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Hippocampal theta oscillations are
slower in humans than in rodents:
implications for models of spatial
navigation and memory

Joshua Jacobs

School of Biomedical Engineering, Science and Health Systems, Drexel University, Philadelphia, PA 19104, USA

The theta oscillation is a neuroscience enigma. When a rat runs through an

environment, large-amplitude theta oscillations (4–10 Hz) reliably appear in

the hippocampus’s electrical activity. The consistency of this pattern led to

theta playing a central role in theories on the neural basis of mammalian spatial

navigation and memory. However, in fact, hippocampal oscillations at 4–10 Hz

are rare in humans and in some other species. This presents a challenge for the-

ories proposing theta as an essential component of the mammalian brain,

including models of place and grid cells. Here, I examine this issue by reviewing

recent research on human hippocampal oscillations using direct brain recordings

from neurosurgical patients. This work indicates that the human hippocampus

does indeed exhibit rhythms that are functionally similar to theta oscillations

found in rodents, but that these signals have a slower frequency of approximately

1–4 Hz. I argue that oscillatory models of navigation and memory derived from

rodent data are relevant for humans, but that they should be modified to account

for the slower frequency of the human theta rhythm.
1. Introduction
The hippocampus is a uniquely important brain structure because it has been

linked to a broad range of mammalian behaviours. It plays a critical role in var-

ious types of brain processes ranging from human episodic memory [1] to

learning [2] and spatial navigation [3]. Although some early findings suggested

that the hippocampus is primarily involved in spatial processing in rodents [4],

a growing body of work has shown that the hippocampus supports general

neurocomputational processes in various species that extend far beyond the

neural representation of space [5–7].

A central component of many theories of hippocampal function is the theta

rhythm. Theta is a large-amplitude neuronal oscillation that appears prominently

in electrical recordings from the hippocampus when it is active in supporting the

current behaviour [8,9]. Theta oscillations are most extensively studied in rodents,

where they reliably appear at approximately 4–8 Hz during voluntary move-

ment [10,11]. However, hippocampal theta oscillations appear during other

behaviours besides movement, and in some species besides rodents [12], and

thus are thought to support wide-ranging neural processes [6].

Much research has focused on understanding theta’s precise physiological role.

One set of theories emphasizes the diverse role that theta plays in memory. An

example of this is the finding that there is increased efficiency of memory encoding

during periods of high theta amplitude [13]. Theta may support memory by ser-

ving as a timing signal that causes the groups of neurons that are simultaneously

active to spike at similar times and become linked via long-term plasticity [6,14].

Other theories stress the role of theta in computing location during spatial naviga-

tion. Specifically, theta may help compute an animal’s spatial location during

navigation by allowing grid cells in entorhinal cortex [15] to represent location

using computations based on theta phase [16]. Owing to the range of different func-

tions that have been ascribed to theta, an emerging view is that theta oscillations are

a fundamental signal that are essential for a range of behaviours [7].
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Given the prominent role of theta oscillations in theories of

mammalian brain function, it might be considered surprising

that, in practice, there are many species where hippocampal

theta oscillations are rarely observed. In particular, in humans

evidence of hippocampal rhythms at 4–8 Hz is weak [17].

Further, a recent study showed that 4–8 Hz theta oscillations

are rare in bats [18]. The apparent absence of theta rhythms

from bats has been called a ‘potentially cataclysmic’ issue for

theta-based theories of spatial navigation and memory [19].

Certainly, theta oscillations cannot be critical for all mammalian

memory and navigation if these oscillations are absent from

many species! Thus, understanding whether theta is present in

all mammals—including humans—has critical implications for

understanding the neural basis of memory and navigation.

Here, I review research on human hippocampal oscillations.

