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We examined
the activity of single cells of the supramammillary nucleus (SUM), the mammillary
body (MB), and adjacent regions
of the diencephalon
with respect
to the
hippocampal
electroencephalogram
(EEG) in urethaneanesthetized
rats. Twenty-nine
of 170 cells were found to
discharge
synchronously
with the theta rhythm of the hippocampus (theta-related
neurons). All of the 29 theta-related
cells were localized
to the SUM or MB. A subset of thetarelated cells of SUM and MB discharged
in short-duration
bursts comparable
to the pyramidal complex spike cells of
the hippocampus.
In contrast to hippocampal
complex spikes,
however, which predominantly
exhibit this mode of firing
during non-theta states, the burst firing of SUM/MB cells was
strongly correlated
with the theta rhythm. The proportion
of
bursting neurons was higher in MB than in SUM. Using partial
coherence
analysis, we examined
the relationship
between
SUM/MB theta-related
cells and the two generators
of theta
of the dorsal hippocampus.
The theta-related
cells of MB
showed a stronger correlation
with “CAl”
than with “dentate” theta, whereas no such asymmetry
was found in the
relationship
between
neuronal
firing of SUM cells and the
two generators
of theta in the hippocampus.
The foregoing
suggests
that the theta-related
cells of MB are driven by
descending
projections
from the hippocampal
formation
(CAl), whereas those of the SUM are not. The SUM and MB
are intimately connected
with the hippocampal
formationthe SUM mainly via ascending
projections
to the dentate
gyrus, and the MB via direct descending
projections
from
the subiculum.
Theta-related
SUM/MB cells may be directly
involved in the generation
of theta and/or the transfer
of
theta rhythmicity
to various parts of the limbic system and
forebrain.
[Key words: hippocampal
theta rhythm, supramammillary
nucleus, mammillary
body, bursting
units, complex spikes,
coherence
analysis]

A prominent feature of the hippocampal EEG is the rhythmic
slow activity (theta rhythm) that can be recorded as a largeamplitude, nearly sinusoidal oscillation of the field potential
(Jung and Kornmuller, 1938; Green and Arduini, 1954). The
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hippocampal theta rhythm has attracted considerableinterest
becauseof its relation to behavior and possibleinvolvement in
mnemonic processes.In the rat, theta rhythm is presentduring
behavioral statesassociatedwith learning and memory, namely,
exploration and rapid eye movement sleep(Vanderwolf, 1969;
Winson, 1972). Several reports have shown(Larson and Lynch,
1986; Rose and Dunwiddie, 1986; Staubli and Lynch, 1987;
Greenstein et al., 1988)that stimulation in the theta frequency
range(5 Hz) is optimal for the induction of long-term synaptic
potentiation (LTP), a candidate cellular mechanismof memory
storage. During naturally occurring theta, LTP is enhancedin
DG by theta-rhythmic stimulation when delivered in-phasewith
the synchronous high-frequency dischargeof the granule cells
(Pavlides et al., 1988).
The medial septum/vertical limb of the diagonalbandnucleus
(MS/vDB) (Petscheet al., 1962)aswell asthe lateral and medial
entorhinal cortices (Ranck, 1973) contain rhythmically firing
cells directly involved in the generation of the hippocampal
theta rhythm. The MS/vDB appearsto serve as the ultimate
“pacemaker” that entrains all other theta elementsin the hippocampusand the entorhinal cortex (Bland, 1986;Vertes, 1986;
Stewart and Fox, 1990). The septal pacemaker is thought to
convert the steady,nonrhythmic flow ofpulsesfrom the reticular
formation into theta-rhythmic activity (Petscheet al., 1965). In
support of this it has been demonstrated (1) that theta can be
elicited by high-frequency stimulation of the reticular formation
(Green and Arduini, 1954; Petscheet al., 1962; Stumpf et al.,
1962),most effectively in the nucleuspontis oralis(RPO) (Vertes,
1981); (2) that during theta-associatedbehaviors, a large percentageof RPO neurons increasetheir firing ratesbut showno
rhythmical activity (Vertes, 1979; Nunez et al., 1991); and (3)
that MS/vDB lesionsabolish hippocampal theta elicited with
brainstem stimulation (Green and Arduini, 1954).
Anatomical studieshave shown that RPO does not project
directly to the MS/vDB (Vertes, 1984, 1988;Vertes and Martin,
1988) but indirectly through a multisynaptic network. It has
beenproposedthat the supramammillary nucleus(SUM) of the
hypothalamus may be an important relay mediating brainstem
influenceson the septum-hippocampalformation (Vertes, 1986)
in the generationof theta. Regardingthe latter, the RPO projects
to the SUM (Vertes and Martin, 1988) and the SUM, in turn,
is the sourceof pronounced projections to the medial and lateral
septum (Shepard et al., 1988; Vertes, 1988, 1992), the hippocampus (mainly DG) (Wyss et al., 1979; Dent et al., 1983;
Haglund et al., 1984; Saper, 1985; Vertes, 1992; Magloczky et
al., in press),and the entorhinal cortex (Room and Groenewegen, 1986; Vertes, 1992).
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Kirk and McNaughton (199 1) described a population of SUM
cells (multiunit recordings) in the urethane-anesthetized rat that
discharge synchronously with the theta rhythm. Procaine injections into the medial septum that abolished theta in the hippocampus did not alter the rhythmical firing of these SUM
neurons. Oddie et al. (in press), also using urethane-anesthetized
rats, recently demonstrated that hippocampal theta elicited with
RPO stimulation was reversiblv blocked bv_ procaine
iniections
in the posterior hypothalamus/SUM region.
The mammillary body (MB), like the SUM, is intimately
connectedwith the septum-hippocampusand possibly with the
SUM (Swansonand Cowan, 1975, 1977, 1979: Shibata. 1988:
Gonzalo-Ruiz et al., 1992). it is well recognized that the mam:
millary body constitutes a key elementof Papez’scircuit (Papez,
1937; MacLean, 1952);that is, the MB is an integral part of the
loop in which signalsare relayed from the septum (Swanson
and Cowan, 1979;Gonzalo-Ruiz et al., 1992),subiculum(Swanson and Cowan, 1975, 1977) and entorhinal cortex (Shibata,
1988) to MB and from there back to the hippocampus/entorhinal cortex via the anterior nuclei of the thalamus. It hasbeen
demonstrated in an in vitro study, that neurons in the mammillary body (MB) have the ability to generate(medial nucleus
of MB) and/or follow (medial or lateral nuclei of MB) rhythmic
dischargein the theta frequency range(Alonso and Llinas, 1992;
Llinas and Alonso, 1992).
The SUM/MB, then, would appear to occupy a strategic position in the crossroadsof ascendingand descendingtraffic between the brainstem and the limbic forebrain (septum-hippocampus)possibly involved in triggering and/or enhancingtheta
rhythmical activity.
In the present study, we systematically examined the discharge properties of cells of the posterior hypothalamus of the
urethane-anesthetizedrat with respectto the hippocampalEEG.
The main objectives of the study were (1) to examine the distribution of cells in caudal diencephalic structures exhibiting
theta-related activity; (2) to quantify the strength of relationship
betweenposterior hypothalamic theta-related cellsand the hippocampal EEG usingcoherencespectralanalysis;(3) to analyze
the dischargecharacteristicsof MB cells relative to their membrane properties describedin vitro (Alonso and Llinas, 1992;
Llinas and Alonso, 1992) that is, to examine whether the bursting activity describedin vitro is present in vivo and whether it
is entrained to hippocampal theta; and (4) to analyze the direction of influencebetweenSUM/MB and the hippocampus,using
partial coherenceanalysis.

