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DOES HIPPOCAMPAL THETA EXIST IN THE HUMAN
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Summary

In several species of animal, a regular thythm known as the hippocampal theta oscillation has been
described. However, in humans, the presence of a comparable oscillation has not been established.
In animal studies, the phase of theta activity has been related to important roles in the induction of
LTP/LTD at the cellular level. The occurrence of theta has also been suggested to reflect the gating
of memory related information processing. Thus, the presence or absence of theta oscillation in the
human hippocampus has become an essential question. However, past studies have reported
contradictory results. Recent results from our laboratory suggest the presence of beta-1 frequency
oscillation, rather than theta is present in the human medial temporal lobe. A separate observation
indicates that theta oscillation can be observed in the human anterior cingulate cortex. Implications
of these findings for conceptualizing human memory functions, and their physiological
significance are discussed.
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Introduction

The ultimate goal of neuroscientific studies is the elucidation of the function and neuronal mechanisms of the human brain.
Recent progress in non-invasive methods (e.g. fMRI, PET, MEG, multi-channel EEG) have been very successful in localizing
anatomical structures involved during specific brain functions. However, human studies usually pose extreme difficulties for
detailed direct examinations of functioning brain tissue. There are still many areas of research (i.e. physiological research) in
which the living human brain cannot be directly examined. In such cases, a great deal of knowledge has been obtained from the
use of experimental animals.

The greatest advantage of animal studies has come from opportunities to invasively study non-human species. Thus, for
example, most electrophysiological studies of neuronal functions have been done using animal subjects. However, a major
problem with many animal studies occurs when the animals cannot be shown to behave like humans. Animal models of human
psychosis offer an extreme example. Further, there is no guarantee that analogous structures in an animal's brain are
homologous with similar structures in the human brain. Thus, both human data and animal data must always be carefully
compared and examined in detail to avoid incorrect conclusions about human brain functions.

In physiological studies of the hippocampus, a theta range (4-7 Hz) rhythmic oscillation known as the hippocampal theta
oscillation or rhythmic slow activity (RSA) has been observed in many kinds of animals, which has drawn the attention of
neurobiologists because of its possible functional role in memory. However, its presence in the human brain has not been
established. The hippocampal structures are also frequently the foci of human epileptic activity. Thus, in humans, data from
intra-cranial electrodes are occasionally collected from this region for clinical purposes. These cases offer rare opportunities to
directly examine the electrophysiology of the human brain.
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This article briefly reviews the physiological studies of the hippocampal theta oscillation, and then incorporates our recent data
from human temporal and frontal lobe electrophysiological recordings. By comparing human and animal studies; and
considering their implications, clues emerge for understanding human hippocampal physiology.

Hippocampal theta oscillation

The hippocampal theta oscillation was first described by Jung and Kornmueller (1938), who found a 5-6 Hz regular rhythmic
oscillation in the unanesthetized rabbit hippocampus. Later, Green and Arduini (1954) reported hippocampal theta in both
rabbits and cats in the wake state. Both reports indicated that the theta activity was enhanced by painful stimuli. A sleep
researcher reported the next notable discovery of the hippocampal theta oscillation. Jouvet et al. (1959) reported that in cats the
theta rhythm was a prominent feature of hippocampal activity during paradoxical (rapid eye movement (REM)) sleep. Almost
simultaneously, Shimazono (1960) independently reported the same finding in dogs. Theta EEG activity has become one of the
criteria for scoring sleep stages in animals. Since the medial temporal lobe was known to play an important role in mnestic
functions after the case report of HM (Scoville and Milner 1957), these findings were soon combined to support a possible
hippocampal function in memory.

Functional significance of Hippocampal theta oscillation

Independent of the discovery of the theta oscillation, another interesting physiological phenomenon of hippocampal tissue has
been described. Bliss and Lomo (1973) reported that in an isolated slice of hippocampal tissue, brief trains of high-frequency
stimulation to monosynaptic excitatory connections caused an abrupt and sustained increase in the efficacy of synaptic
transmission, reflected concretely by increases in the amplitude of excitatory postsynaptic potentials. The effect occurs within
milliseconds of stimulation and can persist for hours and sometimes days. The effect (long-term potentiation (LTP)) has been
considered to be a physiological base of memory (see Bliss and Collingridge 1993).