I focus on direct hippocampal recordings from neurosurgical

patients [20] because this is the only method for obtaining

human brain data that are comparable with laboratory record-

ings of rodents. This literature indicates that the human

hippocampus does indeed exhibit oscillations that resemble

the 4–10 Hz theta oscillations seen in rodents, but that these

rhythms instead appear at the slower frequency range of

1–4 Hz. Owing to their slower frequency, these oscillations

may have been missed by many previous studies. The existence

of human hippocampal oscillations at 1–4 Hz suggests

that various theta-driven models of memory and navigation

[6,7,16,21–23] are indeed relevant for humans, and perhaps

other species, but that they may require modification to account

for interspecies variations in frequency, amplitude and duration.
2. Hippocampal theta oscillations in rodents
The vast majority of research on the hippocampal theta

rhythm comes from rodent brain recordings. Here, I outline

the key findings of this work for comparison with data

from humans. There is evidence for two differentiable types

of hippocampal theta oscillations in rodents: Type 1 theta,

which is related to movement, and Type 2 theta, which

appears when the animal is still or anxious [11]. Below,

I focus on Type 1 theta because this is the signal most closely

linked to navigation and memory.

In rodents, theta appears as a rhythmic fluctuation at

4–10 Hz in recordings from the hippocampus when it is

actively engaged in the current behaviour [9]. A wide range

of behaviours elicit theta oscillations [6], but theta is most

often studied in relation to movement and sensory processing.

A challenge in characterizing theta’s functional role is that

the oscillation is only approximately linked to the timing of

specific behavioural events. For example, although theta oscil-

lations often begin when an animal starts to run, these

oscillations may persist after running ceases [10,24]. Similarly,

although theta oscillations are generally present when an

animal sniffs or otherwise perceives the environment, the

timing of individual theta cycles does not correspond to

timepoints when sensory information enters the brain [25].

These correlational findings strongly suggest that theta

oscillations are behaviourally relevant. What is theta’s precise

physiological function? By comparing the properties of theta

oscillations in relation with simultaneous neuronal spiking

and behaviour, it demonstrated a range of ways in which

theta oscillations play important roles in neural information

representation and computation.
Oneway that theta oscillations support information coding is

by supporting a phenomenon called phase coding, in which

individual neurons convey information by spiking at particular

phases of the theta cycle. An example of phase coding is demon-

strated by the hippocampal place cell, which varies the theta

phase when it spikes according to the animal’s precise location

[14,26]. Phase coding appears to be a critical element forallowing

behavioural events to be encoded into memory. When two neur-

ons activate to represent related locations or events, phase coding

may cause them to activate at theta phases within approxima-

tely 50 ms of each other. This coincident spiking could initiate

long-term potentiation and cause memory formation by

strengthening the synapses that link these cells [6,14].

Theta oscillations also support a different type of neuronal

timing, in which they temporally segment different types of

neural computations. This segmentation can occur both

across and within theta cycles. Across-cycle theta segmentation

has been demonstrated in recordings of assemblies of place

cells, where remapping between different cognitive maps is

paced by the onset of individual theta cycles [27], and in sim-

ultaneous recordings of place and head-direction cells, each

of which activate on alternate theta cycles [28]. Theta also

modulates the nature of neuronal processing through the pro-

gression of each individual oscillation. Within a theta cycle,

evidence suggests that the peak and trough phases of hippo-

campal theta are each linked to memory encoding and

retrieval processes, respectively [23,29].

In addition to coordinating the timing of neuronal spik-

ing, a different hypothesized role for theta is signalling

broader aspects of behaviour. Here, for example, the fre-

quency of theta is a functionally relevant signal, as it is

positively correlated with the animal’s running speed [24].

Further, theta’s frequency decreases when an animal is in a

novel environment [30], which suggests that decreases in

theta frequency could be a neural signal of novelty [31].

Beyond the hippocampus, the theta oscillation also is

important in coordinating brain-wide activity [6,21]. Neur-

onal spiking in widespread brain regions is phase locked to

hippocampal theta oscillations, including somatosensory

[32], prefrontal [33] and entorhinal cortices [34]. This coordi-

nation extends beyond individual action potentials, as theta

oscillations modulate the timing and amplitude of local and

distributed gamma oscillations [22,32,35–37].