Materials and Methods
Unit/EEG
recordings
The experiments were performed on 40 male Sprague-Dawley rats
weiahine 250-325 am. Under methoxvflurane (Metofane. Pitman-Moore)
anesthesia, each rat was implanted with a jugular catheter for the sub:
sequent delivery of urethane anesthesia. The rats were maintained on
urethane anesthesia for the duration of the experiment. Under urethane,
rats were implanted with a bipolar electrode [a pair of Teflon-coated
stainless steel wires (125 pm) separated by 0.75-1.0 mm at their tips]
on the right side of the dorsal hippocampus (AP -3.7 mm caudal to
bregma, Iat 2.2 mm) to record the hippocampal EEG. The electrode
was lowered to a depth of 3.54.0 mm below the surface of the skull
and positioned to record the EEG from the two out-of-phase theta
oscillators ofthe dorsal hippocampus (Winson, 1974; Bland et al., 1975).
The electrode was then fixed to the skull with dental cement. The EEG
signals were recorded with bandpass settings of 3 Hz to 75 Hz or 100
Hz. A region of the skull overlying the caudal diencephalon (i.e., region
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ofthe supramammillary nucleus) was removed to allow for the insertion
of unit microelectrodes. Units were recorded with glass microelectrodes
(4-6 MB) filled with 0.5 M sodium acetate and 2% pontamine sky blue.
The unit recording was filtered between 300 Hz and 10 kHz. All signals
were stored on maanetic taoe and analvzed off line.
Data analysis
Preprocessing. Analog-to-digital conversion was performed with 12 bit
resolution at two different sampling rates (using the IX-16 A/D card
and EGAA software, RC Electronics). (1) The spike train from single cell
recordings with high signal-to-noise ratio was processed with a slope/
height window discriminator (Frederick Haer) and together with the

