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The hippocampus is crucial for episodic and spatial memory. In freely moving rodents, hippocampal pyramidal neurons show

spatially selective firing when the animal passes through a neuron’s ‘place-field’, and theta-band oscillation is continuously

present during locomotion. Here we report the first hippocampal recordings from echolocating bats, mammals phylogenetically

distant from rodents, which showed place cells very similar to those of rodents. High-frequency ‘ripple’ oscillations were also

rodent-like. Theta oscillation, however, differed from rodents in two important ways: (i) theta occurred when bats explored the

environment without locomoting, using distal sensing through echolocation, and (ii) theta was not continuous, but occurred in

short intermittent bouts. The intermittence of theta suggests that models of hippocampal function that rely on continuous theta

may not apply to bats. Our data support the hypothesis that theta oscillation in the mammalian hippocampus is involved in

sequence learning and hence, theta power should increase with sensory-input rate—which explains why theta power correlates

with running speed in rodents and with echolocation call rate in bats.

In vivo recordings from the rodent hippocampus have revealed several
characteristic activity patterns at the cellular and network levels that
have been central to theories of hippocampal function: place cells, high-
frequency ripple oscillations and theta oscillation are among the most
widely studied. Place cells are pyramidal neurons whose activity
increases when the animal passes through a restricted area of the
environment, the place field, and are thought to be important for
navigation1–3. Ripples are brief high-frequency oscillations (120–
200 Hz) observed during slow-wave sleep that are thought to be
involved in transferring stored information to the neocortex during
memory consolidation4–9. Theta oscillation is a slow (5–10 Hz)
oscillation that occurs continuously for many minutes during explora-
tion, locomotion and rapid eye movement (REM) sleep6,10,11, and it
has been central to numerous computational models of hippocampal
function (reviewed in ref. 12).

Are these hippocampal activity patterns universal across all mam-
malian species? In primates, data from hippocampal recordings seem to
present a somewhat different picture than is seen in rodents. Although
place cells have been reported in monkeys13,14, some studies found
neurons that were sensitive to where the monkey was directing its gaze
and proposed that this ‘spatial-view tuning’ can explain the place
tuning of monkey hippocampal neurons15; both place cells and spatial-
view cells have been reported in the human hippocampus16. Ripples
were recorded in human hippocampus17 and appear to be similar to
those observed in rodents. Continuous or nearly-continuous hippo-
campal theta has been found in several mammalian species during
locomotion, including rabbits, dogs and cats18 (and also in homing
pigeons19); however, theta oscillation has not been consistently

recorded in primate hippocampus18 and those studies that reported
theta in primates described several differences from rodents. First, in
both monkeys20 and humans21 theta has low amplitude and is mixed
with large, low-frequency delta waves. Second, hippocampal theta in
primates is not continuous, as it is in rodents, but occurs in short bouts
in monkeys under urethane anesthesia20, humans performing a virtual
navigation task21 and humans during REM sleep22 (but see ref. 23,
which reported a continuous delta-band oscillation with some theta-
like characteristics in human hippocampus during REM sleep.) Theta-
bout durations of 1–2 s were reported in primates21,22, and in behaving
humans theta was present during o10% of total session time21. This
intermittent nature of theta in primates has potentially important
implications for computational models of hippocampal function,
many of which posit a continuous theta oscillation.

Reported differences in hippocampal activity among animals may be
due to differences in behavior between species. Alternatively, they may
be due to methodological issues: for example, the geometry of the
primate hippocampus, especially its thick pyramidal layer24, may not
favor optimal summation of dipoles to generate large field potentials in
the theta range; brain activity differences may also be due to differences
in behavioral tasks, or in recording methods, such as electrode
impedances or placements. Here, we studied hippocampal activity
in vivo in echolocating bats, a model animal that allowed us to test these
two possibilities.

Echolocating bats are nocturnal mammals, phylogenetically distant
from rodents25, which produce short ultrasonic calls and use the
returning echoes to orient and forage for fruits, insects and even
vertebrates, such as frogs and fish26,27. Bats have excellent spatial
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