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Here we conducted wireless electrophysiological recording of hippocampal
neurons from Egyptian fruit bats in the presence of human experimenters.
In flying bats, many neurons modulated their activity depending on the

identity of the human at the landing target. In stationary bats, many neurons
carried significant spatial information about the position and identity of
humans traversing the environment. Our results reveal that hippocampal
activity is robustly modulated by the presence, movement and identity of
human experimenters.

Human experimenters are commonly present in laboratory environ-
ments, where they move and interact with subject animals during
experiments. Yet, the behavior of humans in such settings is rarely
monitored or reported. Studies have shown that the presence, actions
and sex of humans can influence the animal’s behavior'~, as well as
volume-averaged and time-averaged neural responses such as local
field potentials? orimmediate early gene expression®. However, the
impact of human experimenters on the neural dynamics of single neu-
rons in behaving animals remains entirely unknown. To address this,
we focused on the dorsal hippocampus, aregion known to encode
positional information and environmental factors”’, and the study
of which often involves humans actively interacting with the animal
subjects”°%, We explicitly tested whether and how neural dynamics
of hippocampal neurons are influenced by the presence and actions of
human experimenters. We chose to use the Egyptian fruit bat, whose
highly structured spatial behavior' affords a rigorous control over
behavioral variability. This allowed us to disentangle the ongoing neural
modulation related to the presence and behavior of human experiment-
ers from the positional coding prevalent in the hippocampus.

Stable flight behavior across experimenters
during areward task

To examine the influence of human experimenters on neural activity
in the bat hippocampus, we designed a spatial reward task in which
pairs of bats could spontaneously fly to two experimenters standing
atdifferentlocationsinaroomtoobtainafruitreward fromtheir hand
(Fig.1aand Methods). To minimize variability, the experimenters’hands
were rested on fixed platforms of identical heights and were covered
by gloves of the same size (Methods). Every 5 min, the experimenters
swapped locations with one another to allow sufficient sampling of

human positions and flight behavior. To monitor the spatial behav-
ior of both bats and humans, we used a real-time location system
(RTLS) that recorded the three-dimensional (3D) position of both bats
and humans in the room simultaneously with high spatiotemporal
precision® (Extended Data Fig. 1). The bats were very active during
the behavioral sessions, resulting in many flights landing at the same
locations but on different human experimenters (217 + 59 total flights
per session per bat, mean + s.d., n = 4 bats; Extended Data Fig. 2a,b).
Importantly, the bats spontaneously flew highly structured flight paths
that wererepeated at high precision towards different experimenters
(Fig. 1b,c and Extended Data Fig. 2¢). This provided a natural ‘behav-
ioral clamp’ onthe bats’ spatial variability across flights, which in turn
allowed rigorous assessment of modulation in the neural activity asso-
ciated with a particular human experimenter at the landing location.

Hippocampal neurons are modulated by
experimenter identity in flight

We wirelessly recorded the activity of 307 dorsal CA1 hippocampal
neurons from four bats engaged in the behavioral task (Fig. 1d, Methods
and Supplementary Fig. 1). Most of the units that were active during
flight fired primarily around take-off and landing, and carried signifi-
cant spatial information about the recorded bats’ position (84.2%, or
218 out of 259 flight-active cells, when assessed in 2D; 71.3%, or 176
out of 247 flight-active cells, along specific trajectories; Bonferroni
corrected; Methods and Extended Data Fig. 3), consistent with an allo-
centric representation of self-position within the environment”®?.
However, when inspecting activity of each unit across flights, we also
observed substantial variability in the neural responses (Extended Data
Fig.4). We therefore asked whether the firing of hippocampal neurons
might also be modulated by the spatial locations and identities of other
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Fig.1|Hippocampal activity is modulated by experimenter identity during
flight. a, Schematic of the experimental setup. Two bats flew forarewardina
self-paced task in which two human experimenters (green and blue outline)
provided the reward at different fixed locations around the room. Only two
tripods are shown for illustrative purposes; bats and humans are not to scale
(Methods). Scale bar relates to room dimensions. b, Left: top view of the three
most executed trajectories during a representative session. Colors denote
different flight trajectories of one bat. Middle: example trajectory with flights
denoted by the identity of the human, experimenter 1(green) or experimenter 2
(blue), at the landing target. Right: flight trajectories are overlaid. ¢, Histogram
of correlation values between flights of the same trajectory to the same (light
blue) or different (orange) humans for all bats and all sessions (n = 18,450 within-
human flight pairs, n =14,572 across-human flight pairs). d, Coronal section of
the dorsal hippocampus from one recorded bat, stained for DAPI, PCP4 and
IBA1. Atotal of 14 out of 16 tetrodes (across four microdrives and four bats)
were successfully identified and localized in the dorsal hippocampus. White

arrowhead denotes tetrode tracks. Scale bar, 500 pm. e, Three representative
units, with the left and middle units showing modulation of activity depending
ontheidentity of the human at landing and a third one (right) that does not. First
row shows 2D rate maps for all flights from (to) the same location, grouped by the
identity of the human at take-off (landing). Peak firing rate is indicated. Second
row shows the raster plot of that same neuron for all flights included in the 2D
rate map. Background color corresponds to the identity of the experimenter at
landing (green is human 1; blue is human 2). Third row shows the peri-stimulus
time histogram (PSTH) of the raster plot above. Color of PSTH matches the
colorintheraster. Shaded areain PSTH denotes s.e.m. f, Number of units that
carried significant spatial information about the bat’s position during flight
(red), and those that significantly modulated their firing rate at take-off and/or
landing according to the identity of the human at landing (blue). g, Number of
landing and/or take-offlocations for which a neuron was significantly modulated
depending on the identity of the human at landing. Only neurons that could be
analyzed at four or more locations were included in the analysis (n =134 cells).

individuals—conspecifics or humans—in the room. We found that nearly
half of the neurons significantly modulated their firing rates depend-
ing on the identity of the experimenter at the landing location (48%,
117 out of 244 analyzable units; Fig. 1e,f and Extended Data Fig. 4b (left
and middle examples); remapping quantified in Extended Data Fig. 5
and Supplementary Fig. 2; see also Methods). Changes in firing rates
werestable between earlier and later parts of the session (Supplemen-
tary Fig. 3). Moreover, most neurons were significantly modulated by
humanidentityin only onelocation (Fig. 1g and Methods), pointing to
apossible conjunctive code for positional and experimenter-identity
information during spatial movement. To further examine the extent to
which humanidentity and location significantly contribute to modula-
tion of firing upon landing, we used a simple linear model (Extended
DataFig. 6a). Thismodel enabled us to disambiguate between neurons
using an additive code versus a conjunctive coding for humanidentity
and location. The results were in agreement with the above finding
and suggested that the conjunction of human identity and location

is a significant contributor to the modulation of the activity of many
hippocampal neurons (n =127 neurons; Extended Data Fig. 6b and
Supplementary Fig. 4).

Consistent with previous reports®®, we also found a subpopula-
tion of neurons that were significantly modulated by the presence or
absence of a conspecific at the landing location (8.4%, 16 out of 191
analyzable units; Extended Data Fig. 7). To test whether this result could
account for the differences inneural responses observed during flights
towards different human experimenters, we constrained our analysis
to only include flights for which the other bat was not present at the
take-off or landing location. Even with this additional constraint, we
foundthat over 40% of the units (41.2%, or 77 out 0of 187 analyzable units)
had significantly different firing activity depending on the identity of
the human at the landing location (Extended Data Fig. 8). Therefore,
the presence of a conspecific could not fully account for the neural
modulation associated with the identity of the human experimenter.
Furthermore, differences in reward quantities provided by different
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Fig.2|Hippocampal activity is modulated by experimenter movement
andidentity duringrest. a, Schematic of the experimental setup. Two human
experimenters repeatedly approached the bats hanging in their preferred resting
location. b, Top view of tracked position of both humans (green, human1; blue,
human 2) performing traverses during a representative session. ¢, Histogram
of correlation values between traverses within (light blue) and across (orange)
the different human experimenters (n = 5,904 within-human traverses, n = 5,829
across-human traverses). d, Two-dimensional rate maps of three representative
units (rows) showing significant spatial selectivity for human position while the
recorded bat was stationary. Peak firing rate is indicated. e, Two-dimensional
rate maps of the same three units ind, but split according to human identity.
f, Normalized spatial information for the preferred human (for which a unit