other signalswassampledat 250 Hz. (2) For separationof spikesin
multiunit extracellular recordings or in noisv recordinas. the sianals were
sampled with sampling periods-between 30 and 60 py Spike separation
was performed using the K-means clustering algorithm of Hartigan
(1975) modified for application to spontaneously occurring waveforms
(Dembowsky et al., 1988; Kocsis et al., 1989). The spikes were represented as points in a lo-dimensional
feature space using 10 voltage
samples that had the highest variance (Salganicoff et al., 1988). The
dissimilarity of the waveforms was measured as the Euclidean distance
between the corresponding points in this space. The classification procedure was run separately for different numbers of clusters (2-10). In
each case, the K-means alnorithm performed an iterative search for an
optimal partition, first transferring objects from one cluster to another
and then updating the cluster centers. The proper number of clusters
was determined on the basis of two statistical variables that allowed for
an analysis of the change in the ratio between the average variance
within clusters and the distances between the cluster centers. The clusters
were formed bv waveforms closelv resembline each other and some of
them contained spikes of separate neurons. g an interactive section,
the clusters were reviewed and adjusted and those with identified spikes
were selected. Their “centers” were used as templates for further analyses. A certain cluster was considered to represent a single neuron, if
the counts in the first 2 msec of the autocorrelation function (i.e., corresponding to the absolute refractory period) was less then 5% of the
maximum number of counts in the histogram (Christakos et al., 199 1).
Time domain analysis. Time domain analysis was used to verify that
the spikes were obtained from a single neuron, and also to examine
rhythmical neuronal discharge and correlation between single unit firing
and hippocampal field potentials at the dominant frequency. The interspike interval histograms (ISIHs) were calculated after the spike train
was converted at high sampling rate and single cells were carefully
identified. The autocorrelograms and unit-EEG cross-correlograms were
either calculated from the raw spike train or from its representation by
a series of standard nulses samoled at lower rate. The first orovides
higher resolution andallows for a more precise spike separation, while
the latter makes it possible to run the analysis on a longer time segment.
Frequency domain analysis. Frequency domain analysis was performed using a customized program for spectral analysis (Kocsis et al.,
1990). Before digital sampling (at 250 Hz), the hippocampal EEG was
subjected to bandpass filtering (l-75 Hz) and the unit’s spike train was
processed with a voltage/time window discriminator. Autospectra and
coherence functions relating single unit activity to the hippocampal EEG
were computed using the algorithm of Christakos and coworkers (199 1;
see also Leung and Buzsaki, 1983). For unit spikes, digital low-pass
filtering was performed by convolving the sequence of standardized
pulses representing spike trains with a sine function (defined as sit&x)
having set the parameters so that the information in the autospectrum
reflected the interspike intervals rather than the shape of the standardized pulses. The fast Fourier transform was performed on contiguous
windows that were 4 set in duration. The raw spectra, smoothed with
a three point moving average, were averaged over the windows to obtain
the final auto- and cross-spectra, and from these spectra the coherence
functions were computed. The 95% confidence value, which strongly
depends on the number of windows averaged, was calculated to test the
significance of the coherence estimates. Similar analyses have been used
in the detection and quantification of rhythmical activity of brainstem
neurons related to a number of physiologically relevant events [e.g.,
respiratory (Christakos et al., 199 l), circulatory (Gebber et al., 1990).
or theta EEG (Leung and Buzsaki, 1983; Kocsis and Vertes, 1992)];
even if there were coexisting rhythms or the rhythm of interest was
more a modulation of a neuron’s discharge rather than its basic firing
frequency. In those experiments in which coherence spectral analysis
involved three sets of rhythmical signals (e.g., two EEG recordings and
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Figure 1. Series of schematic transverse sections through the rostra1 midbrain-caudal diencephalon (A-H) depicting the locations of histologically
identified theta-related (circles) and non-theta (squares)
cells. APN, anterior pretectal nucleus; CL, caudal linear nucleus; CEM, central medial
nucleus of thalamus; CP, cerebral peduncle; DK, nucleus of Darkschewitsch; F, fomix; FR, fasciculus retroflexus; IF, interfascicular nucleus; IP,
interpeduncular nucleus; LGNd,v, lateral geniculate nucleus, dorsal, ventral divisions; LH, lateral habenula; LHy, lateral hypothalamus; LP, lateral
posterior nucleus of thalamus; MB, mammillary body; MD, mediodorsal nucleus of thalamus; MGN, medial geniculate nucleus; ML, medial
lemniscus; MM, medial mammillary nucleus; MT, mammillothalamic
tract; NOT, nucleus of optic tract; NPO, nucleus of posterior commissure;
PC, paracentral nucleus of thalamus; PCO, posterior commissure; PF, parafascicular nucleus; PMd,v, premammillary nucleus, dorsal, ventral
divisions; PH, posterior hypothalamus; PO, posterior nucleus of thalamus; PVP, posterior paraventricular nucleus of thalamus; RN, red nucleus;
Xi, superior colliculus, intermediate gray; SN, substantia nigra; SNC, substantia nigra, pars compacta; SUM, supramammillary nucleus; VB,
ventrobasal complex of thalamus; VM, ventromedial nucleus of thalamus; ZZ, zona incerta; 3V, third ventricle

the simultaneously recorded unit discharge), both the ordinary and partial coherence spectra were calculated using the algorithms of Jenkins
and Watts (1968). Differences between corresponding ordinary and partial coherence values were statistically evaluated using the Student’s t
test. Prior to statistical testing, peak coherence values were subjected
to Fisher’s z-transformation to obtain estimates with an approximately
normal distribution (Lopes da Silva et al., 1980).
Coherence spectral analysis provides the following information. The
ordinary coherence between two signals measures the linear correlation
between these signals. It is bounded by zero and unity. The coherence
value at any given frequency will be unity if there is a perfect linear
correlation between the two signals. On the opposite end, the coherence
value will be zero if the two signals are unrelated or nonlinearities
predominate in their relationship. High coherence between EEG and
unit discharge indicates that part of the unit autospectrum can be predicted from the variations of the EEG signal. When two EEG recordings
are highly correlated, unit-EEG coherences will be similar for each of
two EEGs due to components common to all three signals (Gersch and
Goddard, 1970; Lopes da Silva et al., 1980). These components can be
eliminated by partialization of the unit-EEG coherence using the other
EEG signal (i.e., partial coherence). Thus, partial coherence allows a
comparison of the correlation between the unit discharge and each of
the EEGs.

Histology
Following completion of the experiment, rats were perfused intracardially under deep urethane anesthesia, their brains removed, stored in
10% formalin, and then sectioned at 60 pm with a freezing microtome,
generally 24-48 hr after removal. Sections were stained with cresyl
violet. The tips of the hippocampal recording electrodes were localized
using the Prussian blue technique, while tips of the microelectrodes were
localized by passing 50 PA of current for 10 min (5 min cathodal, 5
min anodal), which generally produced an intense blue spot (pontamine
sky blue) 100-200 pm in diameter.

Results
Twenty-nine
theta-related
cells were recorded in 19 rats. Electrode locations were verified with pontamine sky blue for 20 of
the 29 theta-related
cells (13 in the SUM and 7 in the MB) or
in 14 of 19 rats (Fig. 1). In five rats, the precise location of

