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The dendrites of cortical pyramidal neurons receive synaptic inputs from different pathways that are organized
according to their laminar target. This architectural scheme provides cortical neurons with a spatial mechanism
to separate information, which may support neural flexibility required during learning. Here, we investigated
layer-specific plasticity of sensory encoding following learning by recording from two different dendritic com-
partments, tuft and basal dendrites, of layer 2/3 (L2/3) pyramidal neurons in the auditory cortex of mice.
Following auditory fear conditioning, auditory-evoked Ca®" responses were enhanced in tuft, but not basal,
dendrites leading to increased somatic action potential output. This is in direct contrast to the long held (and
debated) hypothesis that, despite extensive dendritic arbors, neurons function as a simple one-compartment
model. Two computational models of varying complexity based on the experimental data illustrated that this
learning-related increase of auditory responses in tuft dendrites can account for the changes in somatic

(s

This study directly investigates whether information processing in neurons is compartmentalized within dif-
ferent dendritic regions. Our findings shed light on the learning-related changes that occur in dendritic com-
partments residing in different layers of the cortex (i.e., tuft and basal dendrites), illustrating that layer 2/3
(L2/3) pyramidal neurons are able to compartmentalize learning signals which leads to enhanced somatic
output. The compartmentalization of experience-dependent plasticity supports flexible sensory processing
and may increase the computational power of single pyramidal neurons. In addition, it highlights the special
\role of tuft dendrites, the target of top-down inputs, in modulating sensory encoding following fear learning. /
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output. Taken together, we illustrate that neurons do not function as a single compartment, and dendritic com-
partmentalization of learning-related plasticity may act to increase the computational power of pyramidal

neurons.

Key words: compartmentalization; dendrites; fear learning; two-photon calcium imaging; whole-cell patch clamp

in vivo

Introduction

Cortical pyramidal neurons lay at the heart of sensory
processing. As the target of synaptic input, cortical
dendrites encode sensory stimuli and perception (Xu et
al., 2012; Palmer, 2014; Takahashi et al., 2016, 2020;
Ranganathan et al., 2018) and ultimately influence neu-
ronal firing (Stuart et al., 1997; Helmchen et al., 1999;
Larkum et al., 1999; Golding et al., 2002; Losonczy et
al., 2008; Lavzin et al., 2012; Harnett et al., 2013; Smith
et al., 2013; Palmer et al., 2014; Manita et al., 2015).
Despite their extensive and distinctive morphology,
dendrites have historically been treated as a single en-
tity, acting as a single compartment to sum synaptic
input (Rall, 1962; Mainen and Sejnowski, 1996; Segev
and Rall, 1998; Hausser and Mel, 2003). However, with-
in a single neuron, different information pathways target
different regions of the dendritic tree. Basal dendrites,
which emanate from the soma of pyramidal neurons,
largely receive sensory input and are thought to play an
important role in the processing of sensory feedforward
(or bottom-up) information (Bannister, 2005; Petreanu et
al., 2009). Conversely, distal tuft dendrites, residing in
the upper layers of the cortex, largely receive feedback
(or top-down) input from higher order areas (Petreanu et
al., 2009) and are thought to play an important role in the
modulation of sensory encoding (Cauller, 1995; Petreanu
et al.,, 2012; Larkum, 2013; Makino and Komiyama,
2015; Manita et al., 2015; Roth et al., 2016; Marques
et al., 2018; Keller et al., 2020). Since they are morpho-
logically separated, the distal tuft and basal dendrites
of cortical pyramidal neurons provides individual neu-
rons with a cellular mechanism to simultaneously and
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independently process different information pathways
(Koch et al., 1982; Hausser and Mel, 2003; Poirazi et al.,
2003; Beaulieu-Laroche et al., 2018). By providing multi-
ple independent integrative units, dendritic compart-
mentalization in cortical neurons may ultimately act to
increase the computational power of individual neurons
and support the neural flexibility required during learning
(Koch et al., 1982; Hausser and Mel, 2003; Poirazi et al.,
2003; Beaulieu-Laroche et al., 2018).

In sensory cortices, learning influences local circuits
(Makino and Komiyama, 2015; Audette et al., 2019)
leading to local plasticity (Bakin and Weinberger, 1990;
Edeline et al., 1993; Weinberger, 1993; Weinberger et
al., 1993) and altered network activity (Gdalyahu et al.,
2012; Kass et al., 2013; Makino and Komiyama, 2015;
Lacefield et al., 2019). Since experience-dependent plas-
ticity can occur at the level of a single dendrite (Holthoff et
al., 2006; Makino and Malinow, 2011; Cichon and Gan,
2015; Brandalise et al., 2016; Sandler et al., 2016; Bittner
et al., 2017), cortical dendrites are ideal candidates for driv-
ing the specific and dynamic changes in sensory process-
ing that occur during learning. Here, we tested this by
investigating whether auditory fear learning influences the
processing of auditory information in the dendrites of
cortical pyramidal neurons. By focusing on both the dis-
tal tuft and basal dendrites of layer 2/3 (L2/3) pyramidal
neurons, which reside in different cortical layers, we as-
sessed whether learning causes different dendritic com-
partments to undergo similar plasticity during sensory
processing, or whether plasticity is compartmentalized
in the physically separate dendrites. Using two-photon
Ca?" imaging in the auditory cortex of anaesthetized
mice, we reveal a learning-related increase in auditory-
evoked Ca?" responses in tuft, but not basal, dendrites.
Fear learning also enhanced the somatic action poten-
tial output, despite no change in the auditory-evoked
subthreshold voltage response. Computational mod-
els based on the experimental data further showed
that our results are consistent with tuft dendrites play-
ing a primary role in driving the enhanced somatic out-
put following learning. Taken together, the specific
learning-related plasticity in tuft, but not basal, den-
drites suggests that plasticity can be compartmentalized
within cortical pyramidal neurons, leading to increased
somatic output.

