta activity duration both in anesthetized and sleeping rats. Furthermore,
this inhibitory effect of LHb lesion on theta maintenance depended upon an intact serotonergic median raphe, suggesting that LHb
activity plays an essential role in maintaining hippocampal theta oscillation via the serotonergic raphe. Multiunit recording of sleeping
rats further revealed that firing of LHb neurons showed significant phase-locking activity at each theta oscillation cycle in the hippocam-
pus. LHb neurons showing activity that was coordinated with that of the hippocampal theta were localized in the medial LHb division,
which receives afferents from the diagonal band of Broca (DBB), a pacemaker region for the hippocampal theta oscillation. Thus, our
findings indicate that the DBB may pace not only the hippocampus, but also the LHb, during rapid eye movement sleep. Since serotonin
is known to negatively regulate theta oscillation in the hippocampus, phase-locking activity of the LHb neurons may act, under the
influence of the DBB, to maintain the hippocampal theta oscillation by modulating the activity of serotonergic neurons.

Introduction
Learning needs coordinated activation of the specific brain re-
gions that process sensory information. Theta rhythm is the os-
cillatory activity that underlies communication between the
neural structures. Specifically, theta oscillation in the hippocam-
pus (HPC) appears both in the awake and rapid eye movement
(REM) sleep state, and has been implicated in modifying synaptic
plasticity for memory formation (Buzsáki, 2002). Indeed, synchro-
nous firing of the hippocampal neurons and theta oscillation pre-
dicts strength in memory formation (Rutishauser et al., 2010). Theta
oscillation also coordinates the neural activity of distant brain re-
gions such as amygdala, hippocampus, and prefrontal cortex during

behaviors contingent with emotional experiences such as anxiety
(Adhikari et al., 2010) and fear (Seidenbecher et al., 2003). In sup-
port of a role for the modification of theta oscillation in learning, it
was recently shown that increased synchrony of these theta activities
is associated with impaired extinction recall of fear memory under
the influence of diffuse serotonergic modulation (Narayanan et al.,
2011). These facts indicate that theta oscillation plays a central role in
memory formation, and changing the theta duration could modu-
late the efficiency of memory formation.

Habenula is a diencephalic nucleus conserved across verte-
brates (Aizawa et al., 2011). It is subdivided into the medial and
lateral nucleus according to the distinct composition of neu-
rotransmitters and neural connectivity. Among these two com-
ponents, the lateral habenula (LHb) has drawn considerable
attention recently based on findings that this region could con-
tribute to the regulation of dopaminergic and serotonergic activ-
ities (Wang and Aghajanian, 1977; Nishikawa and Scatton, 1985;
Christoph et al., 1986; Nishikawa et al., 1986; Matsumoto and
Hikosaka, 2007) and play a critical role in cognitive functions
such as attention (Lecourtier and Kelly, 2005). In fact, transient
stimulation of the LHb has an inhibitory effect on both dopami-
nergic (Christoph et al., 1986) and serotonergic neurons (Wang
and Aghajanian, 1977), and its altered activity was implicated
recently in the pathophysiology of psychiatric disorders such as
depression (Sartorius et al., 2010; Li et al., 2011) and schizophre-
nia (Ellison, 1994; Lecourtier et al., 2004). Despite the functional
significance, it remains unclear how the LHb might modulate
such animal behaviors.
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LHb projects to the serotonergic raphe nuclei, which have
been implicated in the negative modulation of hippocampal theta
oscillation (Vertes et al., 1994). Considering that lesions of fiber
bundles including the rat LHb efferents led to a reduced hip-
pocampal theta (Valjakka et al., 1998), it is reasonable to hypoth-
esize that theta oscillation in the hippocampus could mediate
modulation of animal behaviors via neural activity in the LHb.

Here we report, for the first time, that intact LHb activity is
needed to maintain hippocampal theta oscillation, and that more
than half of the LHb neurons show phase-locking activity toward
the oscillation. This specific neuronal activity is localized in the
medial LHb division, which receives afferents preferentially from
the diagonal band of Broca (DBB), a pace-making region of the
hippocampal theta oscillation (Vertes and Kocsis, 1997). These
findings suggest that LHb may mediate the regulation of theta
oscillation in the hippocampus under the influence of the DBB.

Materials and Methods
Animal preparation
All experiments were performed in accordance with the Animal Experi-
ment Plan approved by the Animal Experiment Committee of RIKEN.
Adult Long–Evans rats (250 –300 g, male; Japan SLC) were maintained
throughout the experiments on a 12 h light/dark cycle schedule with
lights on during the day and handled twice briefly before the primary
surgery. For the head-restrained preparation, primary surgery for placing
a sliding head-attachment and reference electrodes was conducted as
described previously (Isomura et al., 2009). At the same time, we placed
the Teflon-coated silver electrodes above the parietal (1.0 anterior, 2.5
mm lateral of bregma) and occipital (1.0 posterior, 3.5 mm lateral of
bregma) cortices for cortical electroencephalography (EEG), and in the
trapezius muscle for electromyography (EMG) (Ambrosini et al., 1993).
After recovery from this primary surgery, animals were habituated to a
head-restraint apparatus for 6 d over 2 weeks (6 – 8 h in a day) so that they
could sleep in that situation. The day before the electrophysiological
recordings, the rats were subjected to the second surgery under isoflurane
anesthesia, whereby two tiny holes were made in the skull and dura mater
(3.6 mm posterior, 1.5 mm lateral of bregma for the LHb; 4.5 mm pos-
terior, 4.5 mm lateral of bregma for the hippocampus). The hole was
covered with silicon sealant until the recording experiment commenced.

For recording neural activity in the sleeping rats with the LHb lesion,
the animals received a sham or lesion procedure as described below and
were then implanted with a custom-made microdrive array consisting
of four independently adjustable tetrodes, as described previously
(McHugh et al., 1996), targeted to CA1 (stereotaxic coordinates from
bregma: 3.0 mm lateral; 3.6 mm posterior; 2.0 mm deep from the pia
mater).

Electrophysiological recordings
For the head-restrained procedure, we obtained extracellular multiunit
recordings from neurons through stainless wire tetrode (California Fine
Wire) or custom-made 16-channel silicon probes (Neuronexus) tilted
laterally by 10° and placed 3.8 – 4.5 mm deep for LHb and 2.0 –2.2 mm
deep for the hippocampal CA1 area (sample, 20 kHz; final gain, 2000;
original bandpass filter, 0.5 Hz to 10 kHz for the hippocampus, and 300
Hz to 10 kHz for the LHb) connected to a hard-disk recorder (DataMax
II, R.C. Electronics). We recorded unit activities from LHb at a narrower
frequency band to maximize the dynamic range for unit activity and at
the expense of neural information such as local field potential (LFP),
because the unit amplitude in LHb was smaller than that in the hip-
pocampus. The electrodes for the hippocampus were advanced in 10 �m
increments to target the CA1 pyramidal cell layer using a fine microma-
nipulator (Model 1760 – 61, David Kopf Instruments) on a stereotactic
frame
(SR-8N, Narishige) until the magnitude of the ripples did not increase
further. We simultaneously recorded the cortical activity by surface EEG
electrodes or tetrodes in the visual cortex (4.5 mm posterior, 4.5 mm
lateral of bregma, and 0.8 –1.2 mm in depth). Behavioral states were also

monitored by video capturing the frontal view of the animals (60
frames/s) synchronously with recordings of the hippocampal and corti-
cal activity and EMG (2 kHz; AQ-VU, TEAC).

