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Perception is causally linked to a calcium-dependent spiking mechanism that is built into the distal
dendrites of layer 5 pyramidal tract neurons — the major output cell type of the cerebral cortex. It
is yet unclear which circuits activate this cellular mechanism upon sensory stimulation. Here we
found that the same thalamocortical axons that relay sensory signals to layer 4 also densely target
the dendritic domain by which pyramidal tract neurons initiate calcium spikes. Distal dendritic
inputs, which normally appear greatly attenuated at the cell body, thereby generate bursts of action
potentials in cortical output during sensory processing. Our findings indicate that thalamus gates
an active dendritic mechanism to facilitate the combination of sensory signals with top-down
information streams into cortical output. Thus, in addition to being the central hub for sensory
signals, thalamus is also likely to ensure that the signals it relays to cortex are perceived by the
animal.

Introduction

The ability