Materials and Methods

All experiments were conducted in strict accordance
with the Code of Practice for the Care and Use of Animals
for Scientific Purposes (National Health and Medical
Research Council, Australia) and guidelines given by the
veterinary office at the Florey Institute of Neuroscience
and Mental Health.
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Auditory fear conditioning

Mice [C57BL/6; postnatal day (P)42-P70, females]
were exposed to an auditory fear conditioning proto-
col. Mice were placed in fear conditioning chambers
(MedAssociates) for 2 min of habituation before trains
of auditory tones were presented at 1 Hz (pure tones: 5
or 15kHz; 5 x 500-ms duration, 500-ms Inter Stimulus
Interval (ISl)). The auditory trains were presented either
with (CS+) or without (CS-) a 0.6-mA footshock for six
times each (5 s each), in a block design (CS+ following
the CS- block). The onset of the footshock coincided
with the onset of the last tone in the train of tones.
After 24 h, CS+ and CS- were presented again in a dif-
ferent context (eight repetitions each, duration 10 s)
and freezing behavior were recorded and compared.
Freezing scores were automatically measured by the
software (MedAssociates) as the percentage of freez-
ing during auditory stimulus presentation, corrected
with the baseline values (first 2 min of habituation). Mice
that failed to discriminate between the CS- and CS+
(<80% difference in freezing) were excluded from addi-
tional experiments and recordings.

Virus injections

Mice (C57BL/6; P30-P42) were anaesthetized with iso-
flurane (3% in 0.75 I/min O,) and body temperature was
maintained at 36-37°C. Eye ointment was applied to pre-
vent dehydration. Meloxicam (1-3 mg/kg, llium) was intra-
peritonially injected at the beginning of the surgery. The
skin was disinfected with ethanol 70% and betadine and
a small slit was made in the skin to expose the skull. A
small craniotomy (<0.5 mm) was made over the left au-
ditory cortex (2.5 mm posterior to bregma and 4.5 mm
lateral from midline) and the dura was left intact. To
obtain sparse labeling of L2/3 pyramidal neurons, a
mix of the Cre-dependent Ca?" indicator, GCaMP6f
(AAV1.Syn.Flex.GCaMP6f.WPRE.SV40, UPenn) and di-
luted Cre (1:6000; AAV1.hSyn.Cre.WPRE.hGH, UPenn)
was injected at a dorsoventral distance of 450 um with a
microcapillary pipette. Finally, the skin was sutured and
the mouse put back into their cage for a minimum of
three weeks to allow expression of GCaMP6f, before two
photon imaging.

Auditory stimulation

During two-photon Ca?* imaging and whole-cell patch
clamp voltage recordings, auditory stimulation (pure
tones: 5 or 15kHz; 5 x 500-ms duration, 500-ms ISI; 20
trials each) was provided through a speaker (8Q, 5 W;
digikey) positioned on the right side of the mouse ~8-
10cm from the contralateral ear. The auditory stimuli
were custom made and delivered with an Arduino proc-
essing board at ~70dB.

Two-photon CaZ" imaging and image analysis

Mice previously transfected with GCaMP6f were initially
anaesthetized with isoflurane (3% in 0.75 I/min O,) before
urethane anesthesia (1.6 g/kg, i.p.; Sigma) was adminis-
tered. After removing the skin and cleaning the skull with
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NaOH (3%), a craniotomy was performed (3 mm diameter)
over the virus injection site in the auditory cortex (left
hemisphere). A circular coverslip (3 mm diameter, size #1)
was placed over the craniotomy and sealed with glue.
A custom-made metal head-bar (0.5 g) was attached to
the skull using dental cement (paladur, Heraeus). For
dendritic imaging, GCaMP6f was excited at 940nm
(~30 mW at the back aperture) with a titanium sapphire
laser (140-fs pulse width; SpectraPhysics MaiTai Deepsee)
and imaged on a Sutter MoM through a 16x Nikon
objective (0.8 NA). Emitted light was passed through a
dichroic filter (565dcxr, Chroma Technology) and short-pass
fitered (ET525/70-2p, Chroma Technology) before being
detected by a GaAsP photomultiplier tube (Hamamatsu).
Images were acquired at a frequency of 30Hz (512 x
512 pixels) using Scanimage software. Ca®™ activity was
recorded from visually identified tuft and basal dendrites
of L2/3 pyramidal neurons within the auditory cortex at a
depth of 30-80 and 150-250 um from the pia surface,
respectively. To ensure all reported dendrites are from
L2/3 pyramidal neurons, we visually followed tuft den-
drites to the soma of origin and performed Z-stacks in all
experiments. Horizontal and vertical drifts of imaging
frames because of animal motion were corrected by
registering each frame to a reference image based on
whole-frame cross-correlation. The reference image was
generated by averaging frames for a given field of view
(FOV) in which motion drifts were minimal (>15 pixels).
Regions of interest (ROIs) were selected using the SD of
all frames in randomly selected trials (five to eight trials,
~2000-4000 frames, spanning the entire imaging ses-
sion) and manually drawn using the freehand tool in
Imaged. ROIs were selected so that each ROI repre-
sented a single dendrite. For display purposes only, im-
ages were gamma corrected.