For the freely moving preparation, we attached the headstage pream-
plifier (HS-36-LED, Neuralynx) to the microdrive connector, and then
placed the rat in the home cage. Electrodes were slowly advanced over 2 d
to reach the CA1 pyramidal cell layer by the same procedure as described
for the head-restrained procedure.

For juxtacellular recordings, the animals were anesthetized with ure-
thane (1.25 g/kg) and supplemental doses of ketamine and xylazine (20
and 2 mg/kg, respectively) as needed, and body temperature was retained
with a heating pad, using the same coordinates as those used in the
unanesthetized rats. Glass electrodes (BF150-75-10, Sutter Instrument)
were prepared by a laser puller (P-2000, Sutter Instrument), and a blunt
tip was created. The electrode was filled with 2% neurobiotin (Vector
Laboratories) in 0.5 M NaCl (12–30 M�), and then inserted into the LHb
with a microdrive (LSS-8000 Inchworm, Burleigh Instruments) installed
on a 10° tilted micromanipulator (Model 1760-61, David Kopf Instru-
ments). Juxtacellular signals were amplified with an intracellular ampli-
fier (IR-283, Cygnus Tech) and sampled at 20 kHz (final gain, 1000;
bandpass filter, 300-10 kHz) with a hard-disk recorder (DataMax II or
LX-120, TEAC). Subsequently, neurobiotin was electroporated into re-
corded neurons with a positive current pulse (2–10 nA; 0.25 s duration,
every 0.5 s; 5–15 min). Juxtacellular recordings were combined with
extracellular recordings from the hippocampal CA1 pyramidal cell layer
through a tetrode placed at 2.0 –2.2 �m deep (sampling, 20 kHz; final
gain, 2000; original bandpass filter, 0.5 Hz to 10 kHz).

Lesion surgery
For electrolytic lesion, rats were anesthetized with 2% isoflurane and
placed in the stereotactic apparatus (SR-8N, Narishige). A tiny hole was
made in the skull and dura mater (3.6 mm posterior, 1.5 mm lateral of
bregma), and the stainless steel bipolar electrode (CBAPD75, FHC) tilted
laterally by 10° was placed 4.5 mm deep to target the LHb. We applied
1 mA of positive current for 30 s to make a lesion specifically in the LHb;
sham-lesion cases received no current. For recording the LFP in the
hippocampal CA1, the animals were implanted with a microdrive array
consisting of four tetrodes at the same time. After a recovery period of 7 d,
the animals were subjected to either the same procedure as in the juxta-
cellular recording under urethane anesthesia or the freely moving prep-
aration as described above.

To introduce a neurotoxic lesion of the serotonergic neurons, we in-
jected 5,7-dihydroxytryptamine (5,7-DHT; creatinine sulfate, Sigma-
Aldrich) into the median raphe as described previously (Limebeer et al.,
2004). Briefly, 30 min before surgery, rats were pretreated with desipra-
mine (10 mg/kg mixed in saline and administered at a volume of 1 ml/kg,
i.p.; Sigma-Aldrich) to inhibit uptake of 5,7-DHT by noradrenergic neu-
rons and prevent depletion of norepinephrine. After the rats were placed
in the stereotaxic frame (Model 900, David Kopf Instruments), 4 �g of
5,7-DHT dissolved in a volume of 2 �l of 0.1% ascorbic acid (Sigma-
Aldrich) was injected into the median raphe (7.5 mm posterior and 0.0
mm lateral from the bregma, 7.6 mm in depth) over a period of 4 min.
The animals were allowed to recover for 7–11 d before electrophysiolog-
ical recording under urethane anesthesia as described above.

Histology
Under deep anesthesia, animals were perfused transcardially with cold
saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.4. Postfixed brains were sliced coronally into 50-�m-thick serial
sections using a vibrating microtome (DTK-3000W, Dosaka EM).
Neurobiotin-loaded neurons were visualized using the avidin– biotin–
peroxidase complex (Vectastain Elite ABC, Vector Laboratories) with
diaminobenzidine and nickel (DAB-Ni), and sections were counter-
stained with neutral red or thionin. Neurons identified by juxtacellular
labeling were mapped onto the schematic drawing of a coronal section
showing the relative position of the cell body of the labeled neurons in the
subnuclei of LHb by adjusting the relative size of each subnucleus. Sub-
nuclei of LHb were identified according to the cell body size and cell
density as described previously (Andres et al., 1999; Geisler et al., 2003;
Aizawa et al., 2012).

8910 • J. Neurosci., May 15, 2013 • 33(20):8909 – 8921 Aizawa et al. • Hippocampal Theta Regulation by the Lateral Habenula



For the neurotoxic lesion study, reduced ex-
pression of serotonin in the median raphe was
confirmed by staining of the coronal sections
with rabbit anti-serotonin polyclonal antibody
(1:1000, Immunostar). The signal was visual-
ized with peroxidase-conjugated anti-rabbit
IgG and DAB-Ni.

Retrograde labeling experiments
The rat was anesthetized with 2% isoflurane and
placed in the stereotactic apparatus (SR-8N).
Tiny holes were made in the skull and dura
mater, and a glass electrode containing either
1–2% Fluoro-Gold (Fluorochrome) in 10 mM

cacodylate buffer or 0.5% cholera toxin sub-
unit B-Alexa Fluor 488 conjugate (CTB488, In-
vitrogen) in 0.1 M PB was stereotactically
positioned at the same coordinates used for the
unanesthetized recording. Retrograde tracers
were applied iontophoretically with 5 �A
current for 7 min for Fluoro-Gold (5 s on/5 s
off) and for 30 min for CTB488 (0.5 s on/0.5
s off). For visualization of the tracers and the
immunoreactivity against ChAT, rabbit anti-
Fluoro-Gold (1:2000; AB153, Millipore), rab-
bit anti-Alexa Fluor 488 (1:2000; A11094,
Invitrogen), and goat anti-choline acetyltrans-
ferase (1:500, AB144, Millipore) were used.
Signals were visualized with secondary anti-
bodies conjugated with fluorescent dyes (don-
key anti-rabbit IgG-Alexa Fluor 488, A-21206,
Invitrogen, 1:200; donkey anti-goat IgG-Alexa
Fluor 594, A-11055, Invitrogen, 1:200) or
secondary antibodies conjugated with horse-
radish peroxidase (1:200; peroxidase goat
anti-rabbit IgG antibody, PI-1000, Vector Lab-
oratories) and DAB-Ni as above. For colocal-
ization of the Fluoro-Gold and Gad67 mRNA,
sections were first processed for in situ hybrid-
ization and then stained with anti-Fluoro-Gold
antibody as above.