-

carried significant spatial information) and the non-preferred human (n =43
neurons).*P=1.1x1078 (two-sided Wilcoxon signed-rank test); see Methods.
Median indicated by thick red line on boxplot; bounds of box indicate 25th and
75th percentiles; error bars indicate minima and maxima. Violin plot shows
kernel density estimate. Gray lines connect the same neuron across conditions.
g, Numbers of neurons that carried significant spatial information for one
human or for both humans (total n = 50 neurons). Note that nearly all neurons
were selective for only one human. h, Two-dimensional rate maps of three
representative units, showing significant spatial selectivity for the position of
the other flying bat while the recorded bat was stationary. Peak firing rate is
indicated. i, Number of units that carry significant spatial information about the
location of either a human experimenter (blue) or the other batin the room (red).

experimenters on a subset of the sessions (Methods) also could not
fully account for changes in neural modulation (Supplementary Fig. 5).
Together, these findings suggest that during self-motion, information
about theidentity and positions of humansin the environment explains
asubstantial portion of variance in hippocampal activity that cannot be
accounted for by changes in self-position, movement patterns, reward
quantity or the presence of conspecifics.

Hippocampal neurons are informative of
experimenter location and identity during rest
During many behavioral experiments, the human experimenter ‘per-
forms atask’in the presence of the animal, such as distributing food,
handling the subject(s) or moving from onelocation to another'® 27,
We therefore conducted an additional experiment to explicitly ask
whether hippocampal activity in a stationary bat contains informa-
tion about the position and movement of experimenters in the room

(Fig. 2a). To compare movement across experimenters while control-
ling for the bats’ position, we leveraged the bats’ natural tendency
to rest in self-selected, yet highly consistent, locations in the room*
(Extended DataFig.9). While the bat was resting, experimenters delib-
erately repeated fixed traverses from a designated starting location
towards the bat (Fig.2b,c and Supplementary Fig. 6; see also Methods).
At the resting location, the human dispensed the reward or briefly
handled the bat and then followed a fixed path back to the start loca-
tion. Experimenters randomly took turns performing traverses. When
pooling all traverses from both humans, we found that a subpopula-
tion of neurons carried significant spatial information about the posi-
tion of the experimenter moving through the room (20.3%, 44 out
of 217 analyzable units; Fig. 2d and Methods). Given our observation
of neuronal selectivity for human identity in flying bats (Fig. 1), we
asked whether similar identity selectivity would also be observed in
stationary bats. We therefore split the trials according to the identity
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of the human traversing the environment and found that over a third
of the units were significantly spatially informative about the posi-
tion of at least one experimenter (36%, 50 out of 139 analyzable units;
Fig. 2e). Intriguingly, most identity-responsive neurons carried sig-
nificant spatial information exclusively for one experimenter (86%,
43 out of 50 analyzable units; Fig. 2f,g). Furthermore, there was little
overlap in the subpopulations of neurons modulated by the identity
of stationary humans during self-motion and those modulated by the
position of moving humans while the bats were at rest (10.6%, 7 out
of 66 analyzable units), pointing to largely independent populations
selective for human identity depending on the bats’ behavioral state.
Finally, we found roughly similar proportions of neurons selective for
the humandispensing the reward (46%, or 23 out of 50 analyzable units)
or handling the bats (40%, or 20 out of 50 analyzable units), with 14%
of the units responding to both humans (7 out of 50 analyzable units).

Previous reports suggested that the activity of hippocampal neu-
rons in stationary animals may carry information about the position
of a conspecific thatis moving'* (but see ref. 23). We therefore asked
whether there was a comparable population of neurons encoding
informationabout the position of the other batin the room, and impor-
tantly, whether this might account for our results. We found amodest
population of neurons that carried significant spatial information
about the position of the other conspecific while the recorded bat was
atrest (Fig. 2h; 10.8%, or 14 out of 130 analyzable units). Interestingly,
the populations encoding the conspecific and human position were
minimally overlapping (4.7%, or 3 out of 64 analyzable units; Fig. 2i).
Finally, excluding all epochs of conspecific flight during human trav-
erses had no significant impact on the results (Wilcoxon signed-rank
test, P=0.44; Extended DataFig.10). Together, these findings suggest
that there are units in the dorsal CAl region of the hippocampus with
a conjunctive code for the identity and position of the experimenter
traversing the environment while the animal is stationary.

Human observation and intervention shapes animal behavior in
the laboratory'™. Our study asked whether experimenter presence
and behavior influenced the ongoing activity of hippocampal neurons
recorded from animals engaged in aspatial behavioral task. Leveraging
the highly structured spatial behavior of bats, we found that neural
responses were robustly modulated by the experimenters when bats
were flying or stationary. These findings emphasize the potential influ-
ence of the human experimenter on the dynamics of single neurons
recorded from behaving animal subjects.

In this study, we explicitly tracked the position of each human
interacting with the animal subjects, but this is not the case in most
experiments, even those in which the experimenters commonly inter-
act with the animal subject during neural recordings. These inter-
actions include delivering a reward'®"'®, physical relocation"* and
manipulating objects or barriers as part of the behavioral task’ . In
these and other cases, the humanis spatiotemporally coupled with the
animal’sbehavior in the environment. Given our findings, we encourage
the neuroscience community to control, and if possible eliminate, the
immediate and latent effects of experimenter behavior on neural data
collected during abehavioral task.

The scope of this work was intentionally confined to a minimal
number of subjects during an experimental session (two bats and two
humans) while still providing sufficient complexity to assess whether
the presence, behavior and identities of humans impacted ongoing
neural activity. Yet, further work is needed to elucidate the complex
interactions that emerge between experimenters, subjects and other
salient features of the environment. Such studies should systemati-
cally vary the number of humans, animals and their relationship his-
tory while controlling for behavior. Additionally, given that this study
focused onfemale Egyptian fruit bats, it would beimportant to further
investigate experimenter representation across species and sensory
modalities as well as across sexes of both experimental animals and
researchers.

Our study focused on interspecies interactions in the labora-
tory environment. In the wild, most animals navigate environments
populated by members of other species or live within demarcated
territories, makinginterspeciesinteractionand representationacriti-
cal factor in shaping behavior and spatial decisions. The behavioral
narrative of interactions between different species is often driven by
the degree of overlapin their ecological niches or their relationship as
recognized predator and prey. For example, interspecies relationships
surrounding feeding and hunting behaviors have been characterized
across taxa®* and include co-predation and competition for small
prey between humans and reticulated pythons®, cooperative hunting
amongst grouper fish and moray eels**, domestication of aphids by
ants” and cooperative hunting between groups of surface-hunting fish
andseabirds®. However, very little isknown about the neural landscape
during interspecies interactions. In the laboratory environment, the
human experimenter and the animal subject are engaged inacomplex
and dynamic relationship thatis suitable for rigorous study of the neu-
ral basis of interspecies interactions. This line of investigation lends
itselfwelltoincorporating a diversity of animal models across arange
of subdisciplines” and highlights the importance of eliminating the
uncontrolled effects of humans on the examined neural phenomena.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41593-024-01690-8.
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Methods

Subjects

Neural datawere collected from four adult female Egyptian fruits bats
(Rousettus aegyptiacus), approximately ~110-130 g in weight. All bats
were housed in a humidity-controlled and temperature-controlled
room. Bats implanted with a lightweight four-tetrode microdrive
(Harlan 4 drive; Neuralynx) were initially singly housed in small cages,
and subsequently, following recovery from surgery, co-housedinlarge
cages. Lights in the housing room were maintained on a 12-h reverse
light/dark cycle (lights off at 07:00 and lights on at 19:00). All experi-
ments were performed at the same time of day during the bats’ waking
hours (dark cycle). All experimental procedures were approved by
the Institutional Animal Care and Use Committee of the University of
California, Berkeley.