The view emerging from this body of work is that, based on

studies in rodents, the theta oscillation modulates an extremely

wide range of neural patterns, including the timing, rate, spatial

distribution and spectral characteristics of neuronal activity

in various behaviours. Based on these findings, theta had

already been proposed as the central unifying feature for the

mammalian memory system, integrating widespread sensory

information to support memory and behaviour [6,21]. However,

recently, interest in theta oscillations increased even further,

owing to the belief that these rhythms were important for the

representation of spatial location by grid cells.
3. Theta oscillations and grid cells in bats
and rats

The discovery of grid cells in the entorhinal cortex [15,38,39]

was a pivotal step in our understanding of how the brain

represents spatial information [40]. When a rodent moves

through an environment, grid cells encode the animal’s
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spatial location by each spiking at a set of positions that are

arranged in a triangular grid across the environment [15].

Following the discovery of grid cells, subsequent research

examined how grid patterns were formed and maintained.

This work suggested that theta oscillations were critical for

these processes [16,41].

Two findings in rodents link theta oscillations to the gener-

ation of grid-cell firing patterns. First, there is a correlation

between the spacing of the locations in the environment

where each grid cell activates and how much the cell’s theta-

band membrane-potential oscillations accelerate when the

cell is active [42]. This suggests that intracellular theta-like

patterns help determine how each neuron represents locations

in the physical world [16,41]. Second, grid-cell firing patterns

are disrupted in intervals when hippocampal theta oscillations

are absent [43,44].

These findings suggest that the phase and amplitude of

theta oscillations are signals that play an essential role in a

properly functioning grid-cell network. Further, it is possible

that theta oscillations could be an essential component of

widespread neurocomputational processes beyond location,

because computational models indicate that other analogous

grid-like signals could represent different types of behavioural

information [45].

This view was thrown into flux by research suggesting that

similar theta oscillations were not existent in species besides

rodents. Crawling bats exhibit grid cells without simultaneous

theta oscillations [18]. A subsequent study compared the cell-

membrane properties of rodent and bat entorhinal neurons

and found that, unlike such cells in rats, bat grid cells do not

exhibit theta-band resonance patterns [46]. Seemingly, these

interspecies variations indicate that bat grid cells are caused by

a different, non-theta mechanism that fundamentally differs

from the theta-linked grid cells found in rodents [19]. This appar-

ent difference between the bat and rat grid cell systems posed an

important challenge for the field [47]. Researchers studying

place cells had previously assumed that rats are a meaningful

model system for navigation and memory in all mammals.

Instead, these findings indicate that the neural basis of spatial

processing must be considered separately in different species.

However, a closer examination of these data [46] suggests a

different interpretation. It is true that bat entorhinal neurons do

not have membrane fluctuations in the traditional 4–8 Hz

‘theta’ band. But, the data actually show that these cells did

indeed have significant membrane resonance instead at the

slower frequency of approximately 1.5 Hz. Thus, it is possible

that bats could indeed exhibit oscillations related to navigation

and movement, but that these rhythms occur at a slower fre-

quency of approximately 1.5 Hz compared with the 4–8 Hz

of theta oscillations in rodents. The presence of these slower

oscillations remained a distinct possibility, because the initial

study on theta oscillations in crawling bats [18] could not

examine data on frequencies below 4 Hz owing to technical

limitations (N. Ulanovsky 2013, personal communication). As

I explain below, recordings from humans also show evidence

for hippocampal oscillations at slower frequencies, consistent

with this view.
4. Hippocampal theta oscillations in humans
For obvious ethical reasons, it is challenging to study the elec-

trical activity of the human hippocampus during behaviour.
Although scalp electroencephalography (EEG) recordings can

measure aggregate neuronal activity from the outer layers of

the neocortex, this technique cannot reliably measure the

activity of a deep structure like the hippocampus. However,

an emerging approach makes it possible to directly study

human brain activity. A standard clinical treatment for patients

with severe epilepsy involves having electrodes surgically

implanted for several weeks in widespread regions, including

deep structures, to precisely map seizure initiation. During free

time between clinical procedures, many patients voluntarily

participate in research studies in which they perform compu-

terized memory tasks at their bedside [20]. This provides

researchers with a unique dataset—direct brain recordings

from behaving humans—which provides a critical opportunity

for probing the neural basis of cognition.

Epilepsy patients must remain in their hospital bed during

testing. However, it is nonetheless possible to study the neural

basis of spatial navigation with the use of computerized

virtual-reality tasks. In the same way that researchers study

navigation in rodents by comparing neuronal activity across

different areas of a laboratory environment, they can examine

the neural basis of human navigation by comparing brain

signals between areas of a video game’s virtual environment.