In situ hybridization
In situ hybridization was performed as de-
scribed previously (Amo et al., 2010). RNA
probes for murine Gad67 mRNA were used for
the hybridization reaction at 55°C. For probe
synthesis, the fragment containing nucleotide
7-625 of murine Gad67 mRNA (GenBank ac-
cession number NM_008077.4) was PCR am-
plified using mouse genomic DNA as a
template. The amplified fragment was sub-

Figure 1. Intact lateral habenular function is essential for maintaining the hippocampal theta oscillation. A, B, Coronal sections
of the habenula in rats that previously received either a sham (A) or lesion operation (B) showing the extent of destruction and
gliosis (B, arrowheads). Asterisks indicate the medial habenula. Insets are magnified views of the gray-boxed areas in the left
habenula. C, D, Power spectral density of LFP recorded from the pyramidal cell layer in the hippocampal CA1 of the sham-operated
(blue line) and lesion-operated rats (red line) under urethane anesthesia (C, N � 6 for sham operation group, and N � 11 for
lesioned group) and during REM sleep (D, N � 6 for sham operation group, and N � 7 for lesioned group). Solid and dotted lines
indicate the mean and mean�SEM for the sham- and lesion-operated rats, respectively. Insets of each panel show enlarged views
of the power spectrum for the theta wave under urethane anesthesia (3– 6 Hz) and during REM sleep (5– 8 Hz). E, F, Bar graphs

4

showing the proportion of time with and without the hip-
pocampal theta under urethane anesthesia (theta and non-
theta periods, respectively, in E) and with REM and NREM sleep
(F) in the animals subjected to the sham operation (blue, N �
6), habenula-lesion (red, N � 11), and habenula-lesion plus
DHT injection into the median raphe (light blue, N � 7). G, H,
Bar graphs showing the mean duration of a single theta bout
(G) and theta amplitude (H) of the theta oscillation in the hip-
pocampus of the sham-operated (blue) and lesion-operated
(red) rats under urethane anesthesia (bars on the left) and
during REM sleep (bars on the right). *p � 0.05, **p � 0.01,
comparison with statistical significance (Scheffé’s multiple-
comparison test following one-way ANOVA for the three-
group data and one-tailed t test for the two-group data).
Values are presented as the mean � SEM. Scale bar, 1 mm.
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cloned into the pBluescriptII vector (Stratagene), and the recombinant
plasmid was used as the template to synthesize the antisense cRNA
probes (digoxigenin and fluorescein labeling kit, Roche).

Data analysis
Determination of the sleep stages in unanesthetized animals. Behavioral
states of the animals were classified into awake, REM sleep, and non-
REM sleep (NREM) according to the procedure described previously
(Costa-Miserachs et al., 2003) with modification and checking of video
images for further confirmation of the correct classification of each stage.
Briefly, the original hippocampal data were low-pass filtered at 500 Hz
and down-sampled at 1000 Hz. The multitaper method was used to
window LFPs, and the fast Fourier transform was used to calculate spec-
tral power for each 4 s epoch. We classified these epochs into awake,
REM, or NREM, according to the mean and SD of delta (0.5– 4 Hz) and
theta power (4 –10 Hz) and EMG values: periods with high EMG values
and an intermediate theta/delta ratio were classified as awake; periods
with high delta waves, low theta/delta ratio, and low EMG values were
classified as NREM sleep; and periods with very high theta/delta ratio and
very low EMG values were classified as REM sleep. Slow waves observed

on cortical EEG or LFP were also used as auxiliary information for con-
firming the NREM sleep stage.

Determination of theta and non-theta periods in anesthetized animals.
Data from the rat anesthetized with urethane was classified into theta,
non-theta, and unclassified periods according to the spectral power of
the hippocampal LFP. Theta epochs were detected by calculating the
theta (3– 6 Hz) to delta (0.5–3 Hz) frequency power ratio in 4 s windows
of the LFP. A ratio greater than four in at least six consecutive windows
marked theta periods, and a ratio less than two in at least six consecutive
windows indicated epochs that are called non-theta periods (Csicsvari et
al., 1999). We defined the unclassified period as when a theta/delta ratio
matched neither the theta nor non-theta period, and we did not use these
periods for further analysis.

Ripple detection. Ripple oscillations in the hippocampus were detected
by the same methods as described previously with modification (Klaus-
berger et al., 2003). Briefly, the hippocampal LFP was filtered at 150 –250
Hz for the detection of ripples, and the power (root mean square ampli-
tude) of the filtered signal was calculated in 10 ms windows. The thresh-
old for ripple detection was set to 7 SDs above the mean power.

Figure 2. Changes in the firing pattern of the lateral habenular and hippocampal neurons according to the transition from NREM to REM sleep. A, Raw data (upper four traces) and the extracted
spike trains (raster below the raw traces) simultaneously recorded in the lateral habenula (red) and the pyramidal cell layer of the hippocampal CA1 region (blue) during non-REM and REM sleep. Top
panel is rostral. B, Representative recording of the brain and muscle activities in the awake (top), non-REM (middle), and REM sleep states (bottom). Panels represent the front view of the animals
used for the video monitoring of behaviors (left), cortical electroencephalogram (Cx, top trace on the right), local field potential in the hippocampus (HPC, middle trace on the right), and EMG
recorded from the neck muscle (bottom trace on the right). C, Autocorrelogram (top panels for each color) and interspike interval histogram (bottom panels) of the representative neurons in the
lateral habenula (red) and hippocampus (blue) showing the changes in firing pattern according to the transition from NREM (left column) to REM sleep (right column). D, Raw (upper blue trace) and
filtered (lower blue trace) theta traces and the spike train of a lateral habenular neuron (upper red raster) and a hippocampal neuron (lower blue raster) showing the preferential firing near peak and
trough of each theta cycle, respectively, during the period indicated by the boxed area in A.

8912 • J. Neurosci., May 15, 2013 • 33(20):8909 – 8921 Aizawa et al. • Hippocampal Theta Regulation by the Lateral Habenula



Figure 3. Phase-locking activities of the lateral habenular and hippocampal neurons. A–C, Examples of unit activity of neurons in the lateral habenula (red, A) and a pyramidal cell (light blue, B)
and an interneuron in the hippocampus (dark blue, C) showing in the raster plots (top panels) and in the phase histogram of the firing probability within the time window made by subdividing each
theta cycle (360°) into 20 bins (bottom panels). Data were replicated over two theta cycles for visual clarity. D–F, Distribution of log-transformed Rayleigh’s Z value, a statistical value used to evaluate
the significance of phase locking for the lateral habenular neurons (D), the pyramidal cells (E), and interneurons (F) in the hippocampus. Dashed black (Figure legend continues.)
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Spike sorting. Multiunit and juxtacellular recording data were pro-
cessed to isolate spike events by the automatic spike-sorting program,
combining principal component analysis (12 feature dimensions; high-
pass filter, 300 Hz; time resolution, 20 kHz; spike-detection interval,
�0.5 ms) with robust variational Bayes for spike clustering (Takekawa et
al., 2010). Next, the sorted spike clusters were combined, divided, and
discarded manually to refine single-neuron clusters using Klusters and
NeuroScope (Hazan et al., 2006).