recorded cells in the SUM/MB could not be histologically determined. Indirect evidence (i.e., electrode position relative to
skull coordinates,depth of recording, and location of electrode
tract) indicated, however, that the remaining nine theta-related
units were located in the mammillary/supramammillary complex. The SUM/MB recordingswerebiasedtoward theta-related
cells and as such no analysis of relative percentagesof theta
versus non-theta-related cells in this region is provided.
A total of 141 neurons(83 histologically verified; seeFig. 1)
were non-theta cells. None of the cells histologically localized
to regionsof the diencephalon surrounding the SUM/MB but
outside it (Fig. 1) fired synchronously with the hippocampal
theta rhythm.
Theta-related dischargeof SUM/MB cells
Figures 2 and 4 characterize the dischargeproperties of thetarelated cells of the SUM in two rats; Figure 3 characterizesthe
dischargeproperties of an MB cell in a third rat. Figure 2 demonstratesthe mostcommon propertiesoftheta-related cellsfound
in SUM (Fig. 2) or in MB. The mean firing rate of the cell
depicted in this figure was 13.4 spikes/setduring control conditions, that is, when no sensory stimulation was applied and
when the hippocampal EEG wascharacterized by large-amplitude irregular activity. On sensory stimulation (5-10 set tail
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Figure 2. Characteristics of an SUM theta-cell. A, samples of rhythmic (after tail pinch) and irregular (at rest) electro-encephalographic activity of
the hippocampus (Hipp, top truces) and simultaneous unit discharge of an SUM cell (bottom truces). Inset shows superimposed extracellular
potentials of the SUM unit. B, location of the neuron in the SUM. C, Time domain analysis of the SUM unit discharge (ZSZH, interspike interval
histogram, autocorrelogram) and its relationship to the hippocampal EEG (crosscorrefogrum, spike-triggered average). D, spectral characteristics
of the hippocampal EEG (top truces), SUM unit discharge (middle truces), and their relationship (bottom truces). Calibration: A, 0.5 mV (Hipp),
100 pV (SUM); inset, 100 pV.
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pinch), the hippocampal EEG changed from an irregular pattern
to rhythmic theta oscillations (3-5 Hz), and unit discharge became dominated by rhythmically occurring single spikes or shortduration bursts. The number of spikes in each burst was not
stable and hence firing rate showed some variation between 8
and 12 spikes/set (compare, e.g., top and bottom traces in Fig.
2A). The average (11.9 spikes/set) was slightly lower than the
firing rate during resting conditions. Interspike intervals within
bursts were about 37 msec (16-70 msec) as reflected in the
dominant peak in the ISIH (Fig. 2C). A similar peak in the
ISIH was observed during control conditions (non-theta) indicating similar interspike intervals for the two states.
An examination of rhythmical components of the unit’s discharge showed that, in association with sensory evoked hippocampal theta, the cell fired rhythmically in synchrony with
the hippocampal EEG. Following tail pinch, the originally unimodal autocorrelogram became bimodal with the second peak
corresponding to theta frequency (Fig. 2C, middle traces). In
the frequency domain, the irregular activity during resting conditions resulted in relatively broad-band autospectra for both
SUM unit activity and the hippocampal EEG. Following sensory
stimulation, however, the power in both signals was concentrated in a narrow band, characterized by the prominent peaks
in the autospectra at 4.4 Hz (Fig. 20, top and middle traces).
The relationship between the two signals was examined using
the spike-triggered average and coherence function. The spike
triggered average shows hippocampal activity that preceded and
followed the unit discharge at zero lag (Fig. 2C, bottom traces).
Note that SUM unit activity was correlated with the rhythmic
theta component of the hippocampal EEG during sensory stimulation but not during resting conditions. Accordingly, the coherence function describing the relationship between the two
signals after tail pinch contained a high (0.87) narrow peak at
theta frequency and a smaller one at its first harmonic whereas
no significant coherence was found at any frequency during
resting conditions (Fig. 20, bottom traces).
The basic properties of the MB neuron shown in Figure 3
were similar to those of the SUM cell described above. This cell
was located in the lateral nucleus of the MB (Fig. 3B), and fired
at a rate of 5.6 spikes/set-the
lowest rate of any neuron of the
SUM/MB sample. Theta-related discharge was evident from
the raw recordings (Fig. 3A) and could be readily demonstrated
in both the time (Fig. 3C) and frequency domains (Fig. 30).
There was, however, one significant difference between this lateral MB cell and the SUM cell of Figure 2. Under resting conditions, not only was the mean discharge rate of the MB cell
within the theta frequency range, but it apparently fired quasirhythmical bursts at this frequency. This was reflected in the
unit’s autospectrum, which displayed a peak at 3.9 Hz. The
power in the spectrum, however, was not concentrated; rather,
it was broadly distributed between 0 and 12 Hz. Furthermore,
although the autospectral maxima coincided in the MB and
hippocampal recordings during resting, the two processes were
not related (no coherence; Fig. 30, bottom trace). In contrast,
after tail pinch the peaks in both autospectra became narrow at
2.4 Hz and a high peak appeared in the coherence function at
that frequency.
Spikes from single neurons, as demonstrated in Figures 2 and
3, were positively isolated in 14 of 29 recordings. This was
evident either from the very low variation in the shape of the
spike (see, e.g., superimposed plots in Figs. 2A and 3A), or
determined on the basis of statistical calculations provided by