The high frequency stimulation that was typically used to induce LTP was a train of 50-100 stimuli delivered at or above 100
Hz. Interestingly, specially designed short bursts of high frequency (i.e. 4 pulses at 100 Hz) delivered at 200 ms interval (i.e.
the theta band) were found to induce LTP more efficiently (Larson et al. 1986). This evidence of the efficacy of 'theta burst
stimulation' strongly suggests a physiological relationship between the hippocampal theta oscillation and the induction of LTP.

If theta timing is controlled by the hippocampal theta generation mechanism, how might that high frequency stimulation arise
in vivo? Although a physiological equivalent for in vivo high frequency LTP stimulation has not been established, there have
been several studies that support its existence (Fox and Ranck 1981; Steward et al. 1992; Bragin et al. 1995). Such findings
suggest that the theta oscillation and high frequency activity work together to induce LTP in the hippocampus.

Konopacki et al. (1987) reported the induction of rhythmic theta oscillation in a rat hippocampal slice by soaking it in a
carbachol bath. That finding was important because it has enabled researchers to examine both the theta oscillation and LTP
induction in vitro. Huerta and Lisman (1993) presented high frequency short burst (4 pulses at 100 Hz) stimuli during various
phases of carbachol induced theta waves and found efficiently induced LTP when stimulation occurred during the peak of
theta. By contrast, long-term depression (LTD: long-term decreased efficacy of synaptic transmission- see (Kemp and Bashir
2001)) resulted when stimuli were delivered during the through of theta waves. Poe et al. (2000) examined the relationships
between the firing of hippocampal neurons and the phase of the theta rhythm in rats during REM sleep. They found that when
rats were in a familiar circumstance, the firing of hippocampal neurons tended to occur in the throughs of theta waves during
the following REM sleep, which would thus be likely to induce LTD. However, after rats were exposed to novel
circumstances, firing tended to occur during the peaks of theta waves, and thus likely to induce LTP. Poe at al. (2000)
concluded that useless memories acquired during familiar circumstance were deleted during subsequent REM sleep, while
useful new memories acquired during novel circumstances were strengthened.

O'Keefe had earlier suggested the importance of theta phase, having originally found that the hippocampus is linked to spatial
navigation with the discovery of 'place cells' in the hippocampus of freely moving rats (O'Keefe and Dostrovsky 1971).
Recently, they observed that when a rat runs through the receptive field of a place cell, the place cell fires bursts of spikes with
an inter-burst frequency slightly higher than that of the concomitant theta EEG. This is probably the firing burst is present on
slightly earlier phase than preceding theta wave, so that the burst firing point of theta phase may correlate with the animal's
location (O'Keefe and Burgess 1999).

Lisman and Idiart (1995) hypothesized that theta phase reflects the activity of a unit of memory processing. Since the gamma
frequency is generally considered as about 40 Hz and theta frequency is 5-12 Hz, the maximum number of gamma waves that
can occur during a theta wave is approximately seven. Lisman and Idiart (1995) hypothesized that since the number of items a
human can store in short term memory is also around seven, the theta oscillation could reflect a timing mechanism for
controlling the serial processing of short-term memories.



Such findings strongly suggest that the hippocampal theta oscillation plays an essential role in inducing LTP. The strength of
these findings also suggests that if an animal does not exhibit a theta oscillation, there will be no homologous LTP mechanism
present in the animal's hippocampus. Thus, establishing the presence or absence of theta oscillation in the human hippocampus
has become an essential question.

Human hippocampal oscillation

The hippocampal theta oscillation was originally found in rodents (Jung and Kornmueller 1938). Although they primarily
presented the existence of hippocampal theta oscillations in rabbits and cats, Green and Arduini (1954) also examined
hippocampal theta oscillations in monkeys, but only briefly described that the "responses in monkey are weak (p. 541)".