Phase-locking detection and characterization. Phase in theta oscillation
was defined by the zero crossing method (Siapas et al., 2005). Briefly, the
special points were the negative to positive and positive to negative zero
crossings of the filtered hippocampal LFP (4 –10 Hz), and they were
assigned instantaneous phases of �90° and 90°, respectively. The pres-
ence of phase locking was evaluated by applying the Rayleigh test for
circular uniformity on distribution of the firing probability along the
theta phase value. For statistical analysis, we used circStat MATLAB
scripts to calculate mean direction (preferred phase) and Rayleigh’s Z
value (Berens, 2009). The approximation p � e �Z was adopted in all
cases, since the number of samples exceeded 50 (Fisher, 1993).

Data analyses, except for spike sorting and circular analysis, were con-
ducted by using custom-made scripts and scripts available from the lab-
oratory of Gyorgy Buzsáki at Rutgers University (Newark, NJ) for
MATLAB (MathWorks).

Results
Lateral habenula is indispensable for maintaining
the duration of the hippocampal theta oscillation during
REM sleep
To address whether intact activity in LHb plays an essential
role in modulating the hippocampal theta oscillation, we de-
stroyed the rat LHb by introducing an electrolytic lesion and
recorded the oscillatory activity in the hippocampus of the
urethane-anesthetized rats in the stereotaxic frame (6 sham-
operated and 11 lesioned rats) or of sleeping rats in the freely
behaving preparation (6 sham-operated and 7 lesioned rats) (Fig.
1A,B). The hippocampal theta oscillation was of a lower fre-
quency in the animals under urethane anesthesia (3– 6 Hz) than
in those measured during REM sleep as reported previously (Kra-
mis et al., 1975). In both conditions, rats with an LHb lesion (Fig.
1C,D, red lines) showed a significant reduction in power spectral
density at the theta frequency throughout all recording periods,
compared with the sham-operated rats (Fig. 1C,D, blue lines).

Reduction in the power spectral density at the theta frequency
reflected a shortening of the total period showing theta oscillation
(Fig. 1E,F) and, in particular, the duration of a single theta bout
in the LFP of hippocampus (Fig. 1G) under anesthesia (Fig. 1G,
left) and during REM sleep (Fig. 1G, right). These changes re-
sulted in a reduced proportion of REM sleep periods among the
total sleep time (Fig. 1F, left) without affecting the non-REM
sleep period (Fig. 1F, right). Reduced periods with theta oscilla-
tion under anesthesia and during REM sleep could not be attrib-
uted to changes in the characteristics of each theta cycle, since the

amplitude (Fig. 1H) and frequency (data not shown) of theta
oscillation were comparable between sham-operated and le-
sioned rats. General impairment of the neuronal excitability in
hippocampus also could not account for the reduced theta power
during the total recording period, since we did not observe sig-
nificant changes in the frequency of other oscillatory events dur-
ing sleep such as ripple oscillation (mean � SEM, 0.17 � 0.05 Hz
for sham; 0.13 � 0.01 Hz for lesion group; p � 0.27 with one-
tailed t test).

Previous studies identified many brain regions whose activa-
tion or inhibition modulates the theta oscillation in the hip-
pocampus including the medial septum (MS)/diagonal band
complex, supramammillary nucleus, and nucleus pontis oralis
(Vertes, 2005). These findings suggested that the net effect of
these region-specific positive and negative modulations regulate
the hippocampal theta oscillation. A considerable body of evi-
dence indicates that the serotonin-containing median raphe sup-
presses the theta and desynchronizes local field potential in the
hippocampus (Vertes, 2005). Indeed, theta oscillation occurred
in the rat hippocampus more frequently when the serotonergic
neurons in the raphe were lesioned with a neurotoxin, 5,7-DHT
(Vanderwolf et al., 1989).

Since the lateral habenula specifically and directly projects to
the median raphe, we questioned whether LHb needs activity in
the serotonergic raphe to modulate theta oscillation in the hip-
pocampus. To address this possibility, we examined the hip-
pocampal theta oscillation of the LHb-lesioned rats in which the
serotonergic neurons in the median raphe were destroyed by 5,7-
DHT. We observed a significant reduction in the number of
serotonergic neurons in the median raphe 1 week after the 5,7-
DHT injection by serotonin immunohistochemistry (data not
shown). In addition, with reduced serotonergic activity following
the injection of 5,7-DHT, an LHb lesion could not affect the total
duration of theta oscillation (Fig. 1E, light blue) or the duration
of a single theta bout in the LFP of hippocampus (Fig. 1G, light
blue). This implies that the effect of LHb lesions on theta
maintenance depends on the integrity of the serotonergic me-
dian raphe.

These findings suggested that LHb plays a critical role in
maintaining the duration of theta oscillation in the hippocampus
both under anesthesia and during sleep via the serotonergic me-
dian raphe.

Brain state-specific firing of the lateral habenular neurons
with phase-locking activity
To determine when and how the LHb neurons are activated, we
simultaneously recorded LFP and single-unit activity in the CA1
pyramidal cell layer of the HPC (n � 199) together with a single-
unit activity in LHb (n � 95 neurons) in the rats (N � 25 rats; Fig.
2A). We targeted these two regions using the stereotactic record-
ing apparatus with which the head-restrained rats were habitu-
ated to show awake, REM, or NREM sleep states (Fig. 2B).

Since the hippocampal neurons show a diverse morphology
and firing pattern dependent upon the neuronal subtypes (Klaus-
berger and Somogyi, 2008), the unit activities from HPC were
classified into those with the putative pyramidal cell (152/199;
hereafter called “pyramidal cell”) and putative interneuron (47/
199; hereafter called “interneuron”) according to the spike shape
and firing pattern, as described previously (Csicsvari et al., 1999).
The firing pattern of LHb neurons appeared tonically active, as
observed previously (Zhao and Rusak, 2005; Matsumoto and
Hikosaka, 2007), and the mean (�SEM) firing rate of LHb neu-
rons was 14.3 � 1.3 Hz. Among these activities, we observed that