Theta

the clustering program (see Materials and Methods). As further
evidence of successful spike separation in these recordings, the
first bins (2-3 msec) of the autocorrelograms and ISIHs were
empty or contained relatively low counts of spikes (Figs. 2C,
3A, C).
In seven experiments, however, it was necessary to accept
certain limitations in the accuracy of cell identification as the
result of a low signal-to-noise ratio of the recording. An example
of waveform clustering from noisy recording is shown in Figure
4. Three different classes of waveforms were identified (Fig. 48).
Two of them consisted of bipolar positive-negative spikes with
differing amplitudes, and the third contained small negativepositive spikes. Note also that amplitudes of classes b and c
were similar. Examination of autocorrelograms and cross-correlograms between each of these classes of spike trains suggests
the following interpretation. Class a contained spikes from a
single cell (note empty bins in Fig. 4Da). Due to a degree of
instability in the recording, however, a number of spikes, probably generated by a single neuron, had a lower amplitude and
entered class b (note empty bins in the cross-correlogram in Fig.
4F,ab). Finally, small bipolar waves were differentiated from
the background noise and divided into two groups of positivenegative (added to class b) and negative-positive waves (class
c). Cross-correlograms
between these various spike trains and
the hippocampal EEG (Fig. 4E) showed that spikes a and b
occurred in synchrony with hippocampal theta waves with similar phase delays. The correlation with theta was stronger, however, for a than for b. In cases such as these, for the analysis
(unit to slow-wave) we only used the “clean” classes (i.e., class
a in Fig. 4). This involved accepting the risk of underestimating
the firing rate rather than compromising the estimate of the
correlation by including spikes that did not belong to the same
(class a) neuron.
Finally, for eight recordings the clustering failed to give reliable separation and consequently these recordings were considered to reflect multiunit activity.
Theta cells of the SUM/MB formed a rather homogeneous
group in terms of spike shape, firing rate, and response to sensory
stimulation. All neurons had positive-negative spikes, sometimes with an additional small and wide positive deflection at
the end of the spike (see Fig. 3). The duration of spikes was 0.71.8 msec. The average firing rate of 29 cells was 14.2 spikes/
set, with a relatively small SD (k5.66). The range of firing rates
was 5.6-26.9 spikes/set. Fifteen of the 29 neurons (> 50%) fired
at rates between 8.5 and 14 spikes/set. The coherence between
unit activity and hippocampal EEG at theta frequency was between 0.41 and 0.93 and averaged 0.66. Since most neurons
fired at rates several times higher than theta frequency (2.84.4
Hz), the average number of spikes per cycle was usually between
2 and 8. The number of spikes, however, changed from cycle
to cycle. Slow cells occasionally missed firing during one or two
consecutive cycles (e.g., Fig. 3). No differences in firing rate or
coherence with theta were found for various recording sites in
SUM/MB. There were, however, two important differences in
the discharge of cells of the sample: (1) the ability of some
neurons to fire in bursts, and (2) asymmetrical versus symmetrical relationships between a neuron’s firing and the two hippocampal theta generators.
Complex-spike cells in the SUM/MB
Usually, when the activity of a neuron switched from irregular
firing to theta rhythmicity, its discharge became periodically
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Figure 3. Characteristics ofan MB theta-cell. A, Samples ofelectroencephalographic
activity ofthe hippocampus (Hipp, top truces) and simultaneous
unit discharge of an MB cell (bottom traces) at rest and after tail pinch. Inset, Superimposed extracellular potentials of the MB unit. ZSZH, Interspike
interval histogram of MB cell at rest. B, Location of the neuron in the MB. C, Time domain analysis of theta rhythmic discharge of the MB unit
(autocorrelogrum) and its relationship to the hippocampal EEG (crosscorrelogrum, spike triggered average) after tail pinch. Correlograms depicted
in two directions. D, Spectral characteristics of the hippocampal EEG (top truces), the MB unit discharge (middle truces), and their relationship
(bottom traces). Calibration: A, 0.5 mV (Hipp), 100 pV (MB); inset, 100 rV.
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The Journal

of Neuroscience,

November

Him

14(11)

7M7

rest

tail pinch

MB

1994,

I

MB
I

2

20 nls

B

tail pinch

SUM
Him
w tww

-*I

rest

I

,A
20 ms

SUM

Figure 5. Burst discharge (“complex spikes”) of an MB (A) and an SUM (B) neuron (truceson left) and their relationship to hippocampal field
activity (middleand right). Note that burst discharge increases during theta episodes. Calibration: 100 PV (truceson theleft), 0.5 mV (middleand

right).

segmentedby highly regularperiods of silence(Figs. 24). Clearly distinctive from these regularly segmentedbursts, 11 cells
(six in SUM, five in MB) exhibited a unique pattern of bursting
activity reminiscent of the complex spikesrecorded in the hippocampus(Ranck, 1973).
Figure 5 showstwo examplesof thesebursts consistingof 310 spikesseparatedby very short interspike intervals (< 5-10
msec).Both the amplitude of spikesand the length of intervals
betweenthem showedcharacteristic changesduring each burst.
The amplitude of the first or the first couple of action potentials
wasthe sameassingleisolated spikesof the cell. In the complex
spike mode, these initial spikes,however, were followed by a
barrage of action potentials of lower amplitude and shorter interspike intervals. Toward the end of the bursts, the spike amplitude continued to decreaseand the interspike intervals progressively increased.Thesegeneral features were common for
most complex spikes,although there were significant variations
among cellsaswell asbetweenburstsgeneratedby any one cell.
A high signalto noiseratio allowed for a more detailed analysis of nine cells with complex spikes, that is, to test whether
they were generatedby a group of neurons or by a singlecell.
The spikesin most of theserecordingswere clusteredin such a
way that the large action potentials at the beginning of each
complex spike and the small spikesthat followed formed two
separategroups(Fig. 6A). The autocorrelogramscalculated separately for largeand smallspikesaswell asthe cross-correlogram
describing the relationship between the two groups contained
empty bins between 0 and 3 msec indicating that all action
potentials were indeedgeneratedby a singlecell (Fig. 6B). Furthermore, the conspicuousasymmetry of the cross-correlogram
showsthat small spikesalways followed the large ones,and not
vice versa (Fig. 6C). Finally, both spike trains were highly correlated with hippocampal theta activity (Fig. 60). As depicted
in Figure 60, thesecells (large spikesand at a short delay the
small spikes)dischargedat the positive phaseof CA1 theta.
Complex spikesoccurred spontaneouslyduring both resting
conditions and following tail pinch, more frequently, however,
during theta (Figs. 3, 5).