Behavioral setup

All experiments were performed in a room (5.6 mx 5.2 m x 2.5 m)
shielded from acoustics, electricity and radiofrequency with
high-precision lighting control** under uniform illumination (lumi-
nance level, 5 lux). To minimize acoustic reverberation and dampen
noise from outside the room, the walls and ceiling of the flight room
were covered with a thick layer of acoustic foam. A layer of acoustic
absorbing black felt was placed on top of the acoustic foam, and on
the floors, to prevent the bats from damaging the foam or the floors
and to provide additional acoustic dampening. A layer of black net-
ting was placed on top of the felt on the walls for the bats to hang. In
additionto thebats, two adult humans, one male and one female, were
also present in the room during the experiments. The 3D spatial posi-
tion of the bats and humans was recorded using a modified version
of a commercial RTLS, similar to that used previously?’. The system
was composed of mobile tags (DWTAG100) that were identified and
localized at a 100-Hz sampling rate by 16 static anchors (DWETH101)
placed on the walls and ceiling of the room, providing reference
locations for the system. Anchors and tags communicated through
ultra-wideband pulses. An additional anchor (custom DWETH101)
was used to record an external synchronization signal (see below).
Each lightweight (-2.9 g) transceiver tag was powered with a lithium
polymer battery (-15 g total). For bats, the transceiver tag was directly
mounted on the neural implant. For the humans, one tag was placed
in the right laboratory coat pocket and one each on the left and right
wrists, for a total of three tags per human (Extended Data Fig.1). The
system communicated witha computer outside the experiment room
through the User Datagram Protocol and was configured and operated
through a web-based user interface running on Ubuntu 18.04 Bionic.
Data were recorded and saved with custom scripts in Python. The
spatial resolution of the system was measured onasubset of the experi-
mental sessions in which one bat was simultaneously tracked with
two recording systems: the RTLS and a precise marker-based motion
capture system (Cortex v6.2.13.1751 (Motion Analysis) runin MATLAB
2021a (MathWorks))?****', The spatial resolution on tracked bats and
humans was in the range 10-20 cm. Periodic clock pulses generated
by a Master-9 device (A.M.P.l.) were used to create a timing signature
that served as acommon frame of reference for all of the recording
systems (tracking and neural recordings). Four tripods were positioned
around the room to demarcate the possible locations of the human
experimenters. The tripods were all set to the same height and did not
change positions during the entire experiment. Video of the room at
the tripod and resting locations was acquired using infrared cameras
at 25 fps (Basler ace acA800-510um; Basler Pylon image acquisition
software (v6.2.0.8205)). Both humans wore the same standard personal
protective equipment, which included awhite laboratory coat, ablue
hair bonnet, ablue surgical mask, blue gloves, blue shoe covers, clear
protective glasses and a protective yellow leather glove ontheleft hand.
Whenstandingatatripod location, each human placed their left palm
uponthetripod and used their right hand to dispense 0.3 ml of banana

smoothie using awireless manually activated motorized feeder, when
appropriate (Arduino Mega Rev3; Adafruit Motorshield 1438; Arduino
IDE v1.8.19). Experimenter hand sizes and gloves were highly similar,
which served as structurally and visually indistinguishable landing
platforms for the bat. All bats were mildly food-restricted (>90% of
their baseline weight) before the task sessions. Before the start of the
neural recording, the bats were introduced to the experimental setup,
trained on the behavioral task described below and were familiar with
both experimenters.

Behavioral task

Two experiments were performed in each recording session. In experi-
ment 1 (90 min duration), bats were trained to freely fly to either
human for areward. In experiment 2 (-30 min duration), bats hungin
their preferredrestlocations while the humans approached the bats to
feed or handle them. Experiment 1 consisted of several 15-minblocks.
Duringeachblock, the experimenters picked a pair of tripod locations
to stand at for 5 min, then swapped locations for the next 5 min and
returned to their original locations for the final 5 min of the block. The
blocks were counterbalanced such that each human spent an equal
amount of time at each tripod location over the course of the session.
To control for potential glove-specific cues from the yellow ‘landing
platform’ gloves, the experimenters swapped yellow gloves every
block. Each time the humans changed locations, they walked radially
inward from their locations to the center of the room, and radially out-
ward to their new locations. If abat happened to fly while the humans
were walking, the humans paused their movement. The bats could
freely fly toany tripod inthe room, but they were only rewarded if they
landed on the experimenter’s hand on the tripod. When a bat landed
on an experimenter’s hand, a single reward was dispensed, and the
next feed could only be triggered by the bat flying away and returning.
If the second bat happened to land on the same experimenter before
the first bat left, the reward was dispensed only to the second bat. For
two of the four bats, two additional tripod locations were available (six
locations total) for the humans to stand at, and human 1 gave 0.3 ml
of reward, whereas human 2 gave 0.1 ml of reward. This difference in
reward did not significantly impact the ratio of visits to each human
(Extended DataFig. 2b; bat3andbat 4). Theratio of the number of visits
to human 1 versus human 2 was calculated for all sessions for all bats
within an experimental paradigm (n = 20 sessions for the four-tripod
paradigm and n =11 sessions for the six-tripod paradigm (two-tailed
t-test, P=0.1). Experiment 2immediately followed experiment 1. During
experiment 2, the humans stood together at the center of the room and
randomly took turns performing traverses along a fixed, arced path to
either feed or handle the bats hanging at their preferred rest location.
Handling consisted of astandard mild restraining grasp while the bats
were hanging, which lasted the same amount of time as the reward
delivery. All traverses were performed when both bats were hanging
inthe preferred rest location, and each human rewarded the same bat
across all sessions (their ‘designated bat’). During each traverse, one
experimenter walked from the center of the room in an arced path
towards the bats, paused below the bats, fed their designated bat and
handled the other bat, and walked inanarced path back to the center of
theroom. Aslight variant of this experimental paradigm was performed
fortwo of the four bats, inwhich the humans waited at tripods instead
of the center of the room but still performed the same traverse from
the center of the room to the bats and back to the center of the room.
In this variant, the humans did not have a designated bat to handle or
feed, and instead randomly chose which bat to reward during each trial
(n=20 sessions for the designated-bat paradigm, and n =11 sessions
for the random paradigm).

Microdrive implant procedure
Surgical procedures for electrophysiology implants were performed
similarly to those described previously for Egyptian fruit bats?*' -,
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Alightweight four-tetrode microdrive (Harlan 4 drive; Neuralynx) was
implanted over the right hemisphere of each bat. Tetrodes were made
from four strands of platinum-iridium wire (17.8 um diameter, HML
insulated) and assembled as described previously. Each tetrode was
loaded into a telescoping polyamide tube assembly inside the micro-
drive,and eachtetrode wasindependently manipulable (-5 mm travel).
Approximately 12-16 hbefore surgery, the tips of the tetrodes were cut
tothesamelengthand plated with Gold Plating Solution (Neuralynx),
bringing the impedance of individual wires down to 0.3-0.6 MQ. For
the surgical procedure, anesthesia was induced with an injectable
cocktail of ketamine, dexmedetomidine (Atipamezole) and midazolam
(Flumazenil). The bat was placed in a stereotaxic apparatus (Model
942; Kopf) where a continuous supply of oxygen was provided, and
anesthesia was maintained by injection (~once per hour) of a cocktail
of dexmedetomidine, midazolam and fentanyl. The depth of anes-
thesia was continuously monitored by reactionto atoe pinch testand
by measuring the bat’s breathing rate. Body temperature was meas-
ured witharectal temperature probe and kept at approximately 35 °C
with aregulated heating pad. After the proper anesthetic depth was
reached, the skull was exposed, and the surrounding skin and tissue
were retracted. The skull was then cleaned of any connective tissue
andscored toimprove adhesion and mechanical stability. Abone screw
(19010-00; FST), with a short piece of stainless-steel wire (0.008 in.
coated; A-M Systems) soldered to the screw head, was inserted into
the frontal plate of the skull and served as ground for the microdrive.
Four shorter bone screws (M1.59, 2 mm, stainless steel) were placed to
further stabilize theimplant. A circular craniotomy of 1.8 mmwas made
in the skull above the right hemisphere hippocampus CAl at 5.4 mm
anterior to the transverse sinus that runs between the posterior part
of the cortex and the cerebellum and 3.7 mm lateral to the midline. The
craniotomy was covered with a biocompatible elastomer (Kwik-Sil;
World Precision Instruments) to protect the brain while the skull and
the base of the screws were covered with a thin layer of bone cement
(C&B Metabond; Parkell). The Kwik-Sil was then removed to perform
the durotomy and lower the microdrive, with tetrodes fully retracted,
into the craniotomy. The microdrive was lowered to the surface of
the brainto create a tight seal, and the remaining exposed part of the
brainwas covered with Kwik-Sil. Dental acrylic was applied inlayers to
secure the microdrive to the screws and the skull. Aground wire from
the microdrive was connected to the wire from the ground screw, and
the whole connection was embedded in the dental acrylic. Once the
acrylicwasdry, allfour tetrodes were lowered to their initial positions,
approximately 800 um below the cortical surface. To conclude the
surgery, reversal agents were given to counteract the dexmedeto-
midine and midazolam. After the bat woke fully from the anesthesia,
meloxicam (Metacam; Boehringer Ingelheim), an oral analgesic, was
administered. After surgery, analgesics (3 days) and antibiotics (7 days)
were given daily until complete recovery.

