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SUMMARY

Active amplification of organized synaptic inputs in
dendrites can endow individual neurons with the
ability to perform complex computations. However,
whether dendrites in behaving animals perform inde-
pendent local computations is not known. Such ac-
tivity may be particularly important for complex
behavior, where neurons integrate multiple streams
of information. Head-restrained imaging has yielded
important insights into cellular and circuit function,
but this approach limits behavior and the underlying
computations. We describe a method for full-
featured 2-photon imaging in awake mice during
free locomotion with volitional head rotation. We
examine head direction and position encoding in
simultaneously imaged apical tuft dendrites and their
respective cell bodies in retrosplenial cortex, an area
that encodes multi-modal navigational information.
Activity in dendrites was not determined solely by
somatic activity but reflected distinct navigational
variables, fulfilling the requirements for dendritic
computation. Our approach provides a foundation
for studying sub-cellular processes during complex
behaviors.

INTRODUCTION

The mammalian cortex combines multiple streams of informa-
tion to guide behavior; active processing of coincident inputs
in the dendrites of neurons has been proposed as a central
mechanism for this integration (London and Hausser, 2005; Stu-
art and Spruston, 2015; Major et al., 2013). However, the rela-
tionship between dendritic and somatic receptive fields has
been difficult to measure, particularly during complex naturalistic
tasks like navigation, which depends on the animal’s ability to
rotate their head in space (Minderer et al., 2016; Shinder and
Taube, 2014; Taube, 2007). In addition to navigation, many com-
plex rodent behaviors (e.g., foraging [Stopka and Macdonald,
2003], olfactory navigation [Gire et al., 2016], and predator

avoidance [Yilmaz and Meister, 2013]) are intrinsically spatial
and require head and body motion. Current head-fixed behav-
iors (e.g., sensory stimulus detection [Guo et al., 2014], 2-alter-
native forced-choice or discrimination [Burgess et al., 2017],
and evidence accumulation [Pinto et al., 2018] tasks) lack this
complexity. Placing head-fixed rodents on a running wheel, on
floating omnidirectional treadmills, or in virtual arenas (Kislin
et al., 2014; Nashaat et al., 2016) lacks vestibular input, requires
approximation of navigation in 1D (Yoon et al., 2016), and suffers
from decreased place cell engagement (Aghajan et al., 2015).
These head-fixed approaches are therefore limited in their ability
to replicate natural spatial computation or to support higher level
cognitive tasks. Virtual reality (VR) (Minderer et al., 2016)
methods that allow animals to rotate freely and thus provide
vestibular cues have been able to resolve many of these limita-
tions (Aronov and Tank, 2014; Chen et al., 2018) but do not
currently allow simultaneous 2-photon imaging.

During navigation, head direction (HD) information is com-
bined with visual and spatial input in the mouse retrosplenial
cortex (RSC). Individual RSC neurons in navigating rats exhibit
complex conjunctive receptive fields (Alexander and Nitz,
2015, 2017; Clancy et al., 2019; Mao et al., 2017). Anatomical ev-
idence shows that inputs from anterior thalamus (which contains
HD cells) make their synapses at distal apical dendrites in RSC
(Shibata, 1993). This arrangement suggests that HD inputs
may be combined in RSC with other information that is relayed
at more peri-somatic synapses via active dendritic processing,
similar to what has been described in sensory cortices (Cichon
and Gan, 2015; Makino and Komiyama, 2015; Takahashi et al.,
2016; Xu et al., 2012; Ranganathan et al., 2018). Calcium imaging
has shown that apical dendritic activity can represent behavior-
ally relevant features (Peters et al., 2017; Ranganathan et al.,
2018; Takahashi et al., 2016; Xu et al., 2012), but the extent to
which dendritic processing is independent of somatic activity,
and therefore could contribute to cortical computation, for
example, by allowing single neurons to nonlinearly and hierar-
chically combine multiple inputs, is unknown. This is particularly
true for computations that occur during behaviors in which ani-
mals engage in motor actions, as sub-cellular resolution imaging
of any brain region has so far only been possible under rigid head
fixation.

Here, we developed and applied a new method for 2-photon
imaging during free 2D navigation with head rotation. To
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(A) Schematic of the method. Mice remain stationary and head fixed but can rotate freely in an active bearing. They walk on a friction-free, translating but non-

rotating floor (Figure S1).

(B) An active feedback system measures minute forces applied by the mouse and moves the headpost accordingly, making the bearing appear to have low

weight and friction.

(C) A conventional 2-photon microscope stays centered over the brain region of interest and images a rotating field of view.
(D) The resulting images are computationally corrected, making them appear as if recorded from a static animal (Figure S2). The top and bottom rows show the
dendritic imaging plane at two time points, at different angles of mouse heading (the concurrently imaged somatic plane is not shown). Dendrite segments remain

visible throughout entire rotations, regardless of mouse motion.

(E) Example GCaMP#6f traces from a cell body (black) and associated simultaneously recorded apical dendrite segments (red), as well as heading and position
traces. GCaMP transients can be observed during fast animal motion and rotation.

See also Figures S1 and S2.

determine whether the conditions for active dendritic processing
are met in RSC of behaving mice, we simultaneously imaged
dendritic and somatic activity in L5 pyramidal neurons while
mice navigated a 2D arena.