Ca?" analysis

All Ca?* signal processing was performed with custom
written MATLAB scripts. Fluorescence traces are
expressed as relative fluorescence changes, AF/F =
(F - Fo)/Fp. Ca®" responses were smoothed using a
Savitzky-Golay filter (second order polynomial and
seven sample window). Baseline fluorescence (Fg) for
each ROl was calculated from the average baseline
florescence intensity during 5 s before the stimulus
onset of each trial. For each dendrite, the Ca®* traces
for all trials were averaged together to generate a trial-
averaged Ca®" response. Evoked Ca®" responses were
detected if they were greater than 3x the SD of the
baseline (5 s before the auditory stimulus onset). Peak
amplitudes of the trial-averaged Ca®" responses were
measured from when the fluorescence trace crossed
the 3x baseline SD threshold value. To calculate the in-
tegral of the Ca®" response, trapezoidal numerical inte-
gration was performed on the trial-averaged Ca®" response
normalized to the maximum amplitude of the evoked re-
sponse. Unless otherwise stated, data are presented as the
mean response and error bars represent the SEM. 3D re-
construction and tracing of tuft dendrites was performed
using the NeuTube software. Correlation coefficients
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were measured as the total number of Ca®* transients
occurring within sister dendritic branches during a trial
divided by the total number of sister branches recorded
for a given neuron.

Whole-cell recordings under anesthesia

Mice (C57BL/6; P42-P63) were initially anaesthetized
with isoflurane (3% in 0.75 I/min O,) before urethane anes-
thesia (1.6 g/kg, i.p.; Sigma) was administered. Anesthesia
was monitored throughout the experiment, and a top-up
dose of 10% of the initial urethane dose was adminis-
tered when necessary. Body temperature was main-
tained at 36-37°C. Lidocaine (20 mg/ml, llium) was
injected around the surgical site on the scalp and the
head was stabilized in a stereotaxic frame by a head-
plate attached to the skull with dental cement (paladur,
Heraeus). A craniotomy was performed over the left
auditory cortex (~1.5 x 1.5 mm?), centered at —2.5 mm
from bregma and 4.5-5 mm lateral from midline. The
dura was surgically removed and the brain was con-
stantly bathed with normal rat ringer (135 mm NacCl,
5.4 mm KClI, 1.8 mm CaCl,, 1 mm MgCl,, 5 mm HEPES)
throughout the experiment. Whole-cell in vivo patch
clamp recordings were performed using a patch pip-
ette (resistance 6-9 MQ) filled with an intracellular so-
lution containing 115 mm potassium gluconate, 20 mwm
KCI, 10 mm sodium phosphocreatine, 10 mm HEPES,
4 mm Mg-ATP, 0.3 mm Na-GTP, adjusted to pH 7.3-7.4
with KOH. The patch pipette was inserted into the
brain at an angle of 30°- 40° relative to the cortical sur-
face, to a depth of ~200 um (to target L2/3 neurons).
The pipette was then advanced in steps of 1um (to
a maximum distance of 300 um in the hypotenuse tra-
jectory) until a neuron was encountered. Whole-cell
voltage recordings were performed from the soma
using Dagan BVC-700A amplifiers and were filtered at
10 kHz. Once a whole-cell recording was obtained, the
voltage response to incremental current steps (50 pA;
800 ms) was recorded to characterize the neuron. In a
subset of neurons which had a low rate of action po-
tential firing, positive holding current was applied to
the neuron via the patch pipette (~50pA) to provide
additional depolarization to lower the threshold for action
potential generation. Custom-written Igor software was
used for the acquisition and of whole-cell recordings. In a
subset of experiments, 5-(and-6)-Tetramethylrhodamine
biocytin (biocytin-TMR, ThermoFisher) was added to the
patch pipette and released extracellularly after the record-
ings to identify the auditory cortex post hoc. Brains were
fixed with paraformaldehyde (PFA; 4%), sliced on a vibra-
tome (200 um; Leica) and fluorescence imaging was per-
formed to confirm the location of the recordings.

Data analysis

For whole-cell recordings, the evoked subthreshold re-
sponse was analyzed as the integral of the evoked voltage
envelope (for each tone) using a custom written script in
Igor. The firing rate was measured as the number of action
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potential detected in a 500-ms window from each tone
onset divided by the number of trials.

Drug application

During in vivo whole-cell patch clamp recordings, APV
(200 um diluted 20x in ringer; Tocris) was topically applied
over the craniotomy and current clamp recordings were
performed.

Statistical analysis

Data were tested for normality and parametric or non-
parametric test were used accordingly using the soft-
ware GraphPad Prism (version 9.0.0). For paired data,
Wilcoxon matched-pairs signed-rank test was used for
statistical analysis. For unpaired data, Mann-Whitney
test was used for statistical analysis. Statistical tests are
reported in each figure caption. All data are reported as
mean value = SEM.

Computational model

A multicompartmental computational model of a L2/3
pyramidal neuron was simulated based on previous
work (Palmer et al., 2014). Details of the parameters of
the model are given in Extended Data Figure 4-1. The
model and code to run all simulations will be available
on ModelDB (https://senselab.med.yale.edu/modeldb/)
at the time of publication. Intrinsic membrane mechanisms
were taken from the Hay et al. (2011) layer 5b pyramidal
model and consisted of 10 active conductances, internal
Ca?" dynamics, and passive conductances. Values were
chosen by starting with the biophysics of the Hay and col-
leagues model and modifying them to better fit experimen-
tal data for L2/3 pyramidal neurons. The main changes
were decreases in |, and Ca®" HVA and LVA channel con-
ductances and increases in the two S, channel conductan-
ces (see Extended Data Fig. 4-1 for details).