Electrophysiology data acquisition, preprocessing and spike
sorting

After microdrive implantation, tetrodes were lowered in small incre-
ments every day over a period of 1-2 weeks, advancing towards the
pyramidal layer of the dorsal hippocampus (CA1l). The pyramidal cell
layer was initially determined by the detection of high-frequency
‘ripples’ in the local field potential signal, together with a transient
(50-100 ms) increase in multi-unit activity. All tetrode adjustments
were made while the bat was swaddled in a small fabric bag. Neural
activity from the tetrodes was checked every day by connecting the
bats’microdrive to awired recording system (Digital Lynx; Neuralynx)
before and after experimental sessions. At the end of each session,
one or more tetrodes were moved (20-160 pum) to sample a different
group of neurons (upontissue stabilization the following day). Tetrode
movements were timed to ensure maximal time for stabilization of the
tissue before the next day’s recordings. Tetrode positions were verified

posthumously with histology (see below). To record neural activity
while the bats were freely flying, we used a wireless neural data-logging
system (‘neurallogger’; MouseLog16, vertical version, Deuteron Tech-
nologies) similar to that used previously?**’. The logger was housed
ina custom 3D-printed case, along with the RTLS tag and two lithium
polymer batteries (one for thelogger and one for the RTLS tag; minimal
duration, 150 min), and connected to the electrical interface board of
the microdrive at the beginning of each recording. Implanted bats used
inthe experiment weighed more than 110 g and could fly normally while
equipped with the neuralloggers and RTLS tags, as expected based on
previous experiments using wireless recording systems?. Electrical
signals from the four tetrodes (16 channels) were amplified (200x),
bandpassfiltered (1-7,000 Hz), sampled continuously at afrequency
of 31.25 kHz and stored on an SD memory card on the logger, with a
voltage resolution of 3.3 pV. Wireless communication between the
neural logger and a static transceiver ensured proper synchroniza-
tion and allowed basic monitoring and configuration using software
(Deuteron Technologies). At the end of the recording session, datafrom
the loggers were extracted and saved. Spike sorting was performed
as described previously?>?*., In brief, recorded voltage traces were
filtered (600-6,000 Hz), and putative spikes were detected by thresh-
olding (3 s.d.) thefiltered trace. Putative spike waveforms (32 samples,
peak at the eighth sample) were fed into the cluster sorting software
(SpikeSort 3D; Neuralynx). Manual sorting was performed using spike
amplitude and energy as the main features. We quantified interneurons
as units having a mean firing rate of >5 Hz, and identified a total of 24
interneurons. We found similar results between principal cells and
interneurons. Specifically, 70.8% (17 out of 24 putative interneurons)
carried significant 2D spatial information during flight, 45.8% (11 out of
24 putativeinterneurons) modulated activity depending on theidentity
ofthe human landing target and 29% (7 out of 24 putative interneurons)
carried significant spatial information for the position of a human
traversing the environment. Thus, the fractions of interneurons that
(1) carry significant 2D spatial information, (2) are human modulated
and (3) carry information about the position and identity of the human
are representative of the fractions in the general unit population and
similar to those found in the pyramidal unit population.

Histology
Atthe end of the electrophysiology experiments, the bats were given a
lethal dose of sodium pentobarbital and perfused transcardially with
200 ml PBS (0.025 M, pH 7.4), followed by 200 ml of fixative (3.7%
formaldehyde in PBS). The microdrive and tetrodes were left in place
throughout the perfusion process. Half an hour after the perfusion
was complete, the tetrodes were fully retracted, the microdrive was
removed and the brain was carefully dissected and stored in the fixative
solution for 1-2 days. Following fixation, the brain was transferred to
a30% sucrose solution in PBS for 1-3 days. The brain was sliced into
40-pum coronal sections onafreezing stage using amicrotome (Microm
HM 450, Thermo Fisher Scientific). Following previously described
procedures®, the sections were then stained using DAPl and antibodies
against PCP4 and IBAL In brief, sections were permeabilized in PBS plus
0.3% Triton-X (PBS-X) and incubated in a blocking solution (PBS-X plus
10% donkey serum) for 2 h. The sections were thenincubated overnight
at4 °Cwith primary antibodies (goat anti-Ibal, 1:500 dilution, ab5076,
Abcam; rabbit anti-PCP4, 1:500 dilution, HPA005792, Sigma). After
primary incubation at 4 °C, the sections were washed in PBS-X and
incubated for 120 min at room temperature with secondary antibod-
ies (donkey anti-goat Alexa-647,1:1,000 dilution, A32849, Invitrogen;
donkey anti-rabbit Alexa-488, 1:1,000 dilution, A-21206, Invitrogen).
DAPI (1:10,000 dilution, Thermo Fisher Scientific) was added during
the last 10 min of secondary incubation.

Sections were washed in PBS-X and cover-slipped using anaqueous
mounting medium (ProLong Gold Antifade Mountant, Thermo Fisher
Scientific). Fluorescent images of each section around the implant
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coordinates were acquired using an Axioscan Slide Scanner (Zeiss).
Thelocation of the tetrodes used for the analyses were visualized and
localized to the dorsal hippocampal area CAL.

Data analysis
All analyses were conducted using custom code in MATLAB (2022a).

Processing of positional data during tasks. Preprocessing of bat
tracking data and basic analysis of positional features. The positions
of all bats recorded by the RTLS were smoothed using local quad-
ratic regression (1-s window). For three out of the four bats, a velocity
threshold of 0.5 m s™ was used to segment a bat’s session into rest
and flight epochs. The fourth bat was tracked exclusively with the
marker-based motion capture system (Cortex, Motion Analysis), and
thesame 0.5 m s threshold was used to segment the bat’s session into
restand flight epochs. To ensure precise capture of flight initiation and
landing, flight epochs were manually inspected and trimmed based
onthe convergence of velocity inthex, yand zdirections to zero. Bats
tended torestinahandful of locations, almost exclusively in two upper
corners oftheroom (Extended Data Fig. 9). Whilein their restlocation,
bats did not typically crawl to different places on the wall. Epochs when
the bats were confirmed to be stationary in a preferred rest location
were isolated using a velocity threshold of <0.4 m s™ and when posi-
tional data indicated that the bat was <200 cm from the centroid of a
preferred rest location for that session.

Preprocessing of human tracking data and basic analysis of positional

features. Positions of humans were tracked with three RTLS tracking
tags, one positioned on the right hand (reward delivery hand), one
positioned on the left hand (landing pedestal hand) and one in the
right laboratory coat pocket. Amoving median filter (2 s) was applied
to the tracking data obtained from the tag in the coat pocket. The
beginnings of human traverse trials were defined as the times at which
the velocity of the human’s laboratory coat tag exceeded the defined
threshold (0.4 ms™), and the humanwas <0.1 m from the xy coordinates
ofthetraverse start position. The end of traverse trials were defined as
>12 safter the start of atraverse trial, when the velocity of the human’s
laboratory coat tag dipped below threshold (0.4 m s™) and its distance
was <0.3 mfromthexycoordinates of the traverse start position. Data
fromrare casesin which humans paused mid-traverse and the velocity
dippedbelow 0.2 m s were discarded. Human velocity was calculated
using positional data from the tag in the coat pocket, as it was unaf-
fected by hand and armacceleration and deceleration (Supplementary
Fig. 6). All periods when the human was handling or administering the
reward were excluded from the analysis and were identified as follows:
the peaks of accelerometer movement from the tags on the right and
left hands were used to identify putative reward initiations (when the
humans raised their hands up to deliver the reward from a syringe).
Reward delivery and bat handling were further verified by manual
inspection of video. Timestamps that marked the start and end of the
handling and reward epochs were buffered with an additional 100
positional samples to ensure no artifactual signal was included in the
analysis of human traverses.