RESULTS

Two-Photon Imaging in Locomoting Mice with Free
Horizontal Head Rotation
Head-mounted fluorescence microscopes (Aharoni et al., 2019;
Ghosh et al., 2011) do not currently permit dendritic or deep
multi-plane imaging. Recently, miniaturized two-photon micro-
scopes (Zong et al., 2017) have become available that can perform
dendritic imaging during behavior, but these systems are limited in
their field of view and ability to image more than one focal plane.
We therefore developed an active, animal-actuated rotating head-
post that allows mice to engage in 2D navigation and freely turn
their head. Mice remain fixed in the azimuthal plane and rotate
around the center of the microscope field of view, allowing use
of conventional 2-photon imaging. The system consists of a flat
air-lifted maze (Kislin et al., 2014; Nashaat et al., 2016) that is pre-
vented from rotating (Figures 1A, S1F, and S1G), and a motorized
torque-feedback bearing that allows mice to rotate around a verti-
cal axis while feeling minimal inertia or friction (Figure S1). Mice
readily adapt to the system and explore the arena within seconds
after first exposure with no overt signs of anxiety (freezing, hunch-
ing, walking backward, etc.) typically associated with conventional
head fixation (Minderer et al., 2016; Guo et al., 2014; Video S1).
We first evaluated whether the rotating head fixation has an ef-
fect on the HD system (Taube, 2007; Taube et al., 1990) by
recording HD cells in postsubiculum with chronic tetrode implants
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(Voigts et al., 2013). We recorded an ensemble of HD coding cells
during free exploration of an arena (black circular arena of 25-cm
diameter with white cues on one wall; Figure 2A). We then trans-
ferred the mice to the head-fixation system (2 meter distance; in
the same room), where they were placed in the same circular
arena, which now served as the floating floor of the system. We
then continued the recording with rotational head fixation. In
both settings, mice were enclosed in a box or covered by the ceil-
ing of the head-rotation system and could not see the room
outside of the arena. The rotating headpost system had no
adverse effect on HD coding in the horizontal plane compared
to the freely behaving setting (N = 9 neurons; absolute paired dif-
ference in preferred heading computed as circular mean of the
firing rate distribution = 3.49 degrees; interquartile range = 19.04
deg; Figure 2A), indicating that our rotating head-fixation method
preserves overall function of the HD system.

Despite retained HD coding and fast habituation, our method
currently cannot recapitulate the exact kinematics of freely
behaving mice and occasional bouts of extremely rapid head
rotation. To compare our system to the current state-of-the-art
recording methods in freely moving mice, we filmed 4 mice
that were implanted with conventional 16-tetrode microdrives
with 64-channel headstages and accompanying tether. The
tether was not plugged in for these experiments but was sus-
pended from a long thread, eliminating any potential disruption
of mouse behavior due to commutator torque or cable twisting.
We measured head rotation in the azimuthal plane using camera
tracking at 100 Hz. Overall head rotation speeds were largely
similar to those in our rotating head-fixed system, though peak
rotation speed achieved by the freely moving mice was higher
than in our system (Figure 2B; 99" percentiles 9.8 versus 12.5
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Figure 2. The Mouse-Driven Rotating Head Restraint System Maintains Head Direction Coding

(A) Tetrode recordings in postsubiculum of freely moving and rotating head-fixed mice show that head direction (HD) coding is preserved. Plots show heading-
dependent firing rates of three example neurons, recorded in free behavior (black) and rotational head fixation (blue).

(B) Example measurements of head rotation in the azimuthal plane in freely behaving mice with tetrode drives and conventional 64-channel head stages (using
camera tracking at 100 Hz) and head rotation in the rotating restraint system (readout from the motor controller). Only time points where the mice walked faster
than 5 cm/s were analyzed. Overall head rotation speeds were largely of similar amplitude, but the peak rotation speed achieved by the freely moving mice was
higher than the rotation speeds in our system (99" percentiles 9.8 versus 12.5 rad/s; 20 head fixed sessions versus 5 free sessions; p < 0.05). Shaded areas

indicate 95% confidence interval.

(C) Our method results in less torque felt by the animal than conventional head fixation, which reduces brain motion (histogram of torque values; green, headpost
held static, mouse walks back and forth a corridor; blue, our system). This leads to less Z-motion than in conventional systems, evident as a reduction of baseline
fluorescence fluctuation in the rotating restraint system compared to static head fixation (p < 0.005; Figure S3).

See also Figure S3.

rad/s; 20 headfixed sessions versus 5 free sessions; p < 0.05;
time points with walking speed >5 cm/s). This difference would
likely be more pronounced for mice that carry no implants (or
lighter implants) and are capable of moving faster than the
drive-implanted animals we used for this comparison, but teth-
ered implants in the 3- to 5-g range represent the currently
best available methods for neural recordings in freely behaving
mice (Juavinett et al., 2019; Voigts et al., 2013).

Although some existing head-fixed systems allow for forward-
backward locomotion on wheels, balls, or treadmills, they all
have to counteract the sideways and rotational strain applied by
the animals. Even in perfectly stiff headpost mounts, this leads
to strain between the rigidly fixed skull and the rest of the animal’s
body, which can lead to Z-motion (Chen et al., 2013a). In our sys-
tem, if mice push against the headpost in any direction other than
straight upward, the headpost system will give, either by transla-
tion of the floor or rotation of the headpost. Upward force is likely
small in comparison to the other directions, given that the head-
post is positioned ahead of where the mice’s paws make contact
with the floor, making it hard for mice to push straight up. This re-
sults in our method causing less torque applied by the animal than
conventional head fixation (p < 0.0001; Figure 2C), which reduces
the brain motion that is driven by mice applying force to the head-
post. This leads to less Z-motion than in conventional systems,
evident as a reduction of baseline fluorescence fluctuation
(measured as the fluctuation in the 10" percentile of the fluores-
cence of cell bodies as a function of torque) in the rotating restraint
system compared to static head fixation (p < 0.005; Figure S3).
Brain motion caused by chewing, breathing, and vasomotion
should not be affected by our system.

Simultaneous Somatic and Dendritic GCaMP Imaging
during Locomotion and Head Rotation

To perform sub-cellular imaging, we virally expressed GCaMP6f
(Chen et al., 2013b) in small populations (approximately 50-100

neurons per site) of layer 5 pyramidal neurons of RSC in 5 mice
and imaged through chronic windows during free exploration.
We performed simultaneous paired imaging of a deep imaging
plane containing cell bodies (~350-500 um below pia) and a su-
perficial imaging plane that transected distal apical tuft dendrite
segments (~20-60 um below the pia) with an electrically tunable
lens positioned just before the x/y scan system. We collected
data from intermediate distal apical tuft dendrites, branch order
2 and 3 (trunk = 0 order). Mice were imaged during spontaneous
exploration of a split arena (Figure 5A). The raw images are
rotated and distorted by the interaction between the rotation of
the animal and the scan pattern (Figure 1C). We first simulta-
neously de-rotated and undistorted the raw images by reversing
this known scan pattern for each image line in the x-direction indi-
vidually (Figure S2). We then stabilized the de-rotated images us-
ing a standard motion correction pipeline (Pachitariu et al., 2017;
Pnevmatikakis and Giovannucci, 2017; Pnevmatikakis et al.,
2016). The resulting images are computationally corrected, mak-
ing them appear as if recorded from a static animal (Figure 1D).

We identified regions of interest (ROIs) for soma and dendrite
segments and manually associated paired compartments by
tracing along transiently active dendrites in series of Z stacks
(Figure S4): for each session, we acquired 50-100 fast Z-scans
at ~0.25- to 0.3-Hz repetition rate; these scans are fast enough
to capture the entirety of the apical and trunk dendrite in the
duration of one GCaMP transient (Figure S4B). By picking
Z-scans in which only one or few non-overlapping cells were
active, together with the sparse and localized GCaMP expres-
sion, this approach allowed us to unambiguously identify which
apical tuft dendrites (superficial intermediate and terminal
branches) were associated with which somata.

We corrected the AF/Fq traces for angle-dependent bright-
ness changes brought on by small asymmetries in the laser
and scan geometry (Figure S5). As an additional safety measure,
we restricted analysis to cells for which at least one clear Ca®*
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Figure 3. Apical Dendritic GCaMP Events Are Not Fully Mirrored by the Soma

(A) An electrically tunable lens (ETL) alternates between imaging planes for cell bodies and dendrites at 5 Hz, yielding quasi-simultaneous GCaMP imaging of
dendrite segments and soma. The dendrite segments are associated with their parent soma in a separate step (Figure S4).

(B) Top: paired GCaMP traces of a L5 dendrite segment (red) and its cell body (black) in RSC, imaged during 2D navigation with free head rotation. Local somatic,
local dendritic, and joint transients are indicated with arrows. Bottom: mouse x,y position (green and blue) and heading (orange) are shown.

(C) Histogram of the number of soma/dendrite pairs for different percentages of local GCaMP transients. In 23.8% of dendrites and 16.2% of somas, over 15% of

events are independent. Dotted plot, cumulative histogram.

(D) Example GCaMP traces for three representative soma/dendrite pairs from (C).
(E) Example scatterplots of the somatic versus dendritic normalized GCaMP signals (traces were low-pass filtered with a Gaussian filter; ¢ = 0.6 s). Circles in
red/black show maximum amplitudes per events. Grey dots represent the entire raw traces (every 15" sample is plotted).

See also Figure S4.

transient (or decay of a transient) was visible in all four 90° orien-
tation segments (to be able to judge that they had comparable
brightness). This selection is not strictly necessary and could
be safely omitted when using a microscope with a stable, well-
calibrated scan geometry. We also excluded cells where the
appearance of the dendritic ROl changed between isolated
and joint events (to exclude possible contamination from another
overlapping dendrite segment), leaving N = 105 soma/dendrite
pairs. We normalized dendritic and somatic traces by amplitude
and detected GCaMP events by computing and comparing
against the noise distribution (estimated via quantiles in the
normalized AF/F data). Events were detected via the product
of the noise probabilities for the somatic and dendritic time series
(onset threshold P(noise) < 20%), which labels events originating
from either or from both of the traces. We then classified events
as dendritic only (dendritic > somatic event amplitude and no
detectable somatic transient), somatic only (same but reversed),
or joint events (all other—see STAR Methods).

Somatic and Dendritic GCaMP Transients

We found that the majority of dendritic GCaMP transients coin-
cided with somatic transients, indicating they could result from
coordinated somato-dendritic activity (Helmchen et al., 1999;
Hill et al., 2013; Stuart and Spruston, 2015; Figure 3B). However,
a significant fraction of soma-dendrite pairs exhibit local den-
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dritic events (Figure 3), showing that regenerative Ca®*-depen-
dent processing (Cichon and Gan, 2015; London and Hausser,
2005; Palmer et al., 2014) in distal apical tuft dendrites does
not necessarily lead to somatic Ca®* activity in awake-behaving
mice. We also observed somatic events with no associated
GCaMP transient in the apical tuft segment (Figures 3B and
3C), indicating that somatic spiking does not necessarily invade
the entire dendritic arbor, either due to dendritic voltage attenu-
ation (Harnett et al., 2013; Helmchen et al., 1999; Stuart and
Hausser, 2001; Stuart and Sakmann, 1994) or inhibition (Larkum
et al., 1999; Murayama et al., 2009; Palmer et al., 2012).

Local events were on average smaller (Figure 5A) and faster
(Figure 5B) than joint events. The total scan speed of our
2-photon system was 10 Hz. Each imaging plane was therefore
scanned at 5 Hz (Figure 3A). We analyzed simulated data to
determine whether this sample rate is expected to lead to a sig-
nificant percentage of missed Ca2* transients. Transients were
simulated at 1 kHz, as o = 0.1 s Gaussians, convolved with expo-
nential decay filters of varying timescales of 1 = 0.1-1 s (Fig-
ure 4C). The event amplitudes were set at 0.5 (a.u.), and events
were detected using a threshold of 0.3. This value represents a
conservative choice, where amplitude losses of 40% will lead
to a failure to detect the event. We then calculated the proportion
of missed events for decay time constants of T between 0.1 s and
1 s. Within the range of observed time constants for GCaMP
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events in the soma or dendrites (t > 0.4 s; Figure 4B), over 90% of
true events are expected to be observable (Figure 4D).

Somatic and Dendritic Encoding of Spatial Variables
Differ during 2D Navigation

To assess how local dendritic transients could contribute to sub-
cellular computation, we compared somatic and dendritic tuning
during free exploration of a split area (Figure 5A; Video S2). To
compute spatial and HD tuning, GCaMP event rates were
computed by dividing event count by occupancy in an 8 x 8
grid for the position (Figure 5D) and 40 bins, circularly smoothed
with ¢ = 0.075 radians for HD, excluding times when the mouse
was stationary. To compute the information content of the tun-
ing, the entropy of the spatial and HD rate distributions was
computed as the Kullback-Leibler (KL) divergence between the
distribution of rates and the distribution of occupancy, giving
us a measure of whether and how much additional information
is contained in the firing rate pattern in addition to the information
contained in the statistics of the mouse’s behavior (see STAR
Methods). The amount of position and HD information content
in local dendritic and somatic signals are similar (entropy differ-
ences p > 0.2; see STAR Methods), showing that local dendritic
activity is not generally more or less sharply tuned than the
somatic output.

However, the local dendritic and somatic tuning differ from
each other in what spatial and HD distributions they coded for.
We assessed this by converting both time series to point pro-
cesses by detecting GCaMP transients (see STAR Methods),
removing information carried by amplitude and dynamics. We
then matched the rates of both (via resampling). The resulting
time series is free of potential confounds of different GCaMP
timescales and rates between the compartments (Figure 5E).

Decay time constant 7 (sec)

90% of true events are expected to be observable.
Red, distribution of peak amplitudes detected in the
5-Hz sampled data relative to true peak amplitude
(sum normalized histograms).

02 01

We then compared the spatial and HD tuning of local dendritic
events to themselves across different halves of the experiment
(as control for variance, to test how reliable the coding itself
was) or to the somatic events across the same halves of the
experiment (split in 15-min chunks; Figure 5E). The somatic
tuning differed more from the dendritic tuning than the dendritic
tuning from itself (Figure 5F; p < 0.005 for both HD and position),
showing that dendritic tuning is reliable and capable of indepen-
dence and that it differs from the tuning of their parent somata.
We also found that pairs of dendrites originating from the same
soma (Figure 5D, example on the right) differed in their position
tuning (p = 0.010), but not significantly in HD tuning (p = 0.153;
N = 12 cells, 14 branch-to-branch comparisons; same method
as before but comparing branches to themselves or other
branches on the same cell). This indicates that local activity in
apical dendrites of L5 pyramidal cells in RSC reflects not just a
failure of these events to elicit somatic spiking but instead
that they encode navigational variables differently from their
parent soma.

DISCUSSION

Here, we report the development of an animal-actuated rotating
headpost that makes it possible to combine methods that
require head fixation, such as conventional 2-photon imaging,
with animal locomotion and head rotation. By providing true
vestibular cues to the animals, this system removes much of
the discomfort and resulting unnatural behavior associated
with existing head-fixed approaches. Using this approach, we
found that local activity in apical dendrites of L5 pyramidal cells
in RSC is not tightly linked to somatic activity. Further, this local
dendritic activity reflects navigational variables in a way that
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drites (right, red) and their parent soma (left, black).
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The last example shows two dendrite segments of
the same soma that have different spatial and HD
coding.

(E) Joint and local dendritic events are converted to
point processes, removing any GCaMP dynamics
that could differ systematically between soma and
dendrite, and then rate matched by resampling. We
then compared the spatial and HD tuning of the
resulting point processes for local dendritic events
(red) to themselves in non-overlapping windows (to
establish a baseline for tuning reliability) and to the
tuning of the parent soma (purple) in the same time
window. The dendrite/soma difference was signifi-
cantly higher than dendrite/dendrite difference,
showing that the tuning of local dendritic events
differs from their soma.

(F) Difference statistics (signed-rank test; soma/

HD

P=0.004

0 Histogram 0.5

Joint
events

does not fully mirror the tuning of the parent soma (Figure 5). This
finding indicates that active dendritic mechanisms (London and
Hausser, 2005; Magee, 2000; Major et al., 2013; Stuart and
Spruston, 2015) could work together with network mechanisms
to implement cortical computations in RSC.

Active Dendritic Computation
Calcium imaging of dendrites has shown that active dendritic
processes represent behaviorally relevant features in task-per-
forming animals (Peters et al., 2017; Takahashi et al., 2016; Xu
etal,, 2012; Ranganathan et al., 2018), but it is not clear whether
such dendritic activity is coincident with somatic activity, is in-
herited from somatic bursting via backpropagation into the
dendrite, or is independent. To date, most simultaneous mea-
surements of dendritic and somatic Ca®* activity in behaving an-
imals have found a high degree of correlation of their activity
(Beaulieu-Laroche et al., 2019; Peters et al., 2017), suggesting
a tight functional coupling of dendritic activity to somatic spiking
output. The majority of these measurements were made in pri-
mary sensory (Beaulieu-Laroche et al., 2019; Ranganathan
et al., 2018) or motor (Peters et al., 2017) cortex trunk dendrites
that have a higher degree of electrical coupling to the soma than
distal apical tuft branches.

Local dendritic NMDA spikes have been observed in tuft den-
drites in response to sensory input in L2/3 cells in vivo and have
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dendrite difference - dendrite/dendrite difference)
for position and HD tuning.

0 Histogram 0.5

been shown to play a role in relaying dendritic input to the soma
(Cichon and Gan, 2015; Palmer et al., 2014). More recent studies
employing simultaneous multi-plane imaging have observed
some independent activity in distal apical tuft dendrites and
soma during behavior (Francioni and Rochefort, 2019; Kerlin
et al., 2018). Observations in L5 of anterior lateral motor cortex
during decision making revealed comparable proportions of
local dendritic transients to what we observed (Kerlin et al.,
2018) but without significant soma-only activity. In contrast,
measurements of L5 activity in V1 during awake presentation
of visual stimuli showed GCaMP activity that was localized to
the soma but failed to propagate to the apical tuft (Francioni
and Rochefort, 2019). In our experiments in L5 cells in RSC of
navigating mice, we found both types of local activity (Figure 3).
We also found limited evidence for the independence of spikes
across different branches of the same cells. Branch-specific ac-
tivity in distal tuft dendrites has been observed in motor learning
(Cichon and Gan, 2015), but not in primary somatosensory cor-
tex during active whisking (Xu et al., 2012). These divergent
observations of prevalence, coincidence, and spread of local
dendritic activity could be the result of a few differences between
the studies: different brain regions (pre-motor, associative, and
primary sensory) could perform their respective computations
differently, and different computational and behavioral states
have been shown to modulate the electrical coupling between



somata and dendrites (Helmchen et al., 1999) via changes in
inhibitory activity (Larkum et al., 1999; Silberberg and Markram,
2007; Takahashi et al., 2016) or neuromodulatory state (Brombas
et al., 2014; Labarrera et al., 2018; Williams and Fletcher, 2019).
All of these could be driven by different neural activity patterns,
different levels of top-down versus bottom-up activity, and/or
local neuromodulation across different cortical regions and
tasks. Our finding underlines the importance of studying den-
dritic computation in the context of behaviors that sufficiently
engage the respective cortical circuitry.

Despite the high sensitivity and fast timescale of GCaMP6f,
low-frequency somatic action potentials might not lead to
detectable fluorescence transients in L5 pyramidal neurons
(Beaulieu-Laroche et al., 2019). Similarly, earlier work found
detectable changes in dendritic Ca* only with high-frequency
somatic spiking, using dye-based indicators (Helmchen et al.,
1999). This potential limitation of Ca* imaging, and specifically
of GCaMP, implies that the local somatic events we detected
(Figures 3 and 4) could represent short bursts that fail to elicit a
dendritic GCaMP transient rather than individual somatic spikes.
This would imply that there is a baseline of currently unobserv-
able low-frequency spiking that is less likely to affect apical
dendritic voltage than bursts and suggests a potentially higher
degree of functional independence between apical dendrites
and soma than indicated by Ca?* imaging. Next-generation
voltage imaging (Abdelfattah et al., 2019; Adam et al., 2019; Xu
et al., 2017) could directly address this in the future.

RSC encodes conjunctions of navigational variables, for
example, HD encoding that changes with position (Alexander
and Nitz, 2015; Jacob et al., 2017). Our observation of differences
in dendritic and somatic tuning shows that this mixing of variables
could be a function of dendritic processing (London and Hausser,
2005; Stuart and Spruston, 2015). The different types of receptive
fields in RSC (Alexander and Nitz, 2015, 2017; Jacob et al., 2017;
Mao et al., 2017) may correlate with differences in the contribu-
tion of dendritic processing to the somatic output. Spiking of an
RSC neuron with tuning for purely visual information could, for
example, be determined predominantly by peri-somatic input,
while the activity in another neuron that encodes heading only
in a specific spatial context could be the result of nonlinear den-
dritic amplification of select coincident inputs. The localized den-
dritic Ca®* transients that we observe here do not merely reflect
failures of synaptic input to elicit somatic activation but instead
are tuned differently from the somatic output of the neurons (Fig-
ure 5). This shows that the conditions for complex dendritic
computation (London and Hausser, 2005; Magee, 2000; Stuart
and Spruston, 2015) are fulfilled in RSC. Our observations sug-
gest that active dendritic processes nonlinearly combine HD
and other inputs in RSC to give rise to its large diversity of
egocentric and allocentric spatial encoding schemes (Alexander
and Nitz, 2015, 2017).

Other Applications of the Technology

Our method for combining head-fixed methods with free head
rotation and locomotion places no restrictions on the use of op-
tical methods, such as patterned stimulation (Adam et al., 2019;
Forli et al., 2018; Zhang et al., 2018), and is compatible with
additional instruments of considerable weight attached to the

rotating headpost frame, such as Neuropixels probes (Jun
et al., 2017; Steinmetz et al., 2018), manipulators for whole-cell
recording (Margrie et al., 2002; Harvey et al., 2009; Zhou et al.,
2014), or any high-channel count probes that require large
amounts of local amplification or digitization electronics (Hong
and Lieber, 2019; Joo et al., 2019; Yang et al., 2019). Practically,
instrumentation exceeding a few kilograms will require more
costly drive motors and bearings, although the remainder of
the system can be replicated as described here. Reward deliv-
ery, videography, light delivery for optogenetics, electrical
stimulation, etc., can all similarly be integrated with minimal
modifications. By removing many of the limitations that head fix-
ation places on animal behavior, our approach should have
broad utility for the study of navigation as well as for investiga-
tions of complex cognitive behaviors (Carandini and Churchland,
2013; Hoy et al., 2016; Karlsson et al., 2012) in rodents.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e LEAD CONTACT AND MATERIALS AVAILABILITY
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS

O Mechanical system
Force feedback control system
Surgery
Chronic Electrophysiology
2-Photon imaging
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Correction of uneven illumination
Identification and classification of Ca?* transients
o QUANTIFICATION AND STATISTICAL ANALYSIS
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mark T.
Harnett (harnett@mit.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice (C57BL/6) were aged 8-15 weeks at the time of surgery. Animals were individually housed and maintained on a 12-h cycle. An-
imals of either sex were used. All experiments were conducted in accordance with the National Institutes of Health guidelines and
with the approval of the Committee on Animal Care at the Massachusetts Institute of Technology (MIT).

METHOD DETAILS

Mechanical system

Headpost clamp: We used an adapted standard headpost and clamp (Andermann et al., 2013; Goldey et al., 2014). The headpost
clamp is engineered so it can be tightened or released with a single thumbscrew allowing easy insertion or removal of mice with one
hand. Strain gage frame: An aluminum frame connects the headpost clamp to an array of 2 strain gages (Phidgets Inc. load cells, See
Figures 1 and S1B-S1D) that are set up as an opposing pair to not register any forces other than torque around the rotation axis. The
torque is measured via a battery powered instrumentation amplifier and transmitted via a wireless link (SparkFun RFM69) to the main
micro-controller (PRJC Teensy 3.6). Rotating frame: The strain gages are held in a rotating frame that is made from milled aluminum
on a flat waterjet cut base plate (1/4” aluminum). This rotating frame also holds all rotating amplifiers, control electronics, wireless link,
and a battery system. A 5V rechargeable lithium ion external cell phone battery with ~5000mAh is used to power the microcontroller
and amplifiers. The frame also includes a bearing carrier surface for a thin profile bearing (Kaydon K13008XNOK), and a sprocket ring
for the drive belt. Air maze system: The maze that the animals walk on needs to be translationally friction free and have low inertia
(Kislin et al., 2014; Nashaat et al., 2016), but cannot be allowed to rotate. The air maze itself is a circular, or otherwise shaped arena
of ~25 cm diameter, which floats on an air cushion providing animals with the ability to walk without experiencing resistance. The air
maze floor is made from carbon fiber sheet. Crucially, the air maze needs to be restricted from spinning on its own, so that all torques
exerted by the animals are transferred to the headpost and can be compensated there. For this purpose, the arena has a protruding
constraint pin that fits through a corresponding guide (precisely, a pair of guides, see Figure S1E) on the constraint system shuttle,
acting as a linear bearing: the guide pin can slide in and out of this bearing, allowing the arena to move in the x direction (Figure S1F). In
order to allow y-direction motion, the system measures the torque or angle with which the guide pin enters the bearing, and actively
keeps the angle between the constraint shuttle and the guide pin at 90 degrees. The shuttle therefore constantly follows the arena in
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the y direction if the arena translated, but rotational torque does not move the shuttle and is absorbed by the rigid constraint system.
Because the air maze does not rotate, electricity and signal wires can easily be routed through the guide pin, or by slack lightweight
wires or tubes, needing no commutation. The motion of the arena is tracked with an IR LED driven by an adjustable current source
(Newman et al., 2015) that is attached to the arena and is tracked with a pixy camera (Nashaat et al., 2017). The air maze floats on an
air cushion provided by a large air table made from two 30 x 30” sheets of clear acrylic, the top of which has a pattern of small holes
drilled. The space between the acrylic sheets is pressurized with air. A series of threaded rods tie the two sheets together to ensure
that the distance between the acrylic plates stays constant. Bridge frame and motor: The static bridge frame holds a bearing carrier
surface for the main bearing, the base plate that forms the non-moving ‘ceiling’ that is seen by the animals, and can be covered with a
mirrored surface or fitted with screens for display of a VR environment. The bridge frame also carries the drive motor and motor con-
trol electronics. The whole bridge frame is hinged along the short side opposite to the motor, allowing it to can be tilted upward, facil-
itating insertion and removal of animals. The main microcontroller receives torque data from the rotating frame system at ~500 Hz
and computes the required motor torque. The rotating frame is driven via a Gates GT2 belt from a brushless motor (Teknic Clearpath)
mounted on one side of the bridge frame. The motor is controlled by a separate microcontroller via a simple PWM torque command.
The microcontroller also reads the position of the motor encoder in order to track the heading of the mouse. The controller then sends
this heading to the host PC via a stream of serial data.

Force feedback control system

The feedback system (Figures 1B and S1D) is implemented on a PRJC Teensy 3.6 micro-controller (32 bit 180 MHz ARM Cortex-M4
processor, floating point unit). The control loop time is determined by the speed at which torque data is transmitted from the head-
stage controller and runs at around 1.5-1.8kHz. The system aims to keep the torque at the headpost as close to zero as possible. The
principal control scheme is a proportional feedback with a gain of around 2000, so a static torque of 1 mNm would cause the motor to
exert around 2 Nm of torque to the headpost frame in the same direction. In broad terms, a light touch on one side of the headpost
mount results in a torque amplification that is hard to resist when holding the headpost frame with the other hand. This amplified tor-
que has the effect of reducing the apparent weight of the headpost frame, so it can be effortlessly rotated by a mouse. Due to the
imperfections of the mechanical system, a few additional control elements work in concert with this proportional feedback gain:
the zero-point of the strain gages is calibrated for each session, and thermal drift of the strain gages is continuously zeroed out
by a slowly changing separate calibration offset (max. of 5% of the strain gage dynamic range every minute). The gain decreases
with the frequency of the signal, rolling off at around 20Hz to avoid positive feedback from mechanical vibrations of the bridge frame.
The overall system gain is slowly ramped on at the beginning of a session, and safety interlocks stop the system when the instanta-
neous torque, or absolute angular motion within a 100ms window reaches thresholds that exceed normal mouse motion. These
values were set empirically so that they are slightly above values achieved by mice when navigating. Finally, the friction in the bearing
system increases when the bearing is static, which means that the gain can be slightly higher when the bearing is at rest. This is im-
plemented with an additional gain factor of 1.2 that linearly drops to O at a speed of ~3RPM.

Surgery

Mice (C57BL/6) were aged 8-15 weeks at the time of surgery. Animals were individually housed and maintained on a 12-h cycle. All
experiments were conducted in accordance with the National Institutes of Health guidelines and with the approval of the Committee
on Animal Care at the Massachusetts Institute of Technology (MIT). All surgeries were performed under aseptic conditions under ste-
reotaxic guidance. Mice were anesthetized with isofluorane (2% induction, 0.75%-1.25% maintenance in 1 I/min oxygen) and
secured in a stereotaxic apparatus. A heating pad was used to maintain body temperature, additional heating was provided until fully
recovered. The scalp was shaved, wiped with hair-removal cream and cleaned with iodine solution and alcohol. After intraperitoneal
(IP) injection of dexamethasone (4 mg/kg), Carprofen (5mg/kg), subcutaneous injection of slow-release Buprenorphine (0.5 mg/kg),
and local application of Lidocaine, the skull was exposed. The skull was cleaned with ethanol, and a base of adhesive cement (C&B
Metabond) was applied.

Chronic headpost and imaging window implants were performed over central midline cortex. A3 mm craniotomy was drilled, 4 to 6
injections of ~50nl each of AAV2/1-hSyn-GCaMP6f (~10/12 viral molecules per ml) (Chen et al., 2013b), were made bilaterally,
around 0.3-0.6mm from the midline at depths of ~500 pm, and a cranial window (Andermann et al., 2011; Goldey et al., 2014)
‘plug’ was made by stacking two 3 mm coverslips (Deckglaser, #0 thickness (~0.1 mm); Warner; CS-3R) under a 5mm coverslip
(Warner; CS-5R), using optical adhesive (Norland Optical #71). The plug was inserted into the craniotomy and the edges of the larger
glass were sealed with Vetbond (3M) and cemented in place. The dura was left intact. Mice were given 2 weeks to recover and for
virus expression before the start of recordings.

Chronic drive implants (Figure 2A) were performed identically to the window implants, but instead of a 3mm craniotomy for a glass
window, a 2mm craniotomy was drilled ~2mm lateral and ~0.5mm anterior of the transverse sinus. A durotomy was performed, and
tetrode drives (Voigts et al., 2013) were implanted and fixed with dental cement.

Chronic Electrophysiology

To verify head-direction encoding, we used conventional tetrode array recordings (Voigts et al., 2013), targeting postsubiculum,
where cells encode combined spatial and head-direction direction (Taube et al., 1990). After implant surgery, Individual tetrodes
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were lowered over the course of multiple days until head-direction cells in postsubiculum could be identified by their tuning profiles
(Peyrache et al., 2015; Taube et al., 1990). Data were acquired with an Open Ephys system (Siegle et al., 2017) at 30kHz, and spikes
were sorted manually from 300-6000Hz band pass filtered voltage traces. We first let mice explore a circular arena (25cm diameter)
with visual cues glued to the walls for ~15 min while recording spike trains and measuring the mouse’s position with a camera. The
mouse’s head direction was tracked from the video data. The same mouse was then transferred to the rotating head-fixed system,
and a second recording session was carried out. Spike sorting was carried out after concatenating the two sessions, and all sorted
cells were maintained across the sessions. We included cells with a modulation depth by heading of at least 20%, defined as
100%((ratemax-ratemin)/ratemax) in the analysis.

2-Photon imaging

Allimaging data were acquired at a frame rate of 9-11Hz using a 2-photon microscope with a combined resonant scanner/galvo sys-
tem (Neurolabware, Los Angeles, CA). Imaging was performed with an excitation wavelength of 980nm, coupled to a 4x passive pulse
splitter to reduce photobleaching (Ji et al., 2008). Two imaging planes (~20-60um depth for apical dendrite segments and ~350-
500um for soma and trunk dendrites) were scanned alternatively via an electrically tunable lens (ETL, Optotune EL-10-30) that
was positioned just before the resonant/galvo scanner. The ETL was driven with a custom waveform that drove fast plane transitions
but avoided oscillations and included a slower component to eliminate any slower settling after the transitions, which would other-
wise result in image plane tilt. The rotation of the animal was read out from the drive motor’s encoder at a frequency of 500Hz, which
provides enough time-resolution to determine the rotation for each individual scan line of the image series, and was saved with the
imaging data.

Prior to each imaging session, the axial position of the microscope relative to the rotation axis of the headpost was calibrated by
mounting a calibration target in the headpost holder to stand in for the mouse. The headpost was then rotated slowly via the motor,
and the 2-photon miscroscope was centered over the axis of rotation by visual inspection of the rotating target. By imaging the target
at high magnification, the axis could easily be aligned to within ~2 micron. The same target was used to ensure that the imaging
Z-plane was stable to within ~2 micron throughout the full range of rotation.

De-rotation

The imaging data recorded while the animal rotates is rotated relative to the scan system of the microscope, and therefore distorted.
The distortion results from the fact that the image acquisition is not instantaneous, so that the top line of a frame will be acquired at a
different time, and possibly at a different angle of rotation, from the bottom line etc. (Figure 1C). In mild cases this results in an
apparent curving of the image, theoretically it can lead to parts of the field of view getting imaged twice per frame. We have developed
a computational method for correcting these distortions. The method functions by computing the exact rotation of each scan line by
interpolating the motor position, computing the ‘forward’ model of the distortion by generating a map of the x and y displacements
per pixel by recapitulating the scan using the known scan pattern and the measured animal rotation for each image line. The resulting
displaced x/y positions of each original x/y pixel are then used to reverse the deformation (Figures 1C and 1D). After this correction
step, images are processed with a standard motion correction pipeline (Pachitariu et al., 2017; Pnevmatikakis and Giovannucci,
2017; Pnevmatikakis et al., 2016). After motion correction, ROIs of individual cells and dendrite segments are identified manually us-
ing custom software and AF/Fq traces are computed. After derotation, the systematic phase offset was removed by applying a linear
phase shift in the spectral domain and then transforming the signal back to the time domain.

Correction of uneven illumination

If the illumination of the FOV is not completely even, due to small deviations of the laser alignment from the objective or rotation axes
or from non-uniform back-aperture illumination of the objective, rotation of the animal will bring imaged structures in and out of areas
of higher or lower brightness. In our data, this effect accounted for only ~10%-20% of ROI brightness for ROIs near the center of the
field of view, approximately the center 50% of max FOV. To resolve this artifact we adapted the method typically used for correction
of baseline fluorescence (Chen et al., 2013b): Typically, for each ROI, a baseline fluorescence Fg is computed as a low (usually 5-40™)
percentile of either all fluorescence data for a session, a pre-stimulus period, or in a moving window of a minute or more. This Fg is
then used as a baseline and the time series AF/F; is used for subsequent analyses. Here, we used a similar method, but Fq is
computed not over time, but across angles (Figure S5) by computing a quantile for each angle first. On our experiments, this simple
approach sufficiently corrected the angle dependent brightness changes (Figures S5C and S5D). We then applied neuropil correction
by estimating the mixing of a background ROI devoid of any Ca?* transients on each ROl with a linear fit to the lowest 10™ percentile,
and subtracting the neuropil data with this coefficient. As an additional control, we removed ROIls where no Ca®* transients were
evident over large > 60degree ranges of rotation for entire imaging sessions, as those ROIs could possibly have originated from
cell bodies whose Vvisibility might have been occluded in an angle-dependent manner by superficial blood vessels (Figures SSE
and S3F).

Identification and classification of Ca2* transients

Pairs of soma and dendrite ROIs were manually associated by using sparse activity in series of fast z stacks (Figure S4). The resulting
associated dendritic and somatic Ca2* traces are referred to as ‘pairs’. The dendritic and somatic traces are amplitude matched by
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their peak amplitudes, and the traces were then smoothed (o = 3 frames, ~0.5 s). Ca* events were detected by first estimating the
local noise distribution and then detecting deviations that exceed this distribution. In order to avoid biases due to the sparse but large
Ca?* transients, we used quantiles rather than averages to estimate the noise floor: For each sample of both the top and the bottom
trace, a separate probability of that sample being noise is computed by fitting a Gaussian distribution to the noise by quantiles
(mean = 40" percentile, std = range of 10" to 90" percentiles). This fitting procedure captures the statistics of the background noise
in the GCaMP traces but is unaffected by transients or firing rate differences. The overall noise probability is then defined as the
product of the dendritic and somatic noise probabilities (close to 1 for noise, close to 0 for signals exceeding the noise floor, See
Figure S4D). This product implements an ‘or’ function, where events originating from either the soma or dendrite are detected in
an unbiased manner. Event onsets are defined as P(noise) values under 0.2 and offsets as increases over 0.7. Events are then clas-
sified as local dendritic or local somatic if they are significantly driven by only one of the signals, and joint otherwise. To perform this
classification, the somatic versus dendritic signals (in the normalized data) are compared per event. For each event, the 25" percen-
tile of the difference between the normalized dendritic and somatic AF/Fq signals throughout the event is computed. If this difference
exceeds > 0.01, and if the somatic signal quantile stays below 0.05, the transient is labeled as local dendritic. The reverse criterion is
applied to identify local somatic events: if the somatic signal is bigger (difference < —0.02), and the quantile of the dendritic signal is
below 0.02, it is labeled as somatic. All remaining events, with contributions from both the soma and dendrite, are labeled as ‘joint’.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, all statistical tests are computed two-sided as Wilcoxon rank sum tests when samples are independent or as
signed rank tests when the samples are paired. No statistical methods were used to predetermine sample size. The investigators
were not blinded to allocation during experiments and analysis. Distributions of measurements are plotted as histograms, normalized
via the sum, so that the sum of the entire plotted histogram is 1. The x/y position of the mouse was computed from the raw tracking
data by an affine transform to remove the camera distortion and occasional obvious tracking errors were removed by interpolating
over individual frames with a position jump of > 5cm. The x/y data were then median filtered with a 3-bin window to reduce jitter, and
down-sampled and aligned to the Ca?* data. Head direction (HD) data were available at 500Hz with virtually no noise directly from the
motor controller and were simply down-sampled. In some cases, only a subset of soma-dendrite pairs where a certain threshold of
Ca?* events was observed was analyzed, such as for the analysis of tuning differences, and the selection criteria are stated in the
figure. The Ca* timescales were measured by fitting an exponential decay function to the time segment between the peak of
each transient (defined on a smoothed copy of the trace to increase robustness, ¢ = 2 frames), and the end of the transient, defined
as return to 0, and the decay time constant 7 is reported as positive numbers. For comparisons of local versus joint event amplitudes,
the mean amplitudes of local and joint events were compared per pair. The same result can be seen if the mean joint event amplitude
was computed for each pair, and the difference of individual local events versus that mean amplitude are reported (N = 985, p <
0.001). To compute the spatial and head-direction (HD) tuning, event rates were computed by dividing event count by occupancy
in an 8x8 grid for the position, and 40 bins, circularly smoothed with ¢ = 0.075 radians for HD, excluding times when the mouse
was stationary. To compute the information content of the tuning, the entropy of the distributions was computed as the Kullback-
Leibler (KL) divergence between the distribution of rates and the distribution of occupancy, giving a measure of whether and how
much additional information is contained in the firing rate pattern. Zero and negative values indicate cells that do not contain rate
information in that dimension. To compute an unbiased comparison between the tuning of dendrite segments and their soma, the
joint and local dendritic events were converted to rate-matched point processes, by sampling events from the (more numerous) joint
events to match the number of local events. Now the tuning of local events was first compared to itself by splitting the data in half. This
comparison gives a baseline difference that captures the variance /reliability of the encoding by the dendritic signal, against which
another signal can be compared. The dendritic coding is compared to that of the (rate matched) parent soma, across the same split
(Figure 5E), so that both comparisons are done from one dendritic signal to dendritic and somatic signals captured simultaneously,
resulting in an unbiased comparison of the dendritic to somatic tuning, taking the tuning reliability into account. The comparison was
carried out by computing the tuning as described before, and calculating the difference as the 2-norm, [tuning, -tuning,|.

DATA AND CODE AVAILABILITY

Code generated during this study is available at https://github.com/jvoigts/rotating-2p-image-correction. Datasets generated in the
current study are available from the corresponding author on request.

Neuron 705, 237-245.e1-e4, January 22, 2020 e4

CellPress



https://github.com/jvoigts/rotating-2p-image-correction

	Somatic and Dendritic Encoding of Spatial Variables in Retrosplenial Cortex Differs during 2D Navigation
	Introduction
	Results
	Two-Photon Imaging in Locomoting Mice with Free Horizontal Head Rotation
	Simultaneous Somatic and Dendritic GCaMP Imaging during Locomotion and Head Rotation
	Somatic and Dendritic GCaMP Transients
	Somatic and Dendritic Encoding of Spatial Variables Differ during 2D Navigation

	Discussion
	Active Dendritic Computation
	Other Applications of the Technology

	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Method Details
	Mechanical system
	Force feedback control system
	Surgery
	Chronic Electrophysiology
	2-Photon imaging
	De-rotation
	Correction of uneven illumination
	Identification and classification of Ca2+ transients

	Quantification and Statistical Analysis
	Data and Code Availability