To model the effects of fear learning, excitatory synap-
tic input was modelled by a voltage dependent NMDA
and voltage independent AMPA conductance at each
synapse, using a NEURON mechanism created by Alon
Polsky on http://senselab.med.yale.edu/ and published
previously (Larkum et al., 2009). The NMDA conductance
was voltage dependent and given by gnvpa = guax(exp
(-t/70) -exp(-t/3))/(1 + 0.3 exp(—0.08v)), and AMPA con-
ductances were modeled with an instantaneous rise time
and decay time constant of 0.5 ms (Larkum et al., 2009).
Each synapse had a maximum NMDA to maximum AMPA
conductance ratio of 1:1. 75 background synapses were
randomly distributed across the neuron and were given
maximum conductances of 1 nS. Each background syn-
apse was randomly activated between 10 and 100 Hz. To
model stimulus-evoked synaptic input, top-down and
bottom-up NMDA/AMPA synapses were distributed with
uniform distribution across the tuft and basal dendrites.
Each of the sensory inputs fired once at a randomly se-
lected time during the stimulus window of 500ms. To
compare increasing tuft versus basal inputs on the model
firing, we simulated 200 basal (or tuft) stimulus-evoked
synapses with increasing tuft (or basal) stimulus-evoked
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synaptic inputs, from 200-300 synapses. A total of 4730
simulations were run, randomly selecting the locations
and timing of each synapses for each simulation.

Reduced model

To simulate auditory inputs onto a L2/3 pyramidal neu-
rons in a model with fewer parameters, we adopted a
composite sigmoid model, previously used to model the
interaction of tuft and basal compartments of a L5 pyrami-
dal neuron. This model has considerably fewer parame-
ters, all of which are easily interpretable; they describe
two tuft sigmoids which control the threshold and maxi-
mum of a basal sigmoid which converts basal input into a
firing rate. The form this model took was the following:

M(t) =a, + — 2
1+e @
b
T(t) =by + 2
1+e B
M)
F(b7 t) = C1 + 1 + ef(bfT(t))

The independent variables b and t are the basal and tuft
inputs, the functions M(t) and T{(t) are each sigmoids para-
metrized by the parameters a and b, and control the maxi-
mum and threshold values of a third sigmoid, F(b,t) that
describes the transformation of basal input into output
frequency. The parameter c; describes the baseline firing
rate. We binned the 500-ms auditory period into 10 50-ms
periods. To find the parameters for our simulations that
might fit the multicompartmental data, we employed a ge-
netic algorithm, using the absolute difference between the
curves in Figure 4c,f as a loss function. For each simula-
tion we assigned all tuft and basal inputs times by sam-
pling from a uniform distribution from 0 to 500 ms, and
then binned each synapse into the 10 time periods of the
simulation. For every time period, we ran the inputs
through the composite sigmoid model to get a Poisson
probability, and then sampled from that distribution to get
a number of spikes in that time bin. Doing that for every
bin gave us a total spike count, which we then converted
into an output frequency, to get the plot in Figure 4f. The
code for the reduced model and code for fitting using the
genetic algorithm are available online at https://github.
com/adamimos/FearfulDendrites.

Results

Auditory-evoked responses to CS+ are enhanced in
tuft dendrites

To assess the influence of learning on dendritic encod-
ing of sensory information, mice were exposed to an audi-
tory fear conditioning protocol that consisted of trains of
pure tones (5 x 500 ms, 5 or 15 kHz) presented with (CS+)
or without (CS-) a mild footshock (Yang et al., 2016; Fig.
1a). The auditory stimuli (5 or 15kHz) were counterbal-
anced and randomly allocated as either CS+ or CS-.
Behavioral freezing responses to the auditory stimuli were
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tested the day following conditioning. Conditioned mice
discriminated between the two stimuli, with CS+ reliably
evoking more freezing compared with CS- (68.5 £2.3%
vs 12.3 +2.1%; n=20 mice; p=0.0001; Fig. 1b). To de-
termine how the processing of sensory information in
cortical dendrites was influenced by fear learning, we per-
formed two-photon calcium imaging in the dendrites of
L2/3 pyramidal neurons within the auditory cortex of ure-
thane anaesthetized mice sparsely transfected with the
genetic Ca®" indicator GCaMP6f. Since learning involves
feedback information within the upper layers of sensory
cortices (Makino and Komiyama, 2015; Doron et al.,
2020), we first investigated whether sensory information
at the dendritic site of feedback input in pyramidal
neurons, tuft dendrites, is altered by auditory fear con-
ditioning. Following the fear conditioning protocol, au-
ditory-evoked Ca®" activity was recorded in the tuft
dendrites of L2/3 pyramidal neurons (<80um below
pia; Fig. 1c,d). Overall, a similar number of tuft dendrites
responded to the auditory stimuli presented during fear
conditioning (CS+: 20% and CS-: 18%). However, in
these dendrites, the peak of the average Ca®" response
evoked during CS+ was significantly larger than CS—
(0.74 £0.05 vs 0.58 = 0.05 AF/F; n=52/46 dendrites, 9
mice; p=0.005; Fig. 1e,f). In contrast, there was no
overall difference in the auditory-evoked responses in
naive mice (5 and 15kHz; p=0.52; Fig. 1f; Extended
Data Fig. 1-1), suggesting the increased Ca®* response
to CS+ in tuft dendrites is due to learning-related plas-
ticity of the auditory-evoked response. To further probe
whether this increase in dendritic activity was indeed
learning dependent and not simply because of stimuli ex-
posure, we compared the average Ca®" responses to both
CS+ and CS- with a reference stimulus composed of
a train of tones not previously presented to the mice
(5 x500ms, 10kHz; Extended Data Fig. 1-2). Here, the
overall auditory-evoked Ca®* response was significantly
larger during CS+ (1.48 = 0.05 AF/F*s; n=52 dendrites,
Fig. 1g) compared with either the CS- (1.12 = 0.05 AF/F*s;
n =46 dendrites; p < 0.001; Fig. 1g) or the reference stimu-
lus (1.33 = 0.08 AF/F*s; n=37 dendrites, p =0.02; Fig. 19).
Importantly, there was no difference in the auditory-evoked
Ca®" response to CS- and the reference stimulus (o=
0.11; Fig. 1g), illustrating that the increase in dendritic ac-
tivity in response to CS+ was learning dependent and not
because of stimuli exposure.