Place fields and spatial information. Spatial information in 2D during
self-motion. For the analysis of spatial firing fields across all flights,
we considered only active cells (n =259 from four bats), with a mini-
mum firing rate of 0.2 Hz, a minimum of 12 flights and a minimum of
five flights with at least five spikes. We focused on the spatial firing
in the xy plane (parallel to the ground), where most of the positional
variance was concentrated. Tocompute 2D spatial firing-rate maps, we
projected all positions during flight onto the xy plane and calculated
occupancy-normalized firing rates. To do this, we binned the 2D area of
the roominto spatial bins of a fixed size (0.15 x 0.15 m?), calculated the
time spentineach bin (occupancy) and counted the number of spikes

(spike-count) in each bin. We smoothed both the spike count map and
occupancy map with a Gaussian kernel (o =1.5 bins) and calculated
their ratio, bin by bin, thus obtaining the firing rate per bin. Spatial
bins in which the bat spent <150 ms were invalidated (white pixels in
rate maps; for example, Extended Data Fig. 3c), unless surrounded by
atleast one valid bin. Spatial information per spike** was calculated by
summing across all valid bins:

Sl = Z,: p’TA’logz%

where p;is the probability of being in bin i, A; is the firing rate in the
same bin and A is the average firing rate across all bins. Cells were
classified as significantly spatially informative using a shuffling pro-
cedure. We compared the empirical value of the spatial information
to a spike-shuffled distribution, which was generated by randomly
shifting the timestamps of the cell’s spike train circularly relative to
behavior (after removing rest epochs) and used to calculate shuffled
spatial information. The shuffle procedure was repeated 1,000 times
for each neuron. Significant place cells were defined as active neurons
for which the empirical value of the spatial information exceeded the
upper 95% confidence interval of its shuffled distribution.

Spatialinformationin 1D during self-motion (trajectories). Many flights
that the bats execute are idiosyncratic, repeated paths that emerge
as the animal explores the room (Fig. 1b). We took advantage of this
behavior and calculated spatial firing maps along tightly confined
repeated trajectories. Flights were clustered into trajectories by using
an analogous approach to that described previously>***., In brief, all
trajectories were spatially downsampled to seven points per flight (first
and last points corresponded to the take-off and landing positions,
respectively). The Euclidean distance between downsampled flights
was used as ameasure of flight similarity, and similar flights were clus-
tered together using agglomerative hierarchical clustering. The linkage
distance was setbetween 1.2 mand 1.4 mfor each session, after manual
inspection of trajectories. One-dimensional spatial firing fields were
calculated for each trajectory and neuron with at least seven flights, a
minimum of four flights with spikes and a minimum of 15 spikes across
all flights (n =247 cells from four bats). To compute the 1D fields, we
used a procedure similar to the one for 2D maps, except applied inonly
one dimension. To do this, flights of each analyzable trajectory were
rescaled and binned between take-off and landing such thateach bin’s
edges were defined by the distance from take-off along the flight trajec-
tory (binsize, 0.15 m). Theamount of time spentin each bin was calcu-
lated (1D occupancy map), and the number of spikes in each bin were
counted (1D spike map). The 1D occupancy maps and 1D spike maps
were smoothed with a Gaussian window (seven samples), and spatial
information was calculated across 1D bins as described above. Similar
to the process described for the 2D rate maps, a shuffling procedure
was used to assess the significance of the spatial information of each 1D
field. To construct the shuffle distribution of spatialinformation values,
eachflightinthetrajectory wasrescaled (asabove), the spike train was
randomly circularly shifted relative to the rescaled position and the
final shuffled spike map was obtained by counting the number of spikes
ineachbinacrossall circularly shifted flights (as above). This shuffled
spike map was smoothed with a Gaussian window (seven samples),
and the bin-by-bin ratio of the shuffled spike map and 1D occupancy
map produced the shuffled rate map. This shuffle was repeated 1,000
times, and the resulting spatial information values built the distribu-
tion to which the empirical spatial information value was compared.
Significant 1D fields were defined as those for which the empirical
value of the spatial information exceeded the upper 95% confidence
interval of its shuffled distribution, after Bonferroni correction for the
number of trajectories examined for that neuron. The stability of 1D
fields within asession (Extended Data Fig. 3) was measured by splitting
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each path into even and odd flights (trials), separately calculating 1D
fields on each half (Extended DataFig. 3a) and calculating the Spearman
correlation between corresponding halves (Extended Data Fig. 3b).
The stability of 1D fields within a session across human landing targets
was measured by splitting each pathinto flights to experimenter1and
flights to experimenter 2, separately calculating 1D fields on each set of
flights (Supplementary Fig. 2a) and calculating the Spearman correla-
tion between corresponding sets (Supplementary Fig. 2b).

Correlation of flights within and across human landing targets. To
quantify the similarity of flights of a given trajectory within and across
humanlandingtargets, we calculated the Pearson correlation between
pairs of flights from trajectories by concatenating the x, y and z coor-
dinates (Fig. 1c). For every trajectory that had at least four repeated
flights to each human, we calculated the intra-human and inter-human
trajectory correlation as follows. To obtain the intra-human trajectory
correlations, we calculated the Pearson correlation of each flight of a
giventrajectory and human landing target to each other flight of that
trajectory and the same human landing target. Correlations from all
the human landing target and trajectory combinations were then
pooled together. To obtain the inter-human trajectory correlations,
we calculated the Pearson correlation of each flight of a given trajec-
tory and human landing target to each other flight of that trajectory
to the other human landing target. Correlations from all trajectories
were then pooled together.

Correlation of traverses between and across humans. To quantify
the similarity of human traverses, we calculated the Pearson cor-
relation between the concatenated x and y coordinates of pairs of
traverses (Fig.2c). To obtain ameasure of similarity between traverses
executed by one human, we calculated the Pearson correlation of all
traverses that one human performed to all other traverses that same
human performed. To quantify the similarity of traverses across
humans, we calculated the Pearson correlation of each traverse that
one human performed to each other traverse that the other human
performed. We quantified the similarity of the humans’ velocity
during traverses by calculating the Pearson correlation between
the two humans’ velocity profiles (concatenated x, y and z velocity)
(Supplementary Fig. 6).

Effect of experimenter identity on firing modulation of hippocam-
pal neurons in flying bats. To quantify whether a neuron was signifi-
cantly modulated by the identity of the human at the landing and/or
take-off locations, we calculated the difference in mean firing rate of
flights that ended and/or started in the same location, but with different
humans standing at that location. Inspection of the peak-normalized
sorted plot of 1D place fields suggested that peak activity clustered
around take-off and landing (Extended Data Fig. 3a), sowe chose a 2-s
window at take-off (-1.75 to +0.25 s) or at landing (-0.25 to +1.75 s) to
calculate the mean difference in firing rate. To determine whether a
cell was significantly modulated by the identity of the human landing
targetatagivenlandinglocation, we performed a permutation test as
follows (this process was then done for all take-offlocations). For each
landing location that had at least four trials to each human, 15 spikes
across alltrialsinthe landing time window and at least four flights with
spikesinthe landing time window, we calculated the differencein mean
firing rates obtained in the landing time window to each human. We
then constructed ashuffled distribution of mean firing rate differences
by shuffling the label of which human was the landing target for each
trialand taking the difference in meanfiring rates of two subsets of the
shuffled-label data with equal sizes to the empirical data. The shuffling
was performed1,000 times, or for as many permutations as the number
of trials per human permitted (maximum permissible permutation
test resolution for inclusion was P= 0.02). Neurons were significantly
modulated by the human landing target if the empirical value of the

difference in mean firing rates exceeded the upper 95% confidence
interval of the shuffled distribution, after Bonferroni correction for
the number of landing and/or take-off locations examined. For the
analysis that explicitly excluded any flights in which the other bat in
the room was present at landing, we performed the same procedure
as above but only for landing locations where the inclusion criterion
was met after excludingall trials when the other bat was at the landing
location. The other bat was classified as present at alanding location if
the Euclidean distance of the other bat’s position to the coordinates of
the tripod at that location was <200 cm and the bat’s velocity dipped
below the flight detection threshold (0.4 ms™).