4

(Figure legend continued.) lines indicate the p � 0.01 significance thresholds, which were used
to identify the phase-locking neurons. G–I, Changes in the mean firing rate of the recorded
neurons showing phase locking (solid lines) and those without phase-locking activity (dotted
lines) in the lateral habenula (G) and hippocampus (pyramidal cells in H and interneurons in I)
across the brain states. Error bars indicate SEMs. J–L, Scatter plots showing the preferred phase
of the phase-locking neurons against the spike width in the lateral habenula (J) and hippocam-
pus (pyramidal cells in K and interneurons in L). M–O, Histograms showing the frequency of the
theta phase preferred by the phase-locking neurons recorded in the lateral habenula (M) and
hippocampus (pyramidal cells in N and interneurons in O). Arrows and arrowheads in M indicate
the neuronal groups in the lateral habenula preferring the ascending and descending phases of
the theta cycle, respectively.
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Figure 4. Coordination of phase-locking activity in the lateral habenula with fluctuating cycles in the hippocampal theta oscillation. A, B, Rayleigh’s Z value computed as a function of temporal
offset (from �1000 to 1000 ms with 5 ms bins) between the hippocampal theta trace and the spike train of lateral habenular (A) and hippocampal (B) neurons (positive temporal offset indicates
shifting the theta trace forward). The inserts explicitly show the theta-triggered rasters and firing probability along the binned phase value at temporal (Figure legend continues.)
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some LHb neurons changed firing patterns when the animals
came to be in REM sleep and showed oscillatory firing patterns in
the theta range (4 –10 Hz) as detected by novel positive peaks at
�120 –150 ms in autocorrelograms and interspike interval histo-
grams (Fig. 2C). This change in the firing pattern was maintained
during a single REM sleep episode, which lasted �3 min and was
consistently observed throughout recording in all cases. This
finding indicated that the pattern of LHb neuronal firing became
oscillatory and synchronized during REM sleep.

Close temporal association of the neuronal activities in
the lateral habenula with the hippocampal oscillation
Appearance of the hippocampal theta characterizes REM sleep
(Jouvet, 1969) and is believed to be critical for temporal coding
and decoding of active neuronal ensembles and the modification
of synaptic efficacy (Buzsáki, 2002). Since the oscillatory activity
that we observed in LHb neurons was in the theta frequency
range, we suspected that changes in firing patterns of the LHb
neuron during REM sleep could have a close temporal associa-
tion with the hippocampal theta oscillation. Indeed, in a closer
view, we found that some LHb neurons with oscillatory activity
appeared to fire preferentially around the positive peak of the
hippocampal theta at a glance (Fig. 2D, red raster), which was in
clear contrast to the oscillatory firing of the hippocampal neurons
at a trough of the theta, as reported previously (Csicsvari et al.,
1999) [Fig. 2C,D (in D, ark blue raster)].

To determine the significance of this phase-locking firing pat-
tern quantitatively, we analyzed the firing pattern of each neuron
by phase histogram to show the probability of the neuronal firing
observed in each theta cycle whose length fluctuated time after
time during REM sleep (Fig. 3A–C). Then, we checked the statis-
tical significance of the phase-locking activity of the LHb neurons
by Raleigh’s Z value, as used for the analysis of circular data
(Fisher, 1993; Siapas et al., 2005). Using this measure, the neu-
rons showing a more significant peak in the phase histogram were
characterized by a higher Rayleigh’s Z value (Siapas et al., 2005).
According to this analysis, we identified the LHb neurons show-
ing a significant peak in the firing probability for each cycle of the
hippocampal theta oscillation during REM sleep (Fig. 3A), as
observed in the pyramidal cells and interneuron in HPC (Fig.
3B,C) (p � 0.01). This analysis revealed that 61.1% of the re-
corded LHb neurons (58 of 95 neurons) showed phase-locking
activity, as observed in the hippocampus where 88.2% of the

pyramidal cells (134 of 152 neurons) and all interneurons (47
neurons) showed phase-locking activity (Fig. 3D–F).

Since hippocampal theta oscillation was predominantly ob-
served during REM sleep, when the neuron firing rate starts to
decrease in particular brain regions such as locus ceruleus (Hob-
son et al., 1975), it is possible that LHb neurons show constitutive
phase-locking activity with increased firing rate only during REM
sleep. To address this possibility, we examined the firing rate
changes of LHb neurons during awake, REM, and NREM sleep.
Population analysis revealed that neither of the two groups of
LHb neurons, with and without phase-locking activity, showed
significant changes in firing rate across the brain states (Fig. 3G–I).
This observation indicated that the phase-locking activity of LHb
neurons could not simply be accounted for by intrinsic firing rate
changes in REM sleep. Instead, it suggested that phase-locking
activity in a subpopulation of LHb neurons might be under the
influence of the incoming theta-related neural activity. Intrigu-
ingly, the analysis also revealed that LHb neurons and pyramidal
cells in HPC showing phase-locking activity persistently showed
higher mean firing rates compared with those without that activ-
ity, regardless of the brain states (Fig. 3G–I).

Segregation in preferred theta phase between the lateral
habenular and the hippocampal neurons
Next, we checked the timing within each theta cycle at which the
LHb neurons are activated by calculating the mean preferred
phase of each neuron that showed phase-locking activity. Pyra-
midal cells and most of the interneurons preferred the trough of
the theta cycle (Fig. 3K,L,N,O), although a small number of
interneurons preferred the peak (Fig. 3O, arrows) as reported
(Csicsvari et al., 1999; Klausberger et al., 2003). In contrast, LHb
neurons avoided firing at the trough of the theta cycle (Fig.
3 J,M). Intriguingly, LHb neurons were further subdivided into
two groups according to the difference in preferred phase: neu-
rons that peak at the ascending phase of the theta cycle and those
peaking at the descending phase (Fig. 3M, arrows and arrow-
heads, respectively).

Thus, this analysis revealed that LHb neurons tend to cease
firing at the negative peak of the hippocampal theta rhythm,
where HPC neurons preferentially fire, and that two populations
of LHb neurons fired at distinct phases within each cycle of the
hippocampal theta oscillation.

Phase-locking activity in the lateral habenular neurons
depends on fluctuations in the hippocampal theta rhythm
Despite theta oscillation in the hippocampus playing a critical
role in the efficient encoding of spatial and episodic memory,
oscillatory activity in theta frequency is not specific to the hip-
pocampus. For example, this phase-locking phenomenon alone
cannot provide conclusive evidence to say that LHb works in
accordance with the hippocampal theta, since it is still possible
that the intrinsic rhythmicity of LHb at a range of 4 –10 Hz, but
independent of the hippocampal theta, can induce the apparent
phase locking (Siapas et al., 2005). Furthermore, a significantly
phase-locked neuron may not necessarily reveal itself to be rhyth-
mic, as defined by autocorrelation or interspike interval mea-
sures, and the spike train must coordinate with the temporal
fluctuation in hippocampal theta oscillation if the LHb encodes
the temporal information for maintaining the hippocampal theta
oscillation.