Is this learning-related plasticity encoded locally, on a
single dendritic branch, or on multiple tuft dendrites within
a single neuron? To address this, we reconstructed L2/3
pyramidal neurons post hoc and retrospectively assessed
the auditory-evoked Ca®* responses to conditioned stim-
uli in tuft dendrites from the same neurons (Extended
Data Fig. 1-3; see Materials and Methods). Identifying
branches from the same neuron illustrated that tuft den-
drites typically had similar patterns of activity, however,
auditory-evoked Ca®" events were occasionally localized
to a single branch. Following fear learning, the correlation
of Ca®" transients across tuft dendrites of the same neu-
ron were similar during CS+ and CS- (Extended Data Fig.
1-3), suggesting that fear conditioning did not alter the
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Figure 1. Auditory-evoked Ca®* responses to CS+ are enhanced in tuft dendrites. a, Schematic of the experimental design and of
the auditory fear conditioning protocol. b, Freezing scores to CS+ and CS- 24 h after conditioning (n=20 mice; paired t test). ¢
Schematic of the experimental design. Example field of view (FOV) of tuft dendrites from L2/3 pyramidal neurons in the auditory cor-
tex expressing GCaMP6f. Scale bar: 10 um; 5pum (inset). d, Top, Heatmaps of Ca?" transients in response to CS+ (left) and CS—
(right) in an example tuft dendrite. White bars indicate timing of the tones (5 x 500 ms). Bottom, Trial-averaged Ca®" responses to
CS+ (cyan) and CS- (magenta). Bold line, Average response; light shading, SEM. e, Overlay of the trial-averaged Ca®" responses
to CS+ (cyan) and CS- (magenta) from the same tuft dendrite shown in d. Gray bars show the tones in the auditory stimuli. f, Peak
amplitude of the trial-averaged Ca®* responses to CS+ (0.74 = 0.05 AF/F) and CS- (0.58 + 0.05 AF/F). Mann-Whitney test. Inset,
Peak amplitude of the trial-averaged Ca®" responses in naive mice were not different (see also Extended Data Fig. 1-1). g, Integral of
the trial-averaged Ca®" responses to CS+ (1.48 +0.05 AF/F*s), CS- (1.12+£0.05 AF/F*s), and a reference stimulus (10kHz;
1.33 £0.08 AF/F*s; Extended Data Fig. 1-2). Mann-Whitney test. All data represented as mean = SEM. ns: p > 0.05, * p < 0.05,
**p < 0.01, *** p < 0.0001. In a subset of experiments, tuft dendrites were traced to their soma of origin to measure the correlation

of activity across dendritic branches of the same neuron (Extended Data Fig. 1-3).

overall dendritic pattern of activity. Taken together, we
found a learning-related increase of auditory-evoked re-
sponse in tuft dendrites of L2/3 pyramidal neurons, sug-
gesting plasticity occurs within tuft dendrites following
fear learning.