Effect of the presence of the other conspecific at landing on
firing rate during flight. To quantify whether a neuron was signifi-
cantly modulated by the presence of the other conspecific at the
landing location, we used the same permutation test performed
above for the human landing target. We calculated the differ-
ence in mean firing rate in the window at landing (-0.25 to +1.75 s
aligned to landing) between flights to the same locations where the
other conspecific was either present or absent. We compared this
empirical value to ashuffled distribution obtained using the permuta-
tion test, shuffling the labels of whether the conspecific was absent
or present at landing. Neurons were significantly modulated by the
presence of the conspecific at landing if the empirical value of the
difference in mean firing rates exceeded the upper 95% confidence
interval of the shuffled distribution, after Bonferroni correction for
the number of landing locations examined for that neuron. We classi-
fied the other bat as present atalandinglocationin the same manner
as described above.

Spatial information for the position of the other bat in the room dur-
ing recorded bat rest. To assess whether neurons carried significant
spatial information about the position of the other bat in the room,
we calculated the spatial information of 1D rate maps using the neural
data of the stationary recorded bat and the 1D occupancy maps of
trajectories (linearized and binned, described above) executed by the
conspecific. We clustered the flights of the conspecific into trajectories
using the agglomerative hierarchical clustering method (see above).
We then excluded any flights from analyses in which the recorded bat
wasnotina preferred resting location. The recorded bat was confirmed
to be in a preferred resting location if velocity was below a threshold
of 0.4 m s and the Euclidean distance of the bat to the centroid of the
preferred resting location was <200 cm. Preferred resting locations
were determined by performing k-means clustering on all positional
datafor which the velocity threshold dipped below 0.4 m s and taking
the centroids of the resulting clusters. Spatial firing was calculated for
each conspecific trajectory and recorded bat neuron for which there
were at least seven flights, a minimum of four flights with spikes and
aminimum of 15 spikes across all flights (n =130 cells from four bats).
We computed the 1D rate maps in the same manner as the self-motion
1D trajectories above and applied Bonferroni correction for the num-
ber of trajectories examined for that neuron. The significance of the
spatialinformation was assessed by comparing the empirical value to
a shuffled distribution. The shuffled distribution was constructed in
the same manner as described above for the shuffled distribution of
the 1D rate maps.

Spatial information for human position during human movement
and recorded bat rest. To assess whether neurons carried significant
spatial information about the position of the humans in the room,
we performed an analysis similar to the one for assessing 2D spatial
information described above. First, we asked whether neurons from
the stationary recorded bat carried significant spatial information
for the position of any human during the stereotyped traverse to
and away from the bats hanging in a preferred rest location. During
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experiment 2, only one human was ever moving at a time, and we
included all times when a human was moving but was not handling
or administering the reward (see above for how human traverses
were defined). We also excluded any times when the recorded bat
was not in the preferred resting location (see above for how a bat
was determined to be at a preferred resting location). Rate maps
were calculated from the human 2D occupancy map and recorded
bat spike data. Only sessions with at least six human traverses, at
least four traverses with spikes and at least 15 spikes over all traverses
wereincludedinthe analysis. We projected all human positional data
onto the xy plane, binned the positional samples into 0.15 x 0.15 m?
binsand calculated the amount of time spentin each bin (occupancy
map). We then counted the number of spikes from the recorded bat
thatoccurredin eachbinto obtain the spike map. We smoothed both
the spike map and occupancy map with a Gaussian kernel (c=1.5
bins) and calculated their ratio bin by bin, thus obtaining the fir-
ing rate per bin. Spatial bins for which the human spent <1s were
invalidated (white bininrate maps), unless surrounded by at least one
valid bin. Spatial information was calculated from the 2D firing
rate map and compared to a shuffled distribution. The shuffled dis-
tribution was obtained by circularly shifting the spike train of the
recorded bat relative to human movement (with periods between
traverses removed), counting the number of spikes in each spatial
bin (shuffled spike map), computing the bin-by-bin ratio of the shuf-
fled spike map to the 2D occupancy map (shuffled rate map) and
calculating the spatial information from that shuffled 2D rate map.
Neurons carried significant spatial information for human move-
ment if the empirical value of the spatial information exceeded the
upper 95% confidence interval of its shuffled distribution. To assess
the spatial information for each human’s movementindependently,
we performed the same analysis as above but with occupancy maps
for traverses of either experimenter 1or experimenter 2 and applied
Bonferroni correction for the number of experimenters examined
per neuron (Fig. 2e). Only traverses with at least six trials for a given
human, at least four trials with spikes and 15 spikes total across all
traverses were included in the analysis. For all neurons that carried
significant spatial information for just one human, we compared
the normalized spatial information for the human for which the
spatial information was significant (preferred human) to the normal-
ized spatial information of the other human (non-preferred human)
(Wilcoxon signed-rank test, n = 43 neurons, P=1.1x1078; Fig. 2f).
Normalized spatial information is the empirical spatial information
divided by the mean of the spatial information values calculated
from spike-shuffled trials®. Then, for each neuron, we compared
the normalized spatial information value to the normalized spatial
information value calculated from the rate map that excluded all
epochs when the other conspecific was flying (Wilcoxon signed-rank
test,n =43 neurons, P=0.44; Extended Data Fig.10b). Flight epochs
were determined using the method described above for identifying
periods of flight in the bats.

Conjunctive code for space and experimenter identity during
self-motion. To quantify the extent to which neurons significantly
modulated their activity during flight depending on the human land-
ing target at multiple different locations in the room, we first identi-
fied which neurons had at least four locations with enough flights
to and/or from each human to be analyzed. We then counted the
number of locations for which each neuron significantly modulated
itsactivity depending on the identity of the human (Fig. 1g). Then, to
quantify how factors of human identity and location contributed to
thefiring rate of aneuron atlanding, we used a simple linear model to
predict the mean firing rate around landing by using three predictors:
anon-ordinal categorical variable encoding the identity of the human
at landing, a non-ordinal categorical variable encoding the landing
location, and their interaction term (‘Imfit’in MATLAB; Extended Data

Fig. 6a). The categorical variable for landing location is the assigned
number of the tripod at which the bat landed. This was determined
by calculating the Euclidean distance of the bat’s position at the end
of each rewarded flight to every possible tripod landing location
(1-4) and taking the tripod with the minimum distance. A model
comparison was performed to identify, for each neuron, which vari-
ables significantly improved the prediction of firing rate upon landing
(‘anova’ in MATLAB; significance threshold, P < 0.05). This model
allowed us to disambiguate a purely additive coding for human and
location from a conjunctive coding of human and location. In total,
134 neurons were modeled, and seven neurons were not included
in further analyses because there were no significant variables that
improved the prediction of firing rate at landing (n =127 neurons).
Each neuronwas classified as ‘additive’, ‘conjunctive’, ‘human only’ or
‘location only’.‘Additive’ neurons had significant human andlocation
variables, but not significantinteraction terms. ‘Conjunctive’ neurons
had significant human and/or location terms, as well as a significant
interaction term. ‘Human only’ neurons had a significant human
term, but not significantlocation orinteraction terms. ‘Location only’
neurons had asignificantlocation term, but notsignificant human or
interaction terms. We then compared these results to those obtained
using a permutation test classifying a neuron as modulated by the
human identity upon take-off and/or landing (see above; Extended
Data Fig. 6b).

Effect of the reward quantity on unit modulation at landing. To
examine whether there was aglobal effect of reward quantity on neural
responses around landing on different human targets, we calculated
the peak firing rate change around landing, the mean firing rate change
immediately uponlanding (0 to +1.75 slanding at 0) and the Spearman
correlation between average firing rates to different human landing
targets for a given unit and landing location (Supplementary Fig. 5).
Peak firing rate change was calculated by dividing the peak firing rate
in the same window as used previously (-0.25 to +1.75 s around land-
ing) by that unit’s baseline firing rate. Mean firing rate change was
calculated by dividing the mean firing rate in the window immediately
after landing by that unit’s baseline firing rate. We used the same inclu-
sion criteria as in previous analyses, including only units x landing
locations x humans with at least four flights with spikes and at least 15
spikes across all flights.

