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By recording large populations of neurons in flying bats, two recent studies have observed sequential 
activities in the hippocampus that represent ongoing spatial trajectories during movement and recently 
experienced trajectories during rest, analogous to ‘theta sweeps’ and ‘replay’ previously described in rodents.

The sequential activation of neural 

populations that encode different actions 

or stimuli can be used to represent 

specific sequences of behaviour. In 

rodents, for example, hippocampal place 

cells are active only in restricted regions 

of an environment 1 , such that sequences 

of place cell activity can simulate specific 

spatial trajectories through that 

environment. These dynamics are 

observed both during movement, where 

the current sequence of locations being 

traversed is represented by ‘sweeps’ of 

place cell firing repeated in each cycle of 

the 6–12 Hz theta rhythm 2,3 , and during 

rest, where longer trajectories are 

‘replayed’ during sharp-wave ripples — 

concomitant large amplitude deflections 

and high frequency oscillations in the 

local field potential 4 . Although some 

evidence for theta phase coding and 

hippocampal reactivation has been 

found in other mammalian species, 

including humans 5,6 , dynamic 

sequences of single cell activity during 

active behaviour and rest have not 

previously been reported outside of the 

rodent. Now, two new studies by Forli 

et al. 7 and Eliav, Maimon et al. 8 describe 

hippocampal replay and theta sweeps in 

Egyptian fruit bats.

In the first study, Forli et al. 7 wirelessly 

recorded large populations of single cells 

and multi-site local field potentials 

bilaterally from the dorsal hippocampi of 

six freely flying bats using high density 

‘Neuropixels’ probes, alongside three-

dimensional position, accelerometer 

data, and echolocation calls. Over the 

course of each 1–2 hour session, these 

animals flew between landing platforms in 

indoor and outdoor enclosures for food 

rewards. Consistent with previous

reports 9 , a large proportion of 

hippocampal units were found to be place 

cells, with isotropic three-dimensional 

firing fields that spanned each flight 

trajectory. Importantly, the authors found 

that the same sequences of place cell 

firing observed during flight were 

recapitulated during waking rest periods 

at each feeding platform on a 

compressed timescale of several hundred 

milliseconds. As in rodents, these events 

involved a significant fraction of 

hippocampal place cells (∼50% of flight-

active neurons on average); tended to co-

occur with sharp-wave ripples, which 

were previously described in local field 

potential recordings from crawling bats 10 ; 

could replay previous trajectories in both 

the forward and reverse direction 11 ; and 

represented both local and nonlocal 

trajectories that had been experienced 

recently or remotely 12 . Intriguingly, the 

authors also found that replay events 

tended not to occur during echolocation, 

which is consistent with the observation 

that sharp-wave ripples in other species 

are reduced during active engagement 

with the environment.

In the second study, Eliav, Maimon et al. 8 

carried out wireless tetrode recordings 

from the dorsal hippocampus of seven 

bats flying freely between two landing 

points at the end of very long (130 m or 200 

m) tunnels, as well as during sleep periods 

before and after. Consistent with the 

results described by Forli et al. 7 , they also 

found that sequences of place cell firing 

corresponding to coherent spatial 

trajectories were recapitulated during 

rest — in this case, both in wake and sleep. 

Again, these replay events could encode 

both local and nonlocal trajectories in the 

forward or reverse direction, and were

accompanied by increased population 

firing rate and sharp-wave ripples. 

Interestingly, however, the lengths of 

simulated trajectories were much smaller 

than behavioural trajectories through the 

environment (∼8 m on average), 

suggesting that the hippocampus might 

‘chunk’ longer experiences into shorter 

packets that are replayed independently 

(or sometimes successively, across 

several consecutive sharp-wave

ripples 13 ).

Next, Forli et al. 7 examined place cell 

dynamics during flight to look for 

evidence of theta sweeps, which may be 

essential to encode ongoing experience 

for subsequent replay 14 . While they found 

little evidence for theta band activity in the 

hippocampal local field potential, the 

spike trains of a large proportion of place 

cells (326/875, or 37%) were significantly 

modulated by the 8 Hz wing-beat 

frequency. Moreover, spike train 

rhythmicity was slightly but persistently 

faster in many of those place cells (147/ 

326, or 45%), such that they fired at 

progressively earlier phases of each 

wingbeat cycle as their firing fields were 

traversed, consistent with observations of 

theta phase precession in rodents 15 . This 

resulted in ‘theta sweeps’ during flight: 

sequences of neural activity in each 

wingbeat cycle that encoded the ongoing 

movement trajectory 2,3 . Interestingly, the 

authors found that theta sweeps — like 

replay events — were also disrupted 

during echolocation. This may account for 

the previous observation that place fields

are smaller during these periods 16 ,

because they incorporate less 

prospective or retrospective firing.

The results presented by Forli

et al. 7 and Eliav, Maimon et al. 8 are the
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first demonstration of neural sequences 

outside the rodent brain, the observation 

of which requires the simultaneous 

recording of large populations of 

neurons. The close correspondence 

between theta sweeps and replay in bats 

and rodents suggests conserved neural 

mechanisms of hippocampal processing 

across mammalian species — although 

some important differences also remain. 