Comparisonof coherencesbetweenSUM/MB units and the
two hippocampal theta generators
The coherencesbetween SUM/MB unit activity and the two
hippocampal EEG recordings (i.e., in CA1 and at the hippocampal fissure;seeMETHODS) were not significantly different.
For 19 units (9 SUM, 4 MB, 6 unidentified) partial coherences
were calculated to estimate the extent to which this could be
explained by the linear correlation between “CAl” and “dentate” theta rhythms (Fig. 7). In 12 units the coherencesbetween
unit firing and either CA 1or dentate theta dropped to zero when
allowance was made for the other hippocampal recording (Fig.
7A). In the other seven,asymmetrical relationshipswere found
between units and the two hippocampal theta generators.The
coherencebetween six units and “CA 1” theta remained significant after removal of that part common with “dentate” theta
rhythm (Fig. 7B). On the other hand, the demonstration of no
significant partial coherencebetween thesesix units and “dentate” theta indicated that the coherencesbetween the activity
of these units and dentate theta could be predicted from variations

in the “CAl”

EEG. Finally,

one SUM

cell showed

an

asymmetrical relationship but in the oppositedirection; that is,
the SUM-“dentate” coherencewas not completely eliminated
by partialization

of the “CAl”

recording.

As mentioned, partial coherenceswereexaminedfor four MB
cells and for nine SUM cells. Most of the MB units (three out
four or 75% of those tested) showeda strongercorrelation with
the “CAl” than with “dentate” theta. In contrast, no unequivocal bias waspresent for SUM cells. Six of the nine SUM units
tested (66%) were symmetrically

related to the two hippocampal

EEG recordings asif the two emergedfrom a singlegenerator.
Two of the remaining SUM cells had significant partial coherencewith the “CAl” EEG, and one cell with the “dentate” theta
EEG.
Discussion
In the presentstudy, singlecellsof the SUM and MB wereshown
to fire rhythmically with the theta rhythm of the hippocampus.
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By contrast, no cellsin mesencephalicor diencephalicstructures
outsideof the SUM/MB dischargedrhythmically with the theta
rhythm. SUM and MB cellsexhibited similar ratesand patterns
of discharge.A subsetof theta-related cells of SUM and MB
dischargedin short-duration bursts comparable to the pyramidal complex spikescells of the hippocampus(Ranck, 1973;
Fox and Ranck, 1981; Suzuki and Smith, 1985). In contrast to
the hippocampal complex spikes, however, which predominantly exhibit this modeof firing during non-theta states(Ranck,
1973),the burst firing of SUM/MB cellswasstrongly correlated
with the theta rhythm. The proportion of bursting neuronswas
higher in MB than in SUM. Furthermore, the theta-related cells
of MB showed a stronger correlation with “CAl” than with
“dentate” theta, whereasno such asymmetry was found in the
relationship between neuronal firing of SUM cells and the two
generatorsof theta in the hippocampus.

Cellular generation of theta rhythmicity in SUM/MB

I

cells

Basedon meanfiring rates, theta-related units of the SUM/MB
constitute a rather homogeneouscell group. This contrastswith
the dischargeof theta-related cells in other structures of the
brainstem or forebrain. For instance, in the hippocampustheta
rhythmic cells (interneuronsaswell asprincipal cells)discharge
at widely varying rates(Ranck, 1973; Bland et al., 1980;Buzsaki
et al., 1983). In like manner, we have recently demonstrated
(Kocsis and Vertes, 1992) that the firing rates of theta-related
cells of the dorsal raphe nucleusspan more than two orders of
magnitude (from 0.5-l Hz to 70-100 Hz).
We found that a large percentage of SUM/MB cells fired
rhythmically in bursts. Similar to rhythmically firing cells in
other structures(Bland et al., 1980; Buzsaki et al., 1983; Llinas,