Remapping analysis. Remappingon specific trajectories. We calculated
the correlation, distance between peaks and remapping scores for the
1D linearized rate maps of a given trajectory to different human land-
ing targets (Extended Data Fig. 5). For a pair (trajectory x unit) to be
includedinthe analysis, it had to meet the same criteria that was used
to examine the 1D spatial information above (at least four flights with
spikes and at least 15 spikes across all flights), and had to carry signifi-
cant1D spatialinformation. Linearized rate maps were computedinthe
same manner as described for calculating the 1D spatial information
above. The correlation was the Pearson correlation between 1D rate
maps todifferent humanlandingtargets. The distance between peaks
was the distance between maximum values of the linearized rate maps.
The remapping score was calculated as follows™: for a given unit and
trajectory, we obtained the mean firing rates during the 1D linearized
rate mapsto different human landing targets; the score was defined as
the unsigned difference between those rates, divided by their sum. A
score of O indicates norate change, whereasascore of lindicates that
one rate value dominates the other. The empirical distributions of
the correlation, distance between peaks and remapping scores were
compared to their respective null distributions. The null correlations
were calculated by taking the Pearson correlationbetween 1D linearized
rate maps of non-paired units (one per unit) for a given trajectory to
different human landing targets. The null distance between peaks
was calculated by taking the distance between maximum values of
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the linearized rate maps of non-paired units for a given trajectory to
differenthuman landing targets. The null remapping score was calcu-
lated by shuffling the human landing target labels between flights of a
given trajectory and calculating the rate maps for paired units across
the trial-shuffled rate maps. Itisimportant to note that the remapping
score null distribution represents no rate remapping, as the trials
are randomly chosen across human landing targets. By contrast, the
null distributions for correlation and distance between peaks repre-
sent global remapping, as they compare the rate maps of non-paired
units (random movement of place fields). If the spatial profile of the
responses to different experimenters is much more similar (high cor-
relation, low distance between peaks) than those predicted by global
remapping, then this suggests an absence of global remapping. If the
differenceinfiring rates (remappingscore) is significantly higher than
predicted by the null hypothesis, then this suggests a phenomenon
resembling rate remapping.

Remapping on 2D rate maps between contexts. Classical remapping
analyses compare the rate maps across contexts in an experiment. In
the present study, humans stood at alternatinglocationsin the room
for extended periods of time, creating ‘contexts’ where the humans
were standing ina given configuration (context1is experimenter1at
location A and experimenter 2 at location B, and context 2 is experi-
menter 1 at location B and experimenter 2 at location A; Extended
Data Fig. 5). To compute remapping metrics across these contexts,
we defined a context as all of the occupancy and spikes that occurred
when the humans were standing ina given configurationin the room.
If there were multiple contexts in which sufficient flights and spikes
occurred, the top two contexts with the most occupancy were used.
For a pair (unit x contexts) tobeincluded, the fraction of pixels shared
between the two contexts’ rate maps had tobe atleast 0.3, there had to
beatleast 20 spikesintotal within a context and the unithad to carry
significant spatial information. The 2D rate maps for each context were
computed as described above in the section detailing the 2D rate map
calculation. The correlation, distance between rate map centroids
and remapping scores were then computed between rate maps. The
remapping score was calculated in a similar manner as the 1D case:
the unsigned difference in mean firing rates of the 2D rate maps was
divided by their sum. The center of mass movement was the Euclidean
distance between the center of mass of each rate map, as identified
by the MATLAB ‘regionprops’ function. The correlation was simply
the Pearson correlation between rate maps. The null distributions
for correlation and center of mass movement were constructed ina
similar manner as the 1D case: the correlation between, or the distance
between centers of mass of, two rate maps of non-paired units (one
per unit) from each context was used. The null distribution for the
remapping score was also constructed in a similar manner as the 1D
case: a random subset of flights from each context was used to con-
struct the rate maps, and the remapping score was computed across
trial-shuffled maps for paired units. As explained for the remapping
analysis of specific trajectories, the null distribution of the remapping
score represents no rate remapping, whereas the null distributions of
the correlation and distance between peaks represent the presence
of global remapping.

Temporalstability of human-modulated units. To determine whether
the modulation associated with the human landing target was pre-
sent from the first trial or emerged as the session progressed, we
calculated the correlation between mean firing rates of the first and
second halves of flights alongeach 1D linearized trajectory to agiven
human (Supplementary Fig. 3). This distribution of correlations was
compared to a null distribution constructed from the correlation
betweenrandomly chosen subsets of flights from that trajectory and
human. The null represents what would be expected if the modulation
were present from the first trial and did not evolve over time.

Statistical analysis. No formal methods were applied to predeter-
mine sample sizes, and adopted sample sizes were similar to those
used in similar studies. No randomization of experimental sessions
was performed, and no blinding to experimental conditions was
implemented during the analysis. All statistical comparisons were
performed using nonparametric tests (permutation test, Wilcoxon
signed-rank test, Kolmogorov-Smirnov test, or bootstrap test) unless
otherwise stated. The tests were two-tailed. Where appropriate,
adjustments for multiple comparisons were performed using Bon-
ferroni correction.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data presented in this study will be made available from the cor-
responding author upon request. Source data are provided with this
paper.

Code availability

Allanalyses were conducted using custom code in MATLAB 2022a. The
codegeneratedinthe current study is available from the correspond-
ing author on request.
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a

sampling = 100Hz

Extended Data Fig. 1| Real-Time-Location-System for tracking the
positions of bats and humans, and behavioral stability. a. Schematic of

the Real-Time-Location-System. A set of static anchors communicate with a
wireless tag (red dots) for 3D position localization. A total of eight tags are used
inthe experiment: one tag per bat, two tags are attached to the wrists of the two

bat

human

humans, and one tag is carried in each of the humans’ right coat pockets.

b. Example flight executed by a bat (top) and example traverse executed by a
human (bottom) tracked with the RTLS system (Methods). For the human, a
projection on the floor is also shown.
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and human #2 (blue) for each bat over all analyzable recording sessions (n = 31
sessions). Error bars indicate standard deviation. c. Pearson correlation of the
velocity profiles (concatenated x, y, and z velocity) between all pairs of flights of
the same trajectory with sufficient flights to each human, across all analyzable
sessions and bats (n = 37,521 flight pairs).

Extended Data Fig. 2| Stability and reproducibility of bat flight behavior.

a. Distribution of the total number of flights executed by each bat over all
analyzable recording sessions (n = 31sessions). Box centers indicate the median
number of flights, box bounds indicate 25th and 75th percentiles, error bars
extend to minima and maxima. b. Average number of flights to human #1 (green)
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Extended Data Fig. 3| Stability and selectivity of firing fields. a. Left: Peak- accordingto the even trials. b. Distribution of Spearman correlations between
normalized 1D rate maps for all spatially significant neurons x trajectories (even pairs of 1D rate maps constructed from even and odd trials, for each neuron x
trials) sorted by peak activity over time (n = 343 neurons x trajectories). Right: trajectory (n =343 neuron x trajectory pairs). c. Representative 2D rate maps of
1D rate maps of all spatially significant neurons x trajectories (odd trials), sorted significantly spatially selective neurons. Peak firing rate is indicated.
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inFig. 1d. First row shows 2D rate map constructed from all flights that share the
same landing/takeofflocation. Peak firing rate indicated. b. Raster plots (top)
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and PSTH (bottom) for all flights of that landing/takeofflocation, aligned to
landing (left), takeoff (middle), and takeoff (right) (red dotted line) and sorted by
time of executionin the session. Shaded area of PSTH indicates standard error of
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Extended Data Fig. 5| Rate remapping on 1D and 2D rate maps. a. Example
flights along a single trajectory, during a single session, to experimenter #1
(showningreen; dotindicates mean human position during included flights)
and experimenter #2 (shown in blue). b. Distribution of Pearson correlations
between 1D linearized rate maps of trajectories to different human landing
targets (n =219 neurons x trajectories). Significant difference between empirical
(red) and null (grey) distributions (p = 6.0 x 10, two-sided Wilcoxon signed
rank test). c. Distribution of distance between peaks of 1D linearized rate maps
oftrajectories to different human landing targets (same neurons x trajectories
asinsubpanel ‘b’). Significant difference between empirical (red) and null (grey)
distributions (p =1.2 x 10, two-sided Wilcoxon signed rank test). d. Distribution
of remapping scores for 1D linearized rate maps of trajectories to different
human landing targets (same units x trajectories as in subpanel ‘b’). Significant