Later, several reports on human medial temporal lobe (MTL) electrical activities were reported. It was found that electrically
stimulating of the posterior hypothalamus in human produces theta activity in the hippocampus (Sano et al. 1970). Freemon
and Walter (1970) examined twelve records from eight patients with depth electrodes, and found that limbic signals, similar to
those from neocortex, showed low-voltage fast patterns during REM sleep. Those authors also reported that low-voltage fast
activity was observed in some limbic sites during stage 4 sleep. Halgren et al. (1978) found 5-6 Hz slow waves in recordings
from one patient's hippocampus. However, that theta activity was reduced by task performance. They concluded that the
activity was almost certainly abnormal since it had not been found in other patients. To the contrary, Arnolds et al. (1980)
performed spectral analysis using a series of filters (1 Hz width) and found a theta (3-4 Hz) peak; they found that, in one
subject, intense behavior enhanced the theta components in hippocampal signals. Using deep electrodes (4 mm above the
hippocampal pes), Giaquinto (1973) also reported 5 Hz theta activity during REM sleep, but only in one patient. More recently,
Meador et al. (1991) conducted a similar study with a larger sample size. Using recordings from sixteen epileptic patients, they
performed power spectral analysis of hippocampal signals from deep electrodes. Power spectra were classified into delta (1-
3.75 Hz), theta (4-7.75 Hz), alpha (8-12.75 Hz) and beta (13-30 Hz) frequency bands. During a resting condition while
patients' eyes were closed, and then during an auditory word task while patients' eyes were open, theta spectral power was
increased compared to resting eyes open and eyes open during visuospatial tasks. Although Meador et al. (1991) concluded
that their data were consistent with Arnolds' (1980) results, there was a substantial difference in frequency band definitions
between the two studies. Theta peaks in Arnolds' (1980) subjects occurred at 3-4 Hz, while Meador's theta range was 4-7.75
Hz. Since Meador did not present raw data and did not perform narrower band analyses, it remains unclear whether their
spectral peak occurred in the same theta range.

Human medial temporal lobe and anterior cingulate cortex activities

Since the early description of the hippocampal theta oscillation, the electrical manifestations of human hippocampal activity
has drawn the interest of neuroscientists. One of the earliest papers of animal hippocampal theta activity by Green and Arduini
(1954) noted its apparent relation to human EEG: "It is evident that a certain similarity exists between the hippocampal arousal
response and the 4-7 / sec theta rhythm described by Walter in the human electrocorticogram of children and psychopaths (p.
553)." Yet, despite the later human studies reviewed above, evidence for the presence of the hippocampal theta oscillation in
the human hippocampus has remained contradictory.

Figure 1. Positions of electrodes placed for medial and
basal temporal lobe recordings.
Montage identifications are also indicated.

Our group has been studying the electrophysiological properties of the human brain using electrocorticogram (ECoG)
recordings of epileptic patients being evaluated for possible neurosurgical treatments. Since most of these patients exhibited
medial temporal epilepsy, in the majority of cases electrodes were attached to the medial temporal lobe (MTL). The recording
electrode positions are indicated in Figure 1. The electrode assembly was originally developed for recording MTL and basal
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temporal lobe (BTL) electrocorticograms (EcoG), and has been consistently placed in clinical examinations (Shimizu et al.
1992). Consistent use of the same electrode design and placement for the recording ECoG has provided exceptional
opportunities to study the electrophysiological properties of the human MTL.

The EcoG data thus obtained indicate that during wakefulness the signals from the human MTL demonstrate two distinct
frequency oscillations, beta-1 (10-20 Hz) (Hirai et al. 1999), and gamma (30-150 Hz) (Hirai et al. 1999). Since the
hippocampal theta rhythm in non-human animals changes between NREM and REM sleep, we examined how these
frequencies change across all-night sleep in humans (Uchida et al. 2001) and found that the beta-1 oscillation was also present
during REM sleep (see Figure 2). By contrast, gamma activity was present in all sleep and awake states, although it slightly
decreased during slow wave sleep. Thus, we failed to find a 'theta' band oscillation in the human MTL. Nevertheless, activity
in the beta-1 band did exhibit characteristics similar to animal hippocampal theta, appearing during both wakefulness and REM
sleep. We hypothesized that the human beta-1 may be a functional equivalent of the animal hippocampal theta rhythm.
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Figure 2. Raw signals from medial and basal temporal lobe electrode sites.
Montages are as indicated for Figure 1. The medial temporal lobe signals demonstrate beta-1 and gamma oscillations
during wake and REM sleep. High frequency gamma oscillation is superimposed on the signals, most clearly
manifested during SWS H2, and H3.