For example, replay events in bats 

appear to last longer than in the rodent 

(with median durations of 358 ms and 

210 ms in Forli et al. 7 and Eliav, Maimon 

et al. 8 , respectively, compared to

∼100 ms in rats 4,11–14 ). Moreover, the 

duration of replay events in bats did not 

scale with the length of the represented 

trajectory, such that longer trajectories 

were replayed more rapidly, unlike in 

rodent data 13 . As a result, the speed of 

simulated trajectories was faster in bats, 

although their movement speed is also 

much faster, such that they exhibited a 

lower ‘compression ratio’ (the ratio 

between replayed and real trajectory 

speeds) compared to rodents.

These results 7,8 from flying bats also 

contrast with the absence of spike train 

theta rhythmicity in the same species 

during crawling 17,18 , possibly reflecting 

the fact that flying is the more natural

mode of translational movement. 

Instead, the same authors have 

previously identified single cell phase 

precession against ‘non-oscillatory’ local 

field potential signals whose frequency 

varied dynamically over a wide (1–10 Hz) 

range in crawling bats 18 . This suggests 

that sequential representations of the 

current movement trajectory may also 

have been present, although insufficient 

cells were recorded to test that 

hypothesis. Hippocampal theta 

oscillations are similarly disrupted in 

rodents during passive movement 

through an environment, even though 

place cell firing remains stable 14 . The 

absence of local field potential theta 

rhythmicity during flight is puzzling, 

however, given the relatively high 

proportion of cells with theta modulated 

firing rates. In addition, previous wireless 

recordings from the same species during 

flight found that very few hippocampal 

cells (<3%) exhibited spike train theta 

rhythmicity 9 , in contrast to the results of

Forli et al. 7 .

In summary, these new results 7,8 

suggest that bats exhibit theta sweeps 

and phase coding that closely resemble 

rodent data during their most natural form 

of movement — free flying — together 

with the replay of longer trajectories

during periods of waking rest and sleep 

(Figure 1). Although the absence of local 

field potential theta oscillations in bats is 

unexpected, the relationship between 

rhythmic hippocampal activity and wing 

beats has some parallels in rodent 

studies, where paw movements during 

memory guided locomotion can exhibit 

theta phase locking 19 . It is also worth 

noting that theta oscillations typically 

occur in short bouts in human 

hippocampal local field potential 

recordings, even during active walking 20 .

Future studies that make use of new 

technologies to record large populations 

of neurons in other species, including 

humans actively navigating in 

ethologically valid contexts, should aim to 

establish whether neural sequences 

during theta sweeps and replay events 

are a canonical mechanism of 

hippocampal information processing.
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Figure 1. Hippocampal neural sequences during movement and rest in rodents and flying bats.

During active translational movement (left), recordings of hippocampal single unit activity in both rodents and flying bats show: theta modulated firing, whereby 
the firing rate (or ‘spike density’) of a significant proportion of cells is higher at specific theta phases (red dashed vertical lines demarcate individual theta cycles); 
theta phase precession, whereby the preferred firing phase in each oscillatory cycle becomes progressively earlier as the firing field is traversed; and theta 
sweeps, whereby the location decoded from place cell population activity sweeps from immediately behind to immediately in front of the animal’s current 
location (red dashed line) along its current movement direction within each theta cycle (grey line). During periods of waking rest or sleep (right), place cell 
population activity recapitulates spatial trajectories that have previously been experienced on a compressed timescale, typically during sharp-wave ripples 
(grey line). (Rats by Can Liu and Yu Kang; flying bat by Tiago Branco and Gil Costa from SciDraw (CC BY 4.0).)
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Animal cells migrating up chemotactic gradients often show speed oscillations. A new study describes a 
molecular circuit that switches zebrafish germ cells between phases of straight runs, tumbling and 
directional reorientation.

When a bacterium swims up a 

chemotactic gradient, it uses the famous 

‘run and tumble’ strategy, one of the most 

thoroughly investigated paradigms in 

molecular biology. The bacterium 

measures the concentration of the 

attractant and, whenever it is higher than 

that previously encountered, it keeps 

swimming on in the same direction. While 

it does so, it continuously adapts its 

sensory system to the increasing 

concentrations, allowing it to maintain this 

migration. If the concentration decreases, 

the bacterium transiently reverses the 

direction of its flagellar motor, which 

makes the cell body tumble for a moment, 

and then the bacterium swims off in

another — random — direction. 

Repeating this process guides the 

bacterium along a ‘biased random walk’ 

towards the attractant 1 (Figure 1). For an 

organism that is small and fast, such a 

temporal sensing regime is the most 

efficient way to detect differences in 

attractant concentrations. Larger and 

slower cells have another option: they can 

spatially sense differences in attractant 

concentrations across their cell body. 

Chemoattractant receptors are randomly 

distributed on the cell surface of amoebae 

and animal cells. The receptors located 

on the region of the cell closest to the 

higher levels of attractant bind more 

attractant than those on other parts of the

cell. In response to this signal asymmetry, 

the cell triggers the polymerization of its 

actin cytoskeleton accordingly, and the 

resulting flow of actin moves the cell 

towards the higher levels of attractant 2. 

Like the bacterium, the animal cell has 

to fulfill two tasks: turn the signal 

asymmetry of the gradient into a clear 

front–back polarization (which causes 

movement), and adapt the sensory 

system to the ambient concentrations of 

chemoattractant. While both polarity and 

adaptation could in principle be 

continuous, a landmark study in neuronal 

growth cones showed that adaptation is 

associated with a transient arrest in 

migration that goes along with a partial
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