-
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1988; Steriade et al., 1993) SUM/MB neurons exhibited two
distinct patterns of discharge. Under resting (non-theta) conditions, SUM/MB neuronspredominantly fired irregularly spaced
single spikes. Paired spikes or bursts were only occasionally
observed. During theta, about half of SUM neurons and the
majority of MB cells discharged in bursts. The bursts (3-10
spikesof progressivelydecreasingspikeamplitude) wereof short
duration and synchronouswith theta. Similar types of bursting
cells (“decrescendo”) have been describedin the hippocampus
(complex spike cells)(Ranck, 1973; Fox and Ranck, 1981; Suzuki and Smith, 1985) and thalamus, and their burst discharge
has been shown to be generatedintrinsically by neurons possessingvarious CaZ+conductances(Schwartzkroin and Slawsky,
1977; Wong and Prince, 1978; Jahnsenand Llinas, 1984).
Llinas and Alonso (1992; Alonso and Llinas, 1992) recently
demonstratedthat multiple Ca2+conductancesalsoare present
in cells of the MB. Cells of the medial nucleus of MB possess
Ca*+ channels that can be activated at or above the resting
membrane potential-high and intermediate threshold CA2+
spikes. Llinas and Alonso demonstrated that the activation of
the intermediate Ca2+-potential produced sustainedrepetitive
burst firing in medial MB neuronsand suggested
that this mechanism could produce a theta rhythmicity in these cells. The
bursts in the MB slice, however, were slower,lastedlonger, and
repeated at a significantly lower rates than the theta bursting
observedin the presentstudy. Cellsshowinglow-thresholdCa2+
conductances,similar to thoseunderlying rhythmic oscillations
in the thalamus (Jahnsenand Llinas, 1984), have also been
describedin the MB (Alonso and Llinas, 1992;Llinas andAlonso, 1992)and their distribution in the lateral and medial nuclei
of MB correspondsto the location of theta-bursting cells of the
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present study. Any of the foregoing Ca*+ conductances could
provide the basis for burst firing in MB neurons. The present
data cannot differentiate between these mechanisms or their
relative contributions.
An important difference between the burst firing of SUM/MB
neurons and CA pyramidal cells is that CA pyramids mainly
exhibit complex spike activity during non-theta states, whereas
the burst firing in SUM/MB cells predominantly occurs during
the theta rhythm (see Figs. 3, 5). In hippocampal pyramidal
cells, theta rhythmic input inducing sine-like oscillations of the
membrane potential (Fujita and Sato, 1964; Leung and Yim,
1986; Nunez et al., 1987; Soltesz and Deschenes, 1993) triggers
rhythmic slow spikes and bursts only if the membrane is depolarized by > 15 mV for sustained periods. This happens rarely
in conjunction with theta since CA pyramidal cells are generally
suppressed during theta states (Ranck, 1973; Buzsaki et al.,
1983; Suzuki and Smith, 1985), although in instances when
pyramidal cells fire complex spikes during theta, the discharge
is in-phase with the rhythm (Ranck, 1973; Buzsaki et al., 1983).
Our demonstration that SUM/MB cells fire in bursts significantly more during theta than non-theta states suggests that,
unlike hippocampal pyramidal cells, slow calcium spikes of
SUM/MB cells are facilitated during the theta state; that is, the
mechanisms underlying burst firing and rhythmic firing in these
cells are physiologically coupled.
No detailed information is available regarding the electrophysiological properties (e.g., conductances responsible for burst
firing) of SUM neurons. The present findings that MB and SUM
neurons exhibit similar firing characteristics suggest common
electrophysiological properties. There are, however, more nonbursting neurons in the SUM than in the MB. Nonbursting SUM
neurons fire at approximately the same rates as the bursting
cells, and like the bursting cells their discharge is synchronized
with the theta rhythm.
The possible origin of theta rhythmicity of SUM/MB units
Hippocampal theta field potentials are produced by multiple
dipoles along the soma-dendritic surface of the orderly placed
principal cells of the CA and DG (Buzsaki et al., 1986; Brankack
et al., 1993). The two largest current sinks are generated by
excitatory afferents: (1) from the lateral entorhinal cortex to the
stratum lacunosum-moleculare, and (2) from the MS/DBv to
the stratum oriens (Buzsaki et al., 1986; Brankack et al., 1993).
These sets of afferents are responsible for the two power maxima
of theta, one at the hippocampal fissure and the other at the
CA1 region, basically corresponding to the two theta generators
described in earlier studies (Winson, 1974; Bland et al., 1975).
Although an intact MS/DBv is critical for both generators, the
rhythmic activation of each is mediated by separate afferents.
As a consequence, fine variations of the oscillating dipoles will
reflect the influence of different structures (i.e., MS/DBv or lateral entorhinal cortex) despite the fact that there is normally a
high coherence between CA1 and DG recordings. It has recently
been demonstrated (Kocsis et al., 1993a) by partialization of
the coherence between potentials at CA1 and DG, with the use
of a third theta signal (e.g., from the contralateral side of the
hippocampus), that the two generators can be effectively separated.
The present results, using partial coherence analysis, provide
evidence that the theta-related discharge of MB but not SUM
units is driven by descending projections from the hippocampal
formation. Our findings are consistent with the differential an-
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Figure 7. Partial coherence analysis of the discharge of an SUM (A)
and an MB neuron (B) and two simultaneous hippocampal recordings.
Ordinary and partial coherences between the two hippocampal EEGs
are shown in each row on the left. In the middle and right traces, the
coherences between the unit discharge and the hippocampal EEG recorded by the more superficial and the deep electrodes are illustrated,
respectively.
atomical connections of the MB, as compared to the SUM, with
the hippocampus. For example, the MB is a major target of
hippocampus efferents, whereas the SUM receives few fibers
from the hippocampus but is the source of strong projections
to specific regions of the hippocampus. The massive hippocampal projection to the MB originates from the subiculum (Swanson and Cowan, 1975, 1977; Allen and Hopkins, 1989)-a site
of relatively high-amplitude theta field potentials, about twice
that of the CA1 region (Buzsaki, 1985; Buzsaki et al, 1986).
There is only one subicular theta generator, and it is of the CA1
type; that is, its maxima is at the basal dendritic layer (stratum
oriens) and is generated by septal input. With the assumption,
then, that the discharge of subicular projection cells directly
reflects variations of the local field potential, a significantly greater
coherence would be expected between the MB (the target of
subicular efferents) and the subicular/CAl theta generator than
between the MB and the dentate generator. This is what we
observed, that is, significant partial coherence between MB cells
and CA field potentials, indicating that theta rhythmicity of MB
cells is of hippocampal origin.
There was no such asymmetry in the relationship between
SUM unit discharge and the two hippocampal theta generators.
The coherence between SUM and one of the hippocampal fields
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could be accounted for by coherence with the other. The lack
of significant partial coherence between SUM and CA1 is consistent with anatomical data showing that the SUM does not
receive direct projections from the hippocampus (Hayakawa et
al., 1993). The SUM, on the other hand, projects strongly to
the hippocampus, particularly to the granule cell layer of DG
as well as to the CA2/CA3a area of the dorsal hippocampus
(Wyss et al., 1979; Haglund et al., 1984; Saper, 1985; Vertes,
1992; Magloczky et al., in press). This relatively selective SUM
projection to the DG did not, as might be expected, give rise
to a significant partial coherence between the SUM and DG
even though, as indicated here and previously (Kirk and McNaughton, 199 I), the SUM contains a very high proportion of
theta-related cells.
Several not necessarily exclusive possibilities could account
for the lack of significant partial coherence between SUM and
DG. First, there is no evidence that a theta-synchronous input
from the SUM to the hippocampus produces synchronous field
activity in the hippocampus. In this regard, although electron
microscopic data indicate that SUM fibers form excitatory synapses on the dentate granule cells (Dent et al., 1983; Magloczky
et al., in press) electrical stimulation of the SUM apparently
does not produce evoked potentials in the hippocampus (Segal,
1979; Dahl and Winson, 1986; Mizumori et al., 1989). SUMelicited activation of DG cells (Dahl and Winson, 1986; Mizumori et al., 1989; Carre and Harley, 1991) is thought to be
brought about a by disinhibition of granule cells rather than by
their direct excitation (Mizumori et al., 1991). If the synchronized SUM input terminates on interneurons, the undefined
random orientation of these cells would oppose the generation
of a strong field activity. The “patch-like”
distribution of the
SUM fibers (i.e., discontinuous bundles of fibers selectively innervating circumscribed populations of granule cells) (Haglund
et al., 1984; Vertes, 1992) would also weaken evoked potentials.
Second, even if a rhythmic SUM-driven field potential is generated in the DG, it may be weak compared with other “dentate”
field activities. The deep electrode of the present study was
placed at or below the hippocampal fissure and as such was
probably mainly influenced by field activity evoked by the massive input from the lateral entorhinal cortex. In like manner,
other theta generators driven by afferents from the medial entorhinal cortex or by commissural input could have been stronger and closer to the recording electrode than generators possibly
driven by SUM afferents. Third, the coherence shown here between SUM and DG may rely more on connections between
the SUM and septum (Vertes, 1988, 1992) than on a direct
SUM-DG projection. Accordingly, the rhythmic SUM influence
would reach the DG through a multisynaptic pathway, that is,
complex circuits with nonlinearities and feedback loops. If this
were the case, the influence of the SUM on the DG would not
be expected to be selective, that is, not significantly different
than the influence of the SUM on CAl.
The role of theta rhythmic discharge of SUM and MB neurons
The well-recognized interconnections of the SUM/MB with
forebrain structures displaying theta rhythmicity, particularly
the septum and hippocampus, indicate a significant interplay
between the SUM/MB and the forebrain in the control or modulation of synchronous activity within the hippocampus.
There are several routes by which the SUM/MB may influence
theta related processes in the hippocampus. The SUM not only