Recently, we studied a patient with electrodes attached to the anterior cingulate cortex (ACC) (Uchida et al. in submission).
This was a patient who had previously manifested gamma and beta-1 oscillations in the medial temporal cortex. Thus, we
could simultaneously examine both MTL and ACC electrical activities during all-night sleep in one patient. This patient
showed gamma and beta-1 oscillations in the MTL, as we previously reported. In the same patients, a separate recording from
ACC showed very regular and continuous theta oscillations during wakefulness and REM sleep, but not during NREM sleep
(see Figure 3). The ACC FFT power spectra showed corresponding peaks in the theta (5-6 Hz) band during both wake and
REM. The waking theta oscillation was independent of whether the eyes were open or closed. A simultaneously recorded Cz
EEG showed a regular alpha rhythm during wake, which was suppressed by eyes opening. Therefore, the theta oscillation in
the ACC appeared independent of the EEG alpha rhythm.

Since we have only been able to study one patient with electrodes attached to both MTL and ACC, we have not yet been able
to confirm that ACC theta is commonly observable in humans. However, theta oscillation (Figure 4) has been found in other
patients with electrodes placed in the orbitofrontal cortex (OFC). Thus, it seems likely that ACC theta could also be observed
in many cases.

Implication of our observation

Functional neuro-imaging studies and lesion studies both suggest that the MTL is important for spatial memory in humans
(Maguire et al. 1999). Since it has been suggested that the hippocampal theta oscillation has an essential role in the spatial
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memory of several species, some equivalent oscillation should be expected in the human MTL. Our observations indicate that
the beta-1 (10-20 Hz) frequency in the human MTL may reflect brain processes comparable to those underlying animal theta.
If the analogy holds, it suggests that the memory processing cycle occurs substantially faster in the human brain. Since
Eichenbaum et al. proposed the hippocampus is not merely processing spatial memory, but forming relational representations
between all kinds of stimuli (Eichenbaum et al. 2000; Suzuki and Clayton 2000), the functions of MTL activity may also be
related to such functions.
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What, then, is the functional role of the ACC theta oscillation we observed? Using cortical electrodes, Kahana et al. (1999)
reported clearly enhanced theta oscillation in the raw cortical signals from various parts of the human cerebral cortex during
virtual maze navigation in humans. Unfortunately, there were no electrodes attached to the MTL in that study, and it remains
unclear whether the theta activity was originated from the MTL. In light of our observations, it seems possible the theta
recorded by Kahana et al. (1999) could have originated, perhaps partially, from the ACC. It is also known that a regular frontal
midline theta (Fm theta) oscillation is observed in surface EEG recorded during mental concentration (Ishihara and N.Yoshii
1972). That Fm theta could represent the same activity seen as ACC theta in our observation. Reports of non-invasive
estimation using EEG or MEG have also suggested the presence of theta band activities in the ACC (Gevins et al. 1997; Ishii et
al. 1999), or MTL (Tesche 1997).

Regardless of the specific locus of its origin, it is accepted that the theta oscillation is enhanced by spatial navigation tasks. If
theta originates from the ACC, what functional role could the ACC play in spatial memory? Since Fm theta is enhanced by a
mental task, and the ACC is known to carry a role in attention or error detection (Bush et al. 2000), ACC theta could be a
correlate of functions complementary to spatial (or more extended) memory. Vertes et al. (2001) suggested that the theta
rhythmic signal resonates throughout Papez' circuit, which involves the hippocampus, mammillary body, anterior thalamus,
cingulate cortex, and parahippocampal gyrus. Thus, the circuit including both MTL and the ACC may be necessary for
efficient memory functions.

Epilogue

Although the importance of the hippocampus in memory function is now certain, present knowledge is still far from
completely explaining its physiological function in memory. Such functional relationships are further veiled by the
physiological differences between the brains of humans and other more readily studied species. In the present commentary, we
have attempted to organize present knowledge to elucidate what is now known and to emphasize again the importance of
human studies for understanding human brain function. We plan to pursue such questions in future studies, which may
contribute to understanding the functional similarities and differences in the brain electrophysiology of humans and animals.
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