To check whether the observed phase locking is not simply
due to intrinsic rhythmicity of the neuronal firing at 4 –10 Hz, but
rather that it explicitly depends on coordination of the LHb spike

4

(Figure legend continued.) offsets ��200, 25, and 400 ms for A, and �250, �45, and 500 ms
for B. Vertical black dashed lines and horizontal red dashed lines indicate zero in temporal offset
and the threshold of Z value for the statistical significance ( p � 0.01/201 by Bonferroni’s
correction), respectively. C, D, Pseudocolor plots of the populational Z-shift analysis summariz-
ing the Rayleigh’s Z value normalized with the maximal Z value as a function of temporal offset
for each neuron. Z values for the dataset shifted by 5 ms for each neuron were displayed in rows
and were sorted by maximal Z value in descending order (n � 95 for the lateral habenula and
n � 199 for the hippocampus). Red, light blue, and dark blue dots indicate the recordings from
the lateral habenular neurons, putative hippocampal pyramidal cells, and putative hippocam-
pal interneurons, respectively. Dots (lateral habenular and putative hippocampal pyramidal
neurons) and triangles (putative hippocampal interneurons) indicate the location of the tem-
poral offset at which the distribution showed the maximal Z value, and the color signifies
whether (red, lateral habenular neurons; light blue, putative pyramidal cells; dark blue, puta-
tive interneurons) or not (white) the maximal Z value exceeded the significance threshold.
E, Box plots showing the log-transformed value of the maximal Z value for the lateral habenular
neurons (red), pyramidal cells (light blue), and interneurons (dark blue) in the hippocampus.
F, Bar graphs showing the mean values of the temporal offset with maximal Z value for the
lateral habenular neurons (red), hippocampal pyramidal cells (light blue), and interneurons
(dark blue). Error bars indicate SEM.

8916 • J. Neurosci., May 15, 2013 • 33(20):8909 – 8921 Aizawa et al. • Hippocampal Theta Regulation by the Lateral Habenula



timing to the fluctuating hippocampal theta oscillation, Z-shift
analysis was conducted in which we artificially shifted the LHb
spike train with reference to the hippocampal theta with a tem-
poral offset toward the past and future direction, and calculated
Rayleigh’s Z value to evaluate the statistical significance (Siapas et
al., 2005). This analysis revealed that stronger phase locking was
observed only around the zero shift, since increasing the tempo-
ral offset abruptly diminished the Rayleigh’s Z value both in LHb
and HPC (Fig. 4A,B). This finding indicated dependency of the
phase-locking activity on the ongoing fluctuation in HPC theta
oscillation. Although the statistical evaluation of those values
needs correction because of the multiple comparison across bins
in Z-shift analysis, 37.9% of all LHb neurons still showed statis-
tical significance even after the statistical correction (36/95; Fig.
4C, filled red circles) as in 62.8% of all pyramidal cells (125/199;
Fig. 4D, filled light blue circles) and 97.9% of all interneurons in
HPC (46/47; Fig. 4D, filled dark blue circles). The remaining
neurons had multiple peaks with lower values deviated from the
zero offset or did not show a decrease in Z value in proportion to
the size of perturbation. Comparison of the maximal Z value
further showed that the degree of phase locking in LHb was com-
parable to that in the putative pyramidal cells in HPC, while the
putative interneurons in HPC showed much stronger phase-

locking activity with the theta oscillation
than the others (p � 0.001, Kruskal–Wallis
test with multiple comparison with Schef-
fé’s method) (Fig. 4E).

These results indicated that a subpop-
ulation of LHb neurons fire in coordina-
tion with anatomically distant structures
such as the hippocampus with phase-
locking activity toward the fluctuating
theta rhythm.

Diagonal band of Broca as a common
source of cholinergic and GABAergic
input to the lateral habenula and
hippocampus
The emergence of the oscillatory activity
in LHb that coincided with the hippocam-
pal theta raised the possibility that the
neuronal activity in LHb may be influ-
enced and entrained by the outputs from
the septo-hippocampal system under an-
esthesia and during REM sleep. Indeed,
our Z-shift analysis further showed that
the neuronal activities in LHb phase
locked to the hippocampal theta maxi-
mally when theta was shifted toward past
direction (mean � SEM, 37.9 � 5.5 ms),
while the neuronal activities in the hip-
pocampal interneurons did when the
theta was shifted toward opposite direc-
tion (interneurons, �48.5 � 6.5 ms) as
reported previously (Siapas et al., 2005;
Hangya et al., 2009) (Fig. 4F). This sug-
gested that the LHb neuron might be un-
der the influence of the hippocampal
theta rhythm, which occurred earlier, and
be entrained by the outputs from the
septo-hippocampal system after some
delays.

To identify the origin responsible for
entraining the phase-locking activity in LHb and HPC, we
searched the brain regions that send the axons both to LHb and
HPC by double-labeling experiments that differentially label the
neuronal cell bodies retrogradely from the LHb and HPC (Fig.
5A,B). The results corroborated the distribution of the neurons
projecting to LHb and the hippocampus CA1 region in the sub-
cortical structures such as the vertical limb of the DBB (vDBB),
ventral pallidum, preoptic areas, entopeduncular nucleus, ven-
tral tegmental area (VTA) and median raphe for LHb (data not
shown) (Herkenham and Nauta, 1977), and the MS, DBB, nu-
cleus reuniens thalami, ventral tegmental area, and median raphe
for HPC (data not shown) (Wyss et al., 1979). Except for the
region sending the projection to diverse targets in the brain as
diffuse modulatory system, such as ventral tegmental area and
median raphe, we found that vDBB is the region that sends the
outputs to both LHb and HPC (Fig. 5D,E). Neurons labeled
retrogradely from LHb and HPC were intermingled and distrib-
uted in the same area in vDBB (Fig. 5G,H) but were not colocal-
ized (Fig. 5C). The majority of vDBB neurons projecting to LHb
was GABAergic, since 85.3% of vDBB neurons projecting to LHb
expressed Gad67 mRNA, a marker for GABAergic neurons
(81/95 neurons), and 4.9% of neurons expressed choline acetyl-

Figure 5. Diagonal band of Broca as a common input to the lateral habenula and hippocampus. A, B, D, E, G, H, Coronal sections
of the lateral habenula (A), hippocampus (B), and diagonal band (D, E, G, H) showing the localization of retrograde tracers injected
into the lateral habenula (cholera toxin B conjugated with Alexa Fluor 488, black in A) and hippocampus CA1 region (Fluoro-Gold,
black in B), and the distribution of retrogradely labeled neurons (D, E, G, H). G and H are magnified views of the boxed areas in
D and E, respectively. C, A coronal section of the vertical limb of the diagonal band of Broca showing the retrogradely labeled
neurons projecting to the lateral habenula (cholera toxin B conjugated with Alexa Fluor 488, green) and to the hippocampus
(Fluoro-Gold, red). Note that both the red and green signals were distributed in the vDBB. Sections were counterstained with DAPI
(blue). F, I, Representative images of the vDBB neurons projecting to the lateral habenula showing colocalization of the tracer
(green) with Gad67 mRNA (red in F) and ChAT (red in I). Scale bars: A, B, D, E, 1 mm; C, G, H, 300 �m; F, I, 25 �m.
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transferase, a marker for cholinergic neu-
rons (17/346 neurons) (Fig. 5I).