difference between empirical (red) and null (grey) distributions (p = 0.002,
two-sided Wilcoxon signed rank test). e. Example session of flightsincluded in2D
rate maps for classical rate remapping analysis (included are all flights ina given
context (Methods)). f. Distribution of Pearson correlations between 2D rate maps
of different contexts (n =162 neurons x contexts). Significant difference between
empirical (red) and null (grey) distributions (p = 5.0 x 1078, two-sided Wilcoxon
signed rank test). g. Distribution of center of mass movements between rate
maps of different contexts for same units as in subpanel ‘f. Significant difference
between empirical (red) and null (grey) distributions (p = 4.7 x 107, two-sided
Wilcoxon signed rank test). h. Distribution of remapping scores between rate
maps of different contexts for same units as in subpanel ‘f. No significant
difference between empirical (red) and null (grey) distributions (p = 0.056, two-
sided Wilcoxon signed rank test).
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Extended Data Fig. 6 | Linear model predicting firing rate at landing based
on humanidentity, location and their interaction. a. Schematic of the linear
model using one non-ordinal categorical variable for human identity, one
nonordinal categorical variable for landing location, and their interaction term
(Methods). The grey circles with numbers represent possible locations, the

red dotted line indicates landing, the purple boxes indicate the period used to
calculate the firing rate, and the cartoon neural traces and corresponding plus
and minus signs illustrate the difference in neural modulation that results from
astrictly additive code versus a conjunctive code (Methods). In this cartoon
example the neuron is modulated differently at the intersection of Human A
and Location 4 than would be expected in an additive code. For brevity only
one example experimenter (Human A) isincluded in this example. b. Model
comparison was performed to determine if a given variable significantly (model
comparison using anova test; p < 0.05) improved the prediction of aneuron’s
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firing rate at landing (Methods). Neurons classified as ‘additive’ had significant
Human and Location terms in model comparison, but not significant interaction
terms. ‘Conjunctive’ neurons had significant Human and/or Location terms, as
well as asignificant interaction term. ‘Human only’ neurons had a significant
Human term, but not significant Location or interaction terms. ‘Location

only’ neurons had a significant Location term, but not significant Human or
interaction terms. These categories of neurons were then splitaccording to
whether they modulated their activity depending on the human at takeoff/
landing (via permutation test, Methods). Bar plot shows the splitin the fraction
of neurons for each category (n =127 neurons). Note the fractions of additive,
conjunctive, and human-only neurons that were also classified as modulated

by the human (via permutation test) are larger than the fractions that were not
modulated, and there are no neuronsin the location-only category that were also
classified as modulated by the human (via permutation test).
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Extended Data Fig. 7 | Firing rate modulation during flight by the presence of bat was present (orange) or absent (grey) at the landing target. Colored lines on
another other bat at the landing location. Shown are raster plots and PSTHs’ the PSTH plots indicate which PSTH was calculated from flights that landed on
for three example units that modulate (or not) their activity depending on another conspecific (orange) or not (grey). Shaded lines indicate standard error

whether thereis another bat present at the landing target, aligned to landing (red ofthe mean.
dotted line). Colored rows on the raster plots indicate on which flights the other
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Extended Data Fig. 8 | Modulation of firing by human identity in the absence
of another bat at the landing target. Top row shows 2D rate maps of three
example units that modulate their activity on flights to the same location but
different humans. No flights included here had another bat present at landing.

time to takeoff (s)

time to landing (s)

Second and third rows show raster plots and PSTH plots of the above units.

time to landing (s)

Colored rows on the raster plots indicate which flights landed on human #1
(green) versus human #2 (blue). Colored lines on PSTH plots indicate which PSTH
was calculated from flights that landed on human #1 (green) versus human #2
(blue). Shaded areas indicate standard error of the mean.
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Extended Data Fig. 9 | Distribution of bats’ rest locations during human Error bars indicate standard deviation. b. Left: occupancy (color bar) of one
traversals. a. Mean proportion of total roost time each bat spent at self-selected bat’s roosting locations across all sessions (n = 8 sessions) of experiment #2,
rest locations during experiment #2 (human movement while bats were smoothed with gaussian kernel (o = 1.5 bins). Right: occupancy of one bat’s
stationary), ordered from most preferred rest location to least preferred rest roosting locations across a single example session of experiment #2, smoothed
location. Shown are top three rest locations for each bat across all analyzable with gaussian kernel (o = 1.5 bins).

sessions (n = 31sessions), which explain an average of 84% of the roost time.
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Extended Data Fig. 10 | Neurons with significant spatial information for
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flying. a. 2D rate maps of the same example neurons shown in Fig. 2d but
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significant spatial information for just one human, we compared the normalized
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information was significant) before (left) and after (right) removing all epochs
when the conspecific bat was flying. Note that there was no significant difference
(n.s.) between these two conditions (n =43 neurons, two-sided Wilcoxon signed
rank test, p = 0.44). Box plots indicate median normalized spatial information,
box bounds indicate 25" and 75" percentiles, error bars extend to minimaand
maxima. Violin plots show kernel density estimation.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX OO 00000 00 O]
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Custom scripts in Python 3.9 (Ubuntu 18.04 Bionic) and Matlab 2021a were written to collect 3D positional data using an adaption of a
commercially available RTLS system (Ciholas Inc.; scripts available from the corresponding author on request), and Cortex Motion Analysis
software (6.2.13.1751), respectively. Neural data was acquired using a wireless neural logger (Deuteron Technologies, MouselLog16). Scripts
to control reward delivery were written using Arduino programming software (ADE 1.8.19) and Python (ver 3.9). Video data was collected
with the Basler Pylon software (6.2.0.8205).

Data analysis All code for analysis was written in Matlab 2022a and is available from the corresponding author on reasonable request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data presented in this study will be made available upon reasonable request.




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We analyzed a dataset of 307 single-units recorded using wireless electrophysiology from 4 bats. No statistics were used to determine sample
size. Sample sizes are similar to those used in the field (e.g. Dotson et al., Science 373.6551 (2021): 242-247. Sarel et al., Nature 609, 119-127
(2022). Forli et al., Nature 621, 796-803 (2023).
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Data exclusions  The inclusion criteria for the neurons were based on sufficient behavioral coverage, spike number, and firing stability (Methods), and are
standard for this research field. The inclusion criteria for behavioral sessions was sufficient behavioral coverage. Exclusion criteria were not
predetermined.

Replication Findings on neural activity and structured behavior were replicated across multiple animals, cells, and experiments. The reported effects were
found across all tested animals (Methods). Experiments consisted of daily sessions during which single-units were collected (typically 4-16 per
recorded bat).

Randomization  NR. Our study did not treat experimental groups and no randomization was required.

Blinding NR. Our study did not treat experimental groups and no randomization was required.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
[] Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
|:| Human research participants
[] Clinical data

[ ] Dual use research of concern

XXXOXXO S

Antibodies
Antibodies used Goat anti-Ibal, ab5076, Abcam; Rabbit anti-PCP4, HPAO05792, Sigma; Donkey anti-goat Alexa-647, Invitrogen A32849; Donkey anti-
rabbit Alexa-488, Invitrogen A-21206.
Validation Antibodies adopted in this study were from similar immunohistochemistry protocols in bats (Forli et al., Nature 621, 796-803 (2023)).

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Four lab-born adult (3-6 years old) female Egyptian fruit bats (Rousettus aegyptiacus) were used in this study.
Wild animals No wild-caught animals were used in this study.
Field-collected samples  No field samples were used in this study.

Ethics oversight All procedures performed in this study were approved by the Institutional Animal Care and Use Committee at the University of
California, Berkeley, and were performed in accordance with the Guide for the Care and Use of Laboratory Animals.




Note that full information on the approval of the study protocol must also be provided in the manuscript.
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