Theta

projects densely to the DG but also to several structures with
pronounced input to the hippocampus including the nucleus
reuniens of the thalamus, the medial and lateral septum and the
entorhinal cortex (Vertes, 1992). The MB receives strong projections from the hippocampus (Swanson and Cowan, 1975,
1977; Allen and Hopkins, 1989), and in turn can influence hippocampal activity through a return circuit involving the anterior
thalamus - cingulate cortex --, entorhinal cortex - hippocampus (Papez, 1937)
The present results as well as previous findings (Kirk and
McNaughton, 1991; Bland et al., 1993; Kocsis et al., 1993b)
showing that a large majority of SUM/MB neurons fire rhythmically with theta suggests that (1) the various targets of the
SUM/MB fibers receive a theta rhythmical input, and (2) that
this rhythmical input may be critical not only for the control of
theta activity but also for other processes linked to theta rhythmicity.
SUM to septum projection. We initially proposed (Vertes,
1986) that the SUM was involved in the generation of the hippocampal theta on the following basis. It is well established that
hippocampal theta is driven by pacemaking cells of the MS/
DBv (Petsche et al., 1962, 1965; Stumpf et al., 1962) and that
these septal cells are in turn activated by input arising from the
brainstem reticular formation (Green and Arduini, 1954). We
showed that a subset of neurons in the nucleus pontis oralis
(RPO) is selectively active during theta associated behaviors
(Vertes, 1979) and that RPO was the most effective brainstem
site for elicitation of theta with electrical stimulation in the
anesthetized rat (Vertes, 1981). The RPO, however, sends few
direct projections to the septum (Vertes, 1988; Vertes and Martin, 1988), indicating that the synchronizing effects of RPO on
the MS/DBv are mediated by an intervening nucleus (or nuclei).
We proposed (Vertes, 1986) that this intervening nucleus was
the SUM based on anatomical links between the RPO and SUM
(Vertes and Martin, 1988) and in turn the SUM and MS/DBv
(Vertes, 1988, 1992) and the fact that electrical stimulation in
the SUM area generated hippocampal theta (Vertes, 198 1). The
anatomical location of SUM cells projecting to the septum (i.e.,
mediolateral and lateral parts of SUM) corresponds to the distribution of theta related neurons of the present study (see Fig.
1).
Until recently, the MS/DBv was considered the sole pacemaker involved in conversion of a nonrhythmical activity into
theta rhythmical firing (Bland, 1986, Bland and Colom, 1993).
Our results, as well as recent findings of others (Kirk and McNaughton, 199 1; Bland et al., 1993) suggest that the long-standing assumptions that the septum is the primary (or sole) source
of a rhythmical input to the hippocampus and/or that afferents
to the septum are entirely nonrhythmical, may no longer be
tenable. For instance, Kirk and McNaughton (199 1) not only
demonstrated that SUM cells (multiunits) fire rhythmically with
theta, but further showed that septal injections of procaine that
abolished hippocampal theta did not alter synchronous firing
of SUM neurons. This indicates that SUM cells can fire rhythmically independent of the septum or hippocampus. Kirk and
McNaughton (1991) suggested that the SUM transduces the
intensity of brainstem activation into theta rhythmicity, and
that theta frequency is encoded in the SUM rather than in the
septum.
SUM to DG projection. The DG receives rhythmical input
from the SUM via direct projections from the SUM to DG.
SUM fibers distribute to a very restricted zone of the DG-the
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outer half of the granule layer and the immediately adjacent
molecular layer (Wyss et al., 1979; Dent et al., 1983; Haglund
et al., 1984; Vertes, 1992). These afferents are in a position to
exert a strong influence on granule cells. It is worth noting that
of all the rhythmical inputs to the hippocampus, the SUM is
the only one with such an exclusive projection to the DG. Both
electrical (Dahl and Winson, 1986; Mizumori et al., 1989) and
chemical (Carre and Harley, 199 1) stimulation of the SUM have
been shown to potentiate the effects of perforant path stimulation at the DG. The present demonstration of theta rhythmically firing cells in SUM would suggest that an SUM facilitation of DG activity would be produced in a rhythmic manner
synchronous with theta. Buzsaki (1989; Buzsaki and Czeh, 1992)
proposed that the physiological function of theta discharge of
granule cells is to tetanize CA3 pyramidal neurons during exploratory behaviors thereby producing a reorganization of the
functional connectivity of the CA3 network. The SUM projection to DG may enhance this function.
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