Taking into consideration the facts
that vDBB and MS have been known as
pacemaker regions for generating the hip-
pocampal theta (Green and Arduini,
1954; Petsche et al., 1962), and the neuro-
nal activity in those regions leads the hip-
pocampal theta rhythm (Hangya et al.,
2009), our results suggest that GABAergic
neurons in vDBB should be a primary
candidate for entraining the phase-
locking activity in LHb.

Localization of the phase-locking
neurons in the medial division of
the lateral habenula
Habenula has been implicated in diverse
behaviors such as nociception, sexual be-
havior, and learning, and it was recently
pointed out that the heterogeneity of the
neural pathways in this tiny area may
make it difficult to discern the physiolog-
ical function of the habenular circuitry so
far (Klemm, 2004). LHb can be divided
into the medial (LHbM) and lateral divi-
sions (LHbL), and were further subdi-
vided into at least seven subnuclei recently
according to the morphological charac-
ters (Andres et al., 1999; Geisler et al.,
2003; Kowski et al., 2009; Aizawa et al.,
2012). Thus, we suspected that LHb neu-
rons showing phase-locking activity are
not homogeneously distributed but rather
concentrated in specific subnuclei with
distinct neural connectivities relevant to
the hippocampal theta generation.

To determine the accurate localization
of the phase-locking neurons in the sub-
nuclei of LHb, we adopted a juxtacellular
labeling technique to label the single neu-
rons with or without phase locking to the
hippocampal theta in the anesthetized rats
(Pinault, 1996). Among a total of 92 re-
corded neurons, 37 neurons were visual-
ized successfully, and 21 of 37 neurons
showed phase-locking activity as observed
in REM sleep (Fig. 6A,B). All of the re-
corded neurons had multiple processes
regardless of the localization in the subnu-
clei (Wilcox et al., 1988; Kim and Chang,
2005) (Fig. 6C). Recorded neurons were
distributed throughout LHb subnuclei
along the mediolateral axis (Fig. 6D,E).
We did not see any difference in firing
rate, spike amplitude, and spike width be-
tween LHbM and LHbL (Fig. 6E; p � 0.69,
0.23, and 0.17, respectively; Mann–Whit-
ney U test). Intriguingly, Rayleigh analysis
revealed that the proportion of phase-locking neurons varied
according to the subnuclei [e.g., 9 of 11 in the central part of
LHbM (LHbMC), but 6 of 17 in the magnocellular part of LHbL
(LHbLMc)], and LHb neurons with phase-locking activity local-

ized more frequently in the LHbM (15 of 18 cells) than in the
LHbL (6 of 19 cells) (p � 0.01, Fisher’s exact test; Fig. 6D,E).

This analysis revealed that the neurons with phase-locking
activity were not uniformly distributed across the entire area of

Figure 6. Specific localization of the phase-locking neurons in the medial division of the lateral habenula revealed by juxtacellular
labeling. A,Arepresentativeactivityofthelateralhabenularneurons(redatthebottom)showingthepreferential firingaroundthepositive
peak of the hippocampal theta oscillation (blue at the top, raw trace; blue at the middle, filtered trace between 3 and 6 Hz). B, Average spike
shape of the neurons shown in A. C, A coronal section of the habenula showing the localization of a labeled neuron presented in A (black
arrow). Inset shows the magnified view of cell body of a labeled neuron with three dendrites (arrowheads). D, Schematic diagram of the
coronal section of the rat habenula showing the distribution of the recorded neurons identified by juxtacellular labeling. Black and white
filled circles indicate the neurons with and without phase-locking activity, respectively. E, Summary table of the phase-locking activity,
number of recorded neurons, firing rate, amplitude, and half-width of the spikes of the recorded neurons in the six subnuclei of the lateral
habenula. Values are presented as mean�SEM. LHbMA, anterior part of LHbM; LHbMMg, marginal part of LHbM; LHbMS, superior part of
LHbM; LHbLO, oval part of LHbL; NA, not available. Scale bar, 200 �m.
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LHb, but were concentrated particularly in LHbM. Since LHbM,
in comparison with LHbL, preferentially receives inputs from the
DBB region, which has pace-making activity toward the hip-
pocampal theta oscillation (Herkenham and Nauta, 1977), these
observations suggested that the DBB can act as a common source
of GABAergic input to LHb and HPC to pace the phase-locking
activity of the neurons in those structures in accordance with the
ongoing theta oscillation in HPC.

Discussion
This study presented the first evidence that LHb neurons show
coordinated activity with the fluctuating theta oscillation in HPC,
and that intact LHb is needed to maintain the hippocampal theta
oscillation under anesthesia and during REM sleep. Below, we
discuss how the neural activity in LHb might work in coordina-
tion with changes in the brain states and the functional signifi-
cance of this pathway in regulating the hippocampal theta
oscillation.

Lateral habenula as a regulatory region of
the hippocampal theta
Interaction between the habenula and hippocampus has been
reported despite the anatomical distance. For example, destruc-
tion of both LHb and MHb leads to impairment of the
hippocampus-dependent spatial memory as observed in the
Morris water maze task (Lecourtier et al., 2004), and electrical
stimulation of LHb induces activation of the pyramidal cell in
HPC via serotonergic modulation (Sabatino et al., 1987). Theta
power recorded around the hilus of the dentate gyrus was also
decreased by lesioning of the fasciculus retroflexus, which con-
tains the efferent projections from MHb and LHb as well as axons
originating from the basal forebrain and passing through the
habenular region (Valjakka et al., 1998). Furthermore, lesions in
the interpeduncular nucleus, which primarily receives efferents
from MHb, resulted in shortened REM sleep in rat (Haun et al.,
1992). Nevertheless, it remains unknown how and when LHb
interacts with the hippocampus.

The electrophysiological analyses in the present study ad-
dressed this issue by revealing a fine temporal association of the
neuronal firing in LHb with the oscillatory activity in HPC. This
finding indicated that LHb is not simply a negative regulator of
monoaminergic neurons, but that it could actually determine the
timing by which this monoaminergic activity should be upregu-
lated in coordination with specific brain states such as REM sleep.
Using a specific lesion of LHb, we provided direct evidence for the
involvement of LHb in regulating hippocampal theta oscillation.

Mechanism responsible for phase locking in
the lateral habenula
Previous studies identified several brain regions with pace-
making activity that could play roles in regulating the theta oscil-
lation in HPC (Vertes and Kocsis, 1997). One major source is the
MS and vDBB. Although previous literature reported that LHbM
receives preferential inputs from vDBB (Herkenham and Nauta,
1977), it remains unclear whether this pathway contributes to
regulating the hippocampal theta, since previous experiments did
not specify whether the horizontal or vertical limb of DBB sends
the afferents to the LHbM. Our present analysis clarified the in-
volvement of this pathway in the theta regulation by showing the
intermingled distribution of GABAergic and cholinergic neurons
in the vDBB. Based on suggestions that the theta activity is
formed by the buildup of a mutual inhibitory loop between the
septal pacemaker and the HPC (Hangya et al., 2009), our results

showing that the hippocampal theta leads the phase-locking fir-
ing in LHb support the idea that synchronous activity in the
septo-hippocampal system entrains the LHb. It is unlikely that
LHb directly drives the theta activity in the septo-hippocampal
system due to the absence of projection from LHb to HPC or the
pace-making septal region.