CS+ and CS- evoke similar activity in basal dendrites
Does learning-related plasticity occur throughout an
individual neuron, or is it compartmentalized to specific
dendritic regions? To test this, we assessed whether
fear learning also influences the processing of sensory
information in the basal dendrites of L2/3 pyramidal
neurons. Following the fear conditioning protocol, audi-
tory-evoked Ca®" activity was recorded in basal den-
drites (>100 um below pia; Fig. 2a,b). In contrast to tuft
dendrites, CS+ and CS- evoked similar activity in basal
dendrites, with no difference in the peak amplitudes
(CS+:0.78 = 0.04; CS-: 0.90 = 0.05, n=56/61 dendrites,
8 mice, p=0.25; Fig. 2c,d) and integral of the auditory-
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evoked Ca®'responses (CS+: 1.51 =0.07 AF/F*s; CS—:
1.60 = 0.05 AF/F*s; n=56/61 dendrites, 8 mice, p=0.39;
Fig. 2d). These findings suggest that the processing of
sensory information in basal dendrites is not influenced
by fear learning. To confirm that the auditory-evoked
Ca®" responses in basal dendrites was independent
of stimuli exposure, we compared the Ca®" response to
both CS+ and CS- with a reference stimulus composed
of a train of tones (5 x500ms, 10kHz) not previously
presented to the mice (10 kHz: 1.56 = 0.05 AF/F*s; n=64
dendrites; Extended Data Fig. 2-1). Here, there was no
significant difference in the auditory-evoked Ca®" re-
sponses of the reference stimulus compared with CS+
(p=0.47) and CS- (p=0.34; Fig. 2e). Furthermore, the av-
erage Ca®" responses evoked by the reference stimulus
were similar in both tuft and basal dendrites (p=0.34;
Extended Data Fig. 2-1), suggesting that neither the depth
of recordings nor a spatially disparate influence of anesthe-
sia contributed to the reported differences in the evoked
Ca®" activity in tuft and basal dendrites following fear
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Figure 2. CS+ and CS- evoke similar responses in basal dendrites. a, Top, Schematic of the experimental design. Example FOV of
basal dendrites from L2/3 pyramidal neurons expressing GCaMP6f (located 100-250 um below pia). Scale bar: 10 um. Inset, Zoom
image of basal dendrite. Scale bar: 5pum. b, Heatmaps of Ca®* transients in response to CS+ (left) and CS- (right) in an example
basal dendrite. White bars indicate timing of the tones (5 x 500 ms). Bottom, Trial-averaged Ca®* responses to CS+ (cyan) and CS-
(magenta). Bold line, Average response; light shading, SEM. ¢, Overlay of the trial-averaged Ca®* responses to CS+ (cyan) and
CS- (magenta) from the same basal dendrite shown in b. Gray bars show the tones in the auditory stimuli. Inset, Peak amplitude of
the trial-averaged Ca®* responses to CS+ (0.78 + 0.04 AF/F) and CS- (0.90 = 0.05 AF/F). Mann-Whitney test. d, Integral of the
trial-averaged AF/F responses to CS+ (CS+: 1.51 =0.07 AF/F*s), CS- (1.60 =0.05 AF/F*s), and a reference stimulus (10kHz;

1.56 = 0.05 AF/F*s; Extended Data Fig. 2-1). Mann-Whitney test. All data represented as mean = SEM. ns: p > 0.05.

learning. Taken together, these results suggest that, unlike
in tuft dendrites, plasticity does not occur in the basal den-
drites of L2/3 pyramidal neurons following fear learning.

Action potential output is increased following fear
learning

Learning-related plasticity in tuft dendrites may in-
crease the efficacy of distal inputs on the somatic out-
put (Palmer et al., 2014). Therefore, we next assessed
whether somatic activity is influenced by fear learning. To
measure the somatic voltage response to CS+ and CS-
auditory stimuli, whole-cell patch clamp recordings were
performed from L2/3 pyramidal neurons in the auditory
cortex of urethane anaesthetized mice following fear con-
ditioning (Fig. 3a, n=13 neurons, 10 mice; see Materials
and Methods). Here, each tone within CS+ and CS-
evoked a robust response consisting of a subthreshold
voltage envelope and action potentials (Fig. 3b). Both
CS+ and CS- evoked a similar subthreshold response
(CS+, 1.20=0.11mV/s; CS—, 1.18+x0.11mV/s; n=13
neurons, 10 mice; p =0.35; Fig. 3c). However, in contrast
to the subthreshold response, the evoked firing rate
was significantly greater during CS+ compared with CS-
(CS+ 0.53*+0.06Hz vs CS- 0.44 = 0.05Hz; n=13 neu-
rons, 10 mice; p=0.01; Fig. 3d). These results illustrate
that fear learning enhances somatic action potential out-
put in the absence of detectable changes in the subthres-
hold voltage. This discrepancy suggests that the greater
evoked firing rate during CS+ is not simply driven by the
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linear somatic summation of synaptic inputs, and may be
because of dendritic electrogenesis which has previously
been shown to directly generate action potentials without
a measurable influence on subthreshold voltage (Larkum
et al., 2009; Palmer et al., 2014). To test whether somatic
output is influenced by modulating synaptic input in the
upper cortical layers where distal dendrites reside, we lo-
cally applied the NMDA-receptor blocker APV onto the
cortical surface while recording somatic voltage activity.
Block of NMDA-dependent events in the upper cortical
layers significantly dampened somatic activity and abol-
ished the increased action potential rate following fear
learning (CS+: 0.06 =0.01Hz vs CS-: 0.07 =0.01 Hz;
p =0.73; Fig. 3e). These results suggest that fear learning
enhances the somatic output of L2/3 pyramidal neurons
within the auditory cortex, which is dependent on synaptic
activation of NMDA channels in the upper cortical layers.

Control of the somatic output by tuft dendrites

Our experimental findings demonstrate that, following
fear learning, auditory-evoked responses are enhanced in
both the tuft dendrites and cell bodies of L2/3 pyramidal
neurons. Does this increase in auditory-evoked signaling
in tuft dendrites explain the changes in somatic firing
rates following fear conditioning? To investigate this, we
examined the influence of changes in synaptic input to
tuft and basal dendrites on action potential generation
using the NEURON simulation platform (see Materials and
Methods; Fig. 4a; Extended Data Fig. 4-1). We modelled
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Figure 3. Action potential output is increased during CS+. a,
Schematic of the experimental design. In vivo patch clamp re-
cordings were performed in the auditory cortex of urethane
anaesthetized mice following auditory fear conditioning. b,
Raster plot of somatic action potentials (top), overlay of voltage
responses (middle), and average subthreshold response (bot-
tom) in an example L2/3 pyramidal neuron during CS+ (cyan)
and CS- (magenta). ¢, Integral of the subthreshold voltage re-
sponse to each tone during CS+ (cyan) and CS- (magenta).
Wilcoxon matched-pairs signed-rank test. d, Average somatic
firing rate during each tone in the CS+ (cyan) and CS- (ma-
genta). Wilcoxon matched-pairs signed-rank test. e, Average
somatic firing rate during each tone in the CS+ (cyan) and CS-
(magenta) after local cortical application of the NMDA channel
agonist, APV. Wilcoxon matched-pairs signed-rank test. Bars
represent mean = SEM. ns: p > 0.05, * p < 0.05.