In these tasks, patients navigate a three-dimensional spatial

environment on a computer monitor and use a handheld

joystick to control movement [48–50].

A limitation of studying brain recordings from epilepsy

patients is that the precise regions where electrodes are

implanted depend on each patient’s clinical characteristics.

However, approximately 46% of patients have at least one elec-

trode implanted in the hippocampus [51]. I focus here on

describing data from these hippocampal electrodes because it

allows us to compare neuronal activity in the human hippo-

campus with analogous recordings conducted in rodents. The

clearest pattern emerging from these studies is that the human

hippocampus generally exhibits oscillations at 1–4 Hz related

to navigation and memory, which suggests these signals are ana-

logous to the 4–8 Hz theta rhythms in rodents.

Beyond raw recordings (figure 1), perhaps the clearest

examples of human hippocampal oscillations come from

spike-triggered average measurements of local field potentials

(figure 2a). By computing the mean hippocampal oscillation

across many spikes, this analysis revealed clear examples of

spike-linked oscillations, both in the range of approximately

1–4 Hz, as well as faster gamma (35–80 Hz) phase-locked sig-

nals [52]. Most notably, in the hippocampus only 1–4 Hz

oscillations appeared and no 4–8 Hz signals were present.

This is strong evidence that the primary oscillatory signal in

the human hippocampus during navigation is at 1–4 Hz

rather than at 4–8 Hz as in rodents (figure 2b). Similar

1–4 Hz patterns were also observed in the entorhinal cortex

[52], which is the main input to the hippocampus and was

shown in rodents to often oscillate synchronously with the

hippocampus [34].

A more direct approach to characterizing the neural

oscillations related to navigation in the human hippocampus

is to identify signals that vary in power between different

types of behaviour. Studies using this approach provide

independent evidence for the existence of human hippo-

campal oscillations at 1–4 Hz that have similar functional

properties to the 4–8 Hz theta oscillations found in rodents.

Ekstrom et al. [54] compared the amplitude of hippocampal

oscillatory activity throughout different types of navigational
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Figure 1. Example hippocampal theta oscillations in rodents and humans.
(a) Recording from the human hippocampus (Jacobs Laboratory 2013, unpub-
lished data). (b) Recording from the rodent hippocampus (Reproduced with
permission from [33]). Both recordings have a 1 s duration.

(b) rat 

(a) human

500 ms

Figure 2. Hippocampal oscillations in rodents and humans. (a) Human hip-
pocampal theta oscillations. Plots show spike-triggered average hippocampal
field potentials from three separate patients (Reproduced with permission
from [52]). (b) Example of a rodent hippocampal theta oscillation. Plot
shows the mean autocorrelation of a theta signal from [53] (Reproduced
with permission). Note that plots in (a,b) share the same timescale, as
indicated by the scale bar in the bottom panel.
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behaviours (figure 3b). Oscillations at 1–4 Hz most often

increased in amplitude during periods of virtual movement

compared with stillness ([54], see also [57]). Follow-up work

showed that, such as theta in rodents [30], the amplitude of

these 1–4 Hz oscillations positively correlated with the speed

of movement [55]. Thus, even though they have different absol-

ute frequencies, the functional properties of these human

1–4 Hz hippocampal oscillations during navigation are similar

to the theta oscillations observed in rodents.

These studies revealed an additional distinctive feature

of human hippocampal 1–4 Hz oscillations, which is that

these rhythms generally appeared in short episodes of approxi-

mately 2.75 cycles [55]. This short duration [58] is an important

difference compared with theta oscillations in rodents, in

which it is commonplace for high-amplitude theta oscillations

to be sustained for long time intervals [10]. As I describe below,

the short duration of these theta episodes is a challenge for the-

ories that grid and place cells code location using theta phase,

because they generally rely on the phase being predictable for

extended periods of time [59].

Many researchers suggested that the neural structures and

signals that support spatial navigation, including oscillations,

are also used to support more general memory processes

[4,6,7]. This predicts that the same neural signals related to

human navigation are recapitulated during non-spatial

memory tasks. Consistent with this prediction, there is grow-

ing evidence that 1–4 Hz human hippocampal oscillations

are also related to task performance in non-spatial behaviours.

A recent study directly examined hippocampal oscillations

in patients performing a verbal test of episodic memory [56]

and reported two different analyses that showed evidence of

significant 3 Hz oscillations. First, mean power spectra from

individual hippocampal electrodes showed significant peaks

at 3 Hz above the characteristic ‘1/f’ background signal [60].

A second analysis showed that this 3 Hz oscillation was

directly linked to memory encoding performance. By compar-

ing the power of oscillatory activity between successful and

unsuccessful memory formation, it showed that these 3 Hz

oscillations increased in power for successful compared with

unsuccessful memory encoding (figure 3c). Critically, these
approximately 3 Hz memory-related oscillatory patterns are

significantly stronger than patterns at 4–8 Hz, consistent

with the view that human memory-related hippocampal

oscillations are localized to this slower frequency band.

A different approach to examining hippocampal memory-

related oscillations is testing for phase synchrony between the

hippocampus and surrounding cortex. It has been suggested

on the basis of data in rodents that theta oscillations have a criti-

cal role in coordinating hippocampal–neocortical interactions

[21,32]. Much research focused specifically on characterizing

oscillatory interactions between the hippocampus and the

entorhinal cortex, which is its main input and a region where

task-related changes in hippocampal theta synchrony clearly

appear in rodents [61]. Fell et al. [62] showed that oscillations

in the hippocampus and entorhinal cortex exhibit greater

phase synchrony at 1–3 Hz during successful compared with

unsuccessful memory encoding. (Of note, this synchrony is

below the conventional 4–8 Hz ‘theta’ band, even though the

term ‘theta’ is used to describe this pattern in this paper’s
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Figure 3. Behaviour-related changes in hippocampal activity reveal human
and rodent theta oscillations at different frequencies. (a) Theta oscillations
in the rodent hippocampus during movement. Plot depicts the probability
of observing a significant oscillation as a function of frequency in a rat
during movement. Adapted from [10]. Plots are modified so that their fre-
quency axes are approximately aligned for ease of comparison. (b) Theta
oscillations in the human hippocampus during virtual navigation. Plot indi-
cates the probability of observing a significant neuronal oscillation at each
frequency. Adapted from [55] with permission. (c) Theta oscillations in the
human hippocampus during an episodic memory task. Adapted from [56]
with permission.
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text.) Later studies replicated this pattern by showing that

during successful memory encoding there is increased

approximately 3 Hz phase synchrony between the hippo-

campus and a range of neocortical areas [63,64]. Synchronous

theta oscillations between the hippocampus and neocortex

have been observed previously in animals [32,62] and are an

important part of theories that the hippocampus is a central

hub in modulating brain-wide neuronal networks [21]. Thus,

the existence of human hippocampal–cortical synchrony at

approximately 3 Hz is key support for the theory that slower

hippocampal oscillations in humans are analogous to rodent

theta rhythms.

Although hippocampal theta oscillations in rodents

are studied most extensively during navigation and sensori-

motor processing, these same oscillations also appear in

settings where they are not linked to a particular behaviour,

such as during sleep. Thus, an important step in comparing

hippocampal oscillations between humans and rodents is

assessing whether human 1–4 Hz oscillations are exclusively
linked with certain behaviours or whether these signals are a

more general phenomenon. Research strongly supports the

latter hypothesis, as there is significant evidence for 1–4 Hz

hippocampal oscillations in widespread behavioural contexts.

Two studies showed that during sleep there are prominent

hippocampal oscillations at 1–4 Hz and that no similar sig-

nals were present at 4–8 Hz [65,66]. Notably, the amplitude

of this 1–4 Hz signal was largest during REM sleep (rapid

eye movement sleep), which is the same sleep stage when the

largest theta oscillations are observed in rodents. Follow-up

work showed that 1–4 Hz human hippocampal sleep oscil-

lations also exhibited phase coupling with simultaneous

gamma oscillations [67], which is another property they share

with sleep-related 4–8 Hz theta oscillations in rodents [68].

There are several reasons why it is likely that recordings

of 1–4 Hz oscillations in the human hippocampus are not

artefacts of recording from epilepsy patients or of particular

data analysis techniques. As mentioned above, the phase

coupling between gamma oscillations and the 1–4 Hz

waves [67] is analogous to findings in rodents of coupling

between gamma oscillations and approximately 8 Hz theta

waves [32,35]. This indicates that these signals are function-

ally analogous. When these same analyses were conducted

in the human neocortex, there was coupling of gamma ampli-

tude to the phase of 4–8 Hz oscillations [36,69]. The presence

of 4–8 Hz oscillations in non-hippocampal areas of epileptic

patients suggests that the 1–4 Hz hippocampal oscillations

were not an artefact of the data analyses or of brain-wide

EEG ‘slowing’.

Furthermore, much of this work has been replicated in

healthy subjects. De Araujo et al. [70] used magnetoencepha-

lographic (MEG) recordings to measure oscillatory activity

from various brain areas, including both hippocampi, in sub-

jects performing a navigation task. This study confirmed the

existence of approximately 3 Hz hippocampal oscillations

that were localized to this frequency range and whose ampli-

tude correlated with spatial behaviour. Follow-up MEG work

independently confirmed the existence of human hippocam-

pal rhythms during navigation at frequencies slower than

where they appear in rodents (approx. 5 and 4 Hz, respect-

ively, in [71,72]) and suggested that these oscillations were

localized to the right hemisphere [72]. Beyond navigation,

other MEG studies also provided evidence of memory-related

hippocampal oscillations at frequencies that are generally

slower than where they are found in rodents [73–77].

Overall, there is strong evidence that human hippocampal

oscillations related to memory and navigation have a frequency

of 1–4 Hz. However, a few recent papers interpret their data as

exhibiting human hippocampal oscillations at the traditional

band of 4–8 Hz. Rutishauser et al. [78] and Axmacher et al.
[79] describe single-neuron and gamma-band phase coupling,

respectively, to hippocampal oscillations at approximately

7 Hz. A close inspection of the plots in each of these studies

suggests that these patterns also extend to a slower frequency

band of approximately 3 Hz. Likewise, Fell et al. [80] and

Steinvorth et al. [81] describe memory-related activity with

the term ‘theta’. However, visual inspection of their plots

indicates signals with a slower frequency than the 4–8 Hz

rhythms found in rodents. One possibility is that the human

hippocampus exhibits oscillations at multiple frequencies

and that the data analyses in these studies blurred together

1–4 and 4–10 Hz oscillations that each occurred at different

times. In fact, this was the key point of a recent manuscript
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by Watrous et al. [82], who reported that the human hippo-

campus alternately exhibited 2 and 8 Hz oscillations for

spatial- and temporal-memory tasks, respectively. This general

notion that distinct oscillations underlie different behaviours is

supported by the recent finding in rodents that hippocampal

neurons are simultaneously modulated by both 7–9 Hz and

approximately 4 Hz oscillations, which appear in different

brain areas and correlate with movement and memory, respect-

ively [83]. An intriguing area of future research is to investigate

the degree to which individual brain regions exhibit multiple

oscillations simultaneously [84,85] or vary the frequency of a

single oscillation in relation to behaviour [30,53,61].

A study by Cantero et al. [86] appears to be the outlier to

this literature, because it reported hippocampal oscillations

during sleep only at 4–7 Hz. Unexpectedly, these oscilla-

tions did not exhibit the characteristic phase coupling with

the amplitude of simultaneous gamma oscillations that was

found in every human or rodent study that reported searching

for this pattern in the hippocampus. It is possible that this unre-

plicable result was caused by the orientation of electrodes used

in that study, which may not have been positioned ideally to

record the 1–4 Hz hippocampal rhythms that exhibit gamma

coupling [65,68].
5. Implications of 1 – 4 Hz human hippocampal
theta oscillations

As described above, the discovery of grid cells in bats without

theta oscillations [18] attracted controversy [19,47,87] because

it seemingly contradicted the notion that theta oscillations

were critical for grid cells [16,88]. If confirmed across many

species and tasks, this ability for grid-cell representations

to exist without theta would seem to undermine theories

that had proposed theta rhythms as a central component of

the mammalian memory and navigational system. Instead,

I believe current data support the view that hippocampal oscil-

lations are a central component of navigation and memory

processing in humans—and perhaps in bats and other

species—but that they often have a slower frequency than the

4–8 Hz theta oscillations that appear in rodents.

Given its functional similarity to rodent theta, by what name

should 1–4 Hz human hippocampal oscillations be referred?

Prior studies used an array of names to describe human hippo-

campal signals with a frequency of 1–4 Hz, including ‘theta’

[62] and ‘delta’ [57], as well as the compromise ‘theta/delta’

[89]. Below, we use the name ‘theta’ for human 1–4 Hz oscil-

lations when they are localized to the hippocampus and

behave similarly to rodent theta by activating during memory

or navigation tasks. This approach follows the functional

naming approach used by Buzsáki [9], who described theta as

representing the active state of the hippocampus rather than cor-

responding to a fixed frequency range. I feel that using the name

‘theta’ is useful because it places emphasis on the important task

of understanding the signal’s functional relevance to theoretical

models derived from data in rodents.

It is possible that the slower frequency of human hippo-

campal theta oscillations is related to the relatively larger

size of the human hippocampus. The human hippocampus

has more neurons than in rodents, which could inherently

cause oscillations to occur more slowly even without any

other physiological changes [53,90]. Nonetheless, if humans

have slower hippocampal theta oscillations than in rodents,
then it would have several implications for theories on the

physiological role of theta in memory processes, as these the-

ories were developed solely from data in rodents. Researchers

proposed that theta oscillations supported learning by help-

ing cell assemblies to become linked synaptically. This is

thought to occur because active assemblies spike near the

trough of each theta cycle, and this interval approximately

matches the timescale in which coincident spiking must

occur to cause long-term potentiation (LTP) [6,14]. If human

theta oscillations were slower than in animals, then they

would have a longer period (250–1000 ms) than animal

theta. This could allow a broader range of assemblies to be

linked synaptically, compared with the shorter approxi-

mately 100–250 ms theta cycles in rodents [91]. A slower

human theta oscillation would also suggest that this theta-

driven LTP phenomenon would be less common because

individual cycles would occur less frequently (i.e. approx.

1–4 times per second). Following the notion that theta

oscillations support working memory via nested gamma

oscillations [22,79,92], the presence of 1–4 Hz human theta

oscillations may indicate that humans can simultaneously

maintain more items in working memory compared with

animals with faster theta.

A potentially confusing aspect of human electrophysiology

is that humans reliably exhibit oscillations in the neocortex

at 4–8 Hz [52], which is much faster than the hippocampus’s

1–4 Hz rhythms. Previous theories proposed that the

hippocampus communicates with the neocortex via theta

phase-locked oscillatory loops [21,93]. The fact that human

hippocampal and neocortical oscillations occur at such different

frequencies suggests that this oscillatory communication occurs

via a different means than one-to-one phase synchrony, such as

cross-frequency phase coupling [36,37,79,83,94] or dynamic

switching between different types of oscillations [82].

A further distinctive feature of human hippocampal theta

oscillations is that they appear only for short episodes [95].

These episodes may terminate when the hippocampus alter-

nates between different functional states [82]. This theta

intermittency would seem to present a challenge for oscil-

latory models of grid cells that keep track of the animal’s

location via quantitative measurements of the theta rhythm’s

phase variation over time [16,88]. For oscillatory models of

grid cells to be relevant for humans, it would seem to require

that the path integration system be reset at the beginning of

each theta episode [96]. This remains to be demonstrated

experimentally. Further, it would be interesting to test for a

significant behavioural role for the duration of oscillations

in the human hippocampus, as in fact such a pattern was

found previously in neocortex [97].

Neuroscientists with various approaches are interested in

the fundamental principles of hippocampal function. Identi-

fying the aspects of hippocampal physiology that are

conserved across species is important for distinguishing the

most important functions of this structure. The issue of

whether theta oscillations are a critical aspect of hippocampal

computations in all species [19] was highlighted by the find-

ing that oscillations are absent from the bat hippocampus

[18]. As mentioned above, the presence of 1–4 Hz hippocam-

pal oscillations in humans, as well as oscillation-like patterns

at 1.5 Hz in the bat entorhinal cortex [46], raises the possi-

bility that various species have oscillations at different

frequencies with the same functional role as 4–8 Hz theta

oscillations in rodents. More research is necessary to confirm
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that these signals all have the same function. However, at a

minimum, the presence of this interspecies diversity helps

to emphasize the importance of collecting and analysing

brain recordings using general methods at a broad range of

frequencies [60] rather than only fixed, pre-specified bands.

Towards the broad goal of understanding the neural basis

of human memory and cognition, it is important for future

studies to probe the distinctive features of human theta oscil-

lations and to clarify the implications of any interspecies

differences. Given the large number of cellular mechanisms

that are customized to support theta’s timescale in rodents

[42,98], the presence of slower theta oscillations in humans

and bats suggests that other aspects of neuronal architecture

also vary across species. One theory is that slower human

brain oscillations, including hippocampal theta, are part of

a general trend in which there is an inverse relation between

the frequency of a neuronal oscillation and the size of a

neuronal network [53,90]. Furthermore, beyond the hippo-

campus, the presence of slower human theta rhythms may
have implications for other neural systems. Fujisawa &

Busaki [83] demonstrated that rodent hippocampal spiking

was modulated simultaneously by both theta oscillations

and a separate 4 Hz rhythm that had half the frequency of

theta. Given the slower frequency of human theta, it seems

likely that the analog of 4 Hz rodent oscillation also has a

slower frequency in humans. This suggests that a broad chal-

lenge going forward is to characterize the interrelations

between the many different interacting oscillations that

appear in the hippocampus and nearby structures [82,83].

Addressing these challenges may reveal distinctive features

of human electrophysiology and provide critical insights

regarding the neural basis of human cognition.
Acknowledgements. I thank John Burke, Tom Coffey, Mike Kahana, Bradley
Lega, Jonathan Miller, Ashwin Ramayya and Stephen Woloszynek for
commenting on a draft of this paper.

Funding statement. This study received financial support from the Brain
and Behavior Research Foundation.
0130304
References
1. Scoville WB, Milner B. 1957 Loss of recent memory
after bilateral hippocampal lesions. J. Neurol.
Neurosurg. Psychiatry 20, 11 – 21. (doi:10.1136/
jnnp.20.1.11)

2. Berry SD, Thompson RF. 1978 Prediction of learning rate
from the hippocampal electroenephalogram. Science
200, 1298 – 1300. (doi:10.1126/science.663612)

3. Moser MB, Moser EI. 1998 Functional differentiation
in the hippocampus. Hippocampus 8, 608 – 619.
(doi:10.1002/(SICI)1098-1063(1998)8:6,608::AID-
HIPO3.3.0.CO;2-7)

4. O’Keefe J, Nadel L. 1978 The hippocampus as a
cognitive map. New York, NY: Oxford University
Press.

5. Eichenbaum H. 2000 A cortical – hippocampal
system for declarative memory. Nat. Rev. Neurosci.
1, 41 – 50. (doi:10.1038/35036213)
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93. Buzsáki G. 2006 Rhythms of the brain. New York,
NY: Oxford University Press.

94. Palva JM, Palva S, Kaila K. 2005 Phase synchrony
among neuronal oscillations in the human cortex.
J. Neurosci. 25, 3962 – 3972. (doi:10.1523/
JNEUROSCI.4250-04.2005)

95. Watrous AJ, Lee DJ, Izadi A, Gurkoff GG, Shahlaie K,
Ekstrom AD. 2013 A comparative study of human
and rat hippocampal low-frequency oscillations
during spatial navigation. Hippocampus 23,
656 – 661. (doi:10.1002/hipo.22124)

96. Hasselmo ME. 2008 Grid cell mechanisms and
function: contributions of entorhinal persistent
spiking and phase resetting. Hippocampus 18,
1213 – 1229. (doi:10.1002/hipo.20512)

97. Kahana MJ, Sekuler R, Caplan JB, Kirschen M, Madsen
JR. 1999 Human theta oscillations exhibit task
dependence during virtual maze navigation. Nature
399, 781 – 784. (doi:10.1038/21645)

98. Klausberger T, Magill PJ, Marton LF, Roberts JD,
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