During theta oscillation in the hippocampus, pacemaker neu-
rons in MS and vDBB were subdivided into several groups ac-
cording to the preferred phase of the hippocampal theta cycle
(Dragoi et al., 1999; Borhegyi et al., 2004). Since we identified two
groups of LHb neurons that each preferentially fired at distinct
phases of the theta cycle, examining whether activity of vDBB
neurons correlated with that of LHb neurons under anesthesia
and during REM sleep will clarify the mechanism by which LHb
neurons show phase-locking activity to the hippocampal theta
oscillation.

Neural substrates for regulation of the hippocampal theta
oscillation via the lateral habenula
Serotonergic neurons in the raphe nuclei fire with phase locking
to the hippocampal theta (Viana Di Prisco et al., 2002; Kocsis et
al., 2006), and stimulation of the raphe consistently reduces the
hippocampal theta (Vertes, 1981). Indeed, a recent study re-
ported that changes in serotonergic neurotransmission underlie
the fast control of neuronal activity in the hippocampal circuits
through serotonergic projections from the median raphe termi-
nating directly onto the hippocampal interneurons (Varga et al.,
2009).

Previous studies also suggested that LHb affects the release of
serotonin in the brain, although the direction of changes in firing
rate of the serotonergic neurons might vary dependent upon the
frequency and length of LHb stimulation (Wang and Aghajanian,
1977; Ferraro et al., 1996). Since LHbM output specifically targets
the median raphe (Herkenham and Nauta, 1979; Bernard and
Veh, 2012), and LHb stimulation affects the release of serotonin
in the brain (Nishikawa and Scatton, 1985; Kalén et al., 1989),
phase locking of serotonergic activity to the hippocampal theta
oscillation (Kocsis et al., 2006) might be regulated by the LHb
oscillatory activity observed in the present study. Therefore, it is
interesting to consider that the emergence of such synchronous
firing in the habenula–raphe pathway globally modulates the
neural activities in the brain regions that show theta oscillation
during animal behaviors contingent with emotional experience
such as fear (Seidenbecher et al., 2003; Adhikari et al., 2010;
Narayanan et al., 2011).

LHb neurons might also regulate the hippocampal theta dur-
ing REM sleep with tonic firing as observed in NREM sleep (Fig.
2C). However, our results excluded this possibility with the ab-
sence of firing rate changes across transitions between NREM and
REM sleep (Fig. 3G). Indeed, the emergence of phase-locking
activity in LHb specifically during REM sleep instead supports
the hypothesis that LHb regulates hippocampal theta via its os-
cillatory activity.

Thus, our results revealed that the inhibitory effect of an LHb
lesion on maintenance of the hippocampal theta was mediated
via the intact serotonergic median raphe, suggesting that seroto-
nergic raphe nuclei are primary candidates as the output target of
LHb in regulating the hippocampal theta rhythm.

Another molecule that can mediate the modulatory effect of
LHb on hippocampal theta oscillation is the neuropeptide
relaxin-3, which is produced by neurons in the nucleus incertus.
LHb projects directly to the nucleus incertus, which, in turn,
sends axons to a variety of brain regions such as MS (Goto et al.,
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2001; Olucha-Bordonau et al., 2003). Recent studies revealed that
administering relaxin-3 protein to MS induces hippocampal
theta oscillation in the awake condition, implicating a role for
relaxin-3 as a modulator of the theta oscillation in HPC (Ma et al.,
2009). Examining whether the serotonergic neurons in the raphe
nuclei or the neurons expressing relaxin-3 in the nucleus incertus
are under the influence of phase-locking activity in LHb would
unravel the mechanism by which LHb regulates the hippocampal
activity with fine temporal precision as observed in the present
study.

It is also possible that neural activity in LHbM precedes and
regulates the theta via structures further upstream of MS-DBB
such as the supramammillary nucleus, which receives projections
from LHbM (Kiss et al., 2002). It is less likely, however, that this
pathway plays a major role in the habenular regulation of the
theta, since our Z-shift analysis revealed that most of the phase-
locking activity in LHbM neurons maximally fitted the past of the
theta, i.e., LHbM activity followed the hippocampal theta.

Functional implications of the coordinated activity of
the lateral habenula and the hippocampus through the
theta rhythm
Theta oscillation in the hippocampus is associated not only with
REM sleep, but also with other behaviors such as locomotion, in
which theta oscillation in the hippocampus plays a critical role in
encoding spatial information (Buzsáki, 2002). It is likely that LHb
neurons also show phase-locking activity to the theta wave gen-
erated in exploration, since a subpopulation of LHb can fire at the
range of theta frequency in the rats with locomotor activity
(Sharp et al., 2006). More recently, theta activities in the ventral
hippocampus and other regions such as prefrontal cortex or lat-
eral amygdala showed transient synchronization with high co-
herence, when the animals were in the condition associated with
emotional experiences such as anxiety (Adhikari et al., 2010) and
fear (Seidenbecher et al., 2003). Considering that serotonergic
raphe nuclei, which receive inhibitory input from the LHb, proj-
ect to diverse brain regions including prefrontal cortex, lateral
amygdala, and hippocampus (Vertes, 1991; Vertes et al., 1999),
changes in firing pattern in LHb neurons might induce the syn-
chronization of neural activities in those distant regions to facil-
itate neural processing between these brain regions when the
animals are anxious or fearful.

Finally, dopaminergic neurons in VTA during REM sleep tend
to fire more frequently in burst mode than in tonic mode (Dahan
et al., 2007). Our results showed that the phase-locking activity in
LHbM was observed specifically during REM sleep and lasted
during those periods associated with hippocampal theta, suggest-
ing that the lateral habenular pathway could also mediate the
temporal regulation of dopaminergic neurons as well as the sero-
tonergic neurons under regulation from the septo-hippocampal
system. Our study supports the idea that firing pattern changes in
LHbM induce a transition of this firing mode of midbrain dopa-
minergic neurons, and that this could serve as a synaptic mecha-
nism for memory consolidation during REM sleep (Diekelmann
and Born, 2010).
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Kiss J, Csáki A, Bokor H, Kocsis K, Kocsis B (2002) Possible glutamatergic/
aspartatergic projections to the supramammillary nucleus and their ori-
gins in the rat studied by selective [(3)H]D-aspartate labelling and
immunocytochemistry. Neuroscience 111:671– 691. CrossRef Medline

Klausberger T, Somogyi P (2008) Neuronal diversity and temporal dynam-
ics: the unity of hippocampal circuit operations. Science 321:53–57.
CrossRef Medline

Klausberger T, Magill PJ, Márton LF, Roberts JD, Cobden PM, Buzsáki G,
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