the relationship between the number of synaptic inputs
to the tuft and basal dendrites that are required to generate
the somatic action potential output recorded in the experi-
mental data (Fig. 4b). During the auditory stimulus period,
we simulated an increasing number of tuft (or basal) inputs
with a constant 200 basal (or tuft) inputs. Overall, less syn-
aptic inputs were required in tuft dendrites (210-215 syn-
apses) compared with basal dendrites (220-245 synapses)
to drive somatic action potential output that corresponded
to the experimentally measured mean firing rate during
CS- and CS+, respectively (Fig. 4c). These findings sug-
gest that, given the nonlinear electrotonic nature of the tuft
dendrites, not only is it plausible for changes in the tuft
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dendrites to account for our experimental results, tuft input
can have a greater influence on somatic output compared
with basal inputs, despite being further from the action po-
tential initiation zone. To more intuitively understand how
the nonlinearities in the pyramidal neurons can lead to
changes in firing rates associated with fear conditioning we
implemented a composite sigmoid model that explicitly
represents the nonlinear interaction of the tuft and basal
dendrites via two tuft sigmoids that control the maximum
and threshold of the neurons input-output function (Fig.
4d). In this model, increasing excitatory input into the tuft
dendrite decreases the threshold and increases the maxi-
mum value of the neurons input-output function in a nonlin-
ear manner (Fig. 4e). Using this model, we simulated
changes in tuft and basal inputs analogously to the simula-
tions in the multicompartmental model. We found qualita-
tively similar results in this vastly simplified model (Fig. 41),
which in this case were easier to interpret. Increasing the
basal inputs in both models resulted in a more linear re-
sponse in output frequency compared with increasing tuft
inputs. Furthermore, the results changing the basal versus
tuft inputs diverged near the output firing rates associated
with empirically measured CS- and CS+ conditions in our
experiments. These results suggest that the L2/3 pyramidal
neurons in our experiments could be taking advantage of
the tuft nonlinearity to use a modest change in inputs to
control the response to conditioned stimuli. Therefore,
compartmentalized learning-related plasticity in tuft den-
drites may provide a mechanism to increase the effect of
distal feedback inputs on the somatic output, increasing
the computational ability and flexibility of L2/3 pyramidal
neurons.

Discussion

The dendrites of pyramidal neurons dynamically en-
code sensory stimuli and perception (Xu et al., 2012;
Palmer, 2014; Takahashi et al., 2016, 2020; Ranganathan
et al., 2018) and are known to support different forms of
plasticity (Holthoff et al.,, 2006; Makino and Malinow,
2011; Cichon and Gan, 2015; Brandalise et al., 2016;
Sandler et al., 2016; Bittner et al., 2017; d’Aquin et al.,
2022; O’Hare et al., 2022; Otor et al., 2022). Using two-
photon Ca®?" imaging and patch clamp electrophysiology
in L2/3 pyramidal neurons within the auditory cortex, we
found that fear learning increases somatic output and
enhances auditory-evoked ca’" responses in tuft, but
not basal, dendrites. These results suggest fear learning
enhances sensory processing in specific dendritic com-
partments, illustrating dendritic compartmentalization of
learning-related plasticity.

The results in this study contribute to a growing body of
evidence that shows the auditory cortex undergoes plastic-
ity following auditory-fear learning (Romanski and LeDoux,
1992; Letzkus et al., 2011; Yang et al.,, 2016; Abs et al.,
2018), where auditory-evoked activity in pyramidal neurons
change both morphologically (Yang et al., 2016; Lai et al.,
2018) and functionally (Weinberger and Diamond, 1987;
Quirk et al., 1995; Letzkus et al., 2011; Gillet et al., 2018;
Dalmay et al., 2019). Our findings also confirm the important
role of cortical layer 1, where tuft dendrites reside, in driving
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while auditory-evoked synapses were distributed uniformly across the basal (blue dots) or tuft dendrites (red dots; see also
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brane potentials during these two simulation conditions are shown for two tuft locations (labels t1 and t2 in panel a), the soma, and
for one basal location (label b in panel a). ¢, To see how changes in tuft and basal inputs change the output of the neuron, we simu-
lated an increasing number of auditory-evoked tuft inputs with a constant 200 basal auditory-evoked inputs (red) and an increasing
number of auditory-evoked basal inputs with a constant 200 tuft auditory evoked-inputs (blue). Error bars are SEM. Dotted lines de-
note the experimentally determined mean firing rates for the CS+ (cyan) and CS- (magenta) conditions. d, Schematic of the re-
duced model using two sigmoids to represent tuft inputs controlling the maximum (green) and threshold (orange) of the neuron
input output function. e, Compared with CS-, the neuron input output function has a decreased threshold (orange) and increased
maximum (green) in response CS+ (illustrated by arrows). f, The reduced model is able to recapitulate the simulation results from

the multicompartmental model in c).

these changes (Abs et al., 2018; Doron et al., 2020). Here,
we demonstrate that auditory-evoked Ca®" responses are
specifically increased in apical tuft dendrites following fear
learning. Such changes were not observed in basal den-
drites, suggesting learning-related neuronal compartmental-
ization of dendritic plasticity. This dendrite-specific plasticity
is not unique to cortical pyramidal neurons as recent studies
have also reported compartmentalized plasticity in the lat-
eral amygdala (d’Aquin et al., 2022) and hippocampus
(O’Hare et al., 2022). Taken together, these results illustrate
that neurons are multicompartmental (Hausser and Mel,
2003) which, by providing neurons with multiple independ-
ent integrative units that process information in parallel, in-
creases the computational power of a single neuron (Poirazi
et al.,, 2003; Jadi et al., 2014; Ujfalussy et al., 2018).

In addition to increasing the computational power of py-
ramidal neurons, compartmentalized experience-depend-
ent plasticity may also provide a cellular mechanism to
gate information received by a neuron, specifically en-
hancing the impact of certain input pathways. Since the
tuft dendrites of pyramidal neurons are the target of long-
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range feedback projections from the fear pathway (Yang
et al., 2016), the enhanced activity in tuft dendrites may
act to ensure this synaptic pathway has a greater influ-
ence at the cell body. Indeed, we found experimental
evidence that tuft dendrites strongly influence somatic
output, increasing the effect of distal synaptic inputs on
the cellular output. This was supported by two computa-
tional models of different complexity, which both showed
that tuft inputs can have a greater influence on somatic
output compared with basal inputs, despite being further
from the action potential initiation zone. This may be a key
mechanism to dynamically enhance top-down control
over sensory encoding which is required during learning
(Makino and Komiyama, 2015). The strong influence of
tuft dendrites on somatic firing in our study is in agree-
ment with other studies (Palmer et al., 2014; Goetz et al.,
2021) showing that small changes in the synaptic inputs
onto the distal dendrites of L2/3 pyramidal neuron can
dynamically drive somatic activity (Goetz et al., 2021).
This was further illustrated experimentally by pharmaco-
logically modulating the synaptic input within layer 1
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by blocking NMDA channels which decreased somatic
action potentials. Together, our findings suggest that
synaptic input onto basal and tuft dendrites may have
different roles in contributing to the overall excitability
of individual neurons. Since learning requires flexibility
in sensory representation, plasticity within different
dendritic compartments may dynamically shift the bal-
ance between feedback (tuft) and feedforward (basal)
information onto a single neuron, resulting in flexile sen-
sory encoding throughout learning (Jordan and Keller,
2020).

In this study, fear learning specifically caused an in-
crease in the Ca®" transient evoked in response to CS+
in tuft, and not basal, dendrites. The cause of this com-
partmentalized Ca®" increase is unknown and could be
because of both presynaptic and postsynaptic processes.
For example, the increase in the tuft response following
fear learning may be due to postsynaptic modification of
synaptic weight, which can change the synaptic response
to incoming input through long-term potentiation (Fusi
and Abbott, 2007; Nabavi et al., 2014). Likewise, presyn-
aptic modification of synaptic input from brain regions
known to be essential for fear conditioning (LeDoux,
2000; Maren and Quirk, 2004) may also drive the increase
in the tuft response to conditioned stimuli by altering their
firing patterns and synaptic targets within the auditory
cortex (Yang et al.,, 2016). Previous studies report that
global Ca®* signaling may result from backpropagating
action potentials (Wilson et al., 2016; lacaruso et al.,
2017; Beaulieu-Laroche et al., 2018; Francioni et al.,
2019; Kerlin et al., 2019). Although backpropagating ac-
tion potentials may contribute to the dendritic Ca®" signal
recorded in our study, we suggest that they do not drive
the compartmentalized increase in Ca®" signaling within
tuft dendrites as we would expect to see a similar change
in the Ca®" response in basal dendrites, which was not
the case. Our findings further suggest that intracellular
calcium stores also did not primarily drive the changes in
dendritic Ca®* responses, as fear learning did not alter
the spatial pattern of dendritic activity which has recently
been shown to be influenced by intracellular calcium re-
lease (O’Hare et al., 2022). Additional in-depth experi-
ments are required to determine the presynaptic and/or
postsynaptic modifications which drive the reported
changes in dendritic signaling following fear learning,
which is an exciting new avenue for future research.

It is important to note that the experiments reported in
this study were performed under urethane anesthesia as,
compared with other common anesthetic, urethane been
shown to have a comparatively smaller influence on den-
dritic processing (Potez and Larkum, 2008). Although an-
esthesia reduces overall feedback activity in the cortex
(Boly et al., 2011; Murphy et al., 2019), our findings illus-
trate that plasticity can still occur in the distal dendrites
that are targeted by feedback input. Our results also sug-
gest that the enhanced neural activity following fear learn-
ing is probably not because of arousal pathways or
movement which are abolished during anesthesia (Salay
et al., 2018; Bigelow et al., 2019; Stringer et al., 2019).
Therefore, the differences in sensory processing following
fear learning reported in this study illustrates the robust
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nature of the enhanced signaling as it was observed even
when feedback pathways were dampened.

In summary, we identified compartmentalized learning-
related plasticity in the processing of auditory stimuli in
the tuft dendrites and somatic output of L2/3 pyramidal
neurons. This is in direct contrast to the long held (and de-
bated) hypothesis that, despite extensive dendritic ar-
bors, neurons may function as a simple one-compartment
model (Poirazi et al., 2003). The ability to adapt behavioral
responses to the external environment relies on the flexi-
bility of sensory representation that can be constantly up-
dated through learning (Kato et al., 2015). Perhaps this is
achieved through the increased cortical computation af-
forded by multiple independent integrative units, which
may provide a cellular mechanism for the control of neural
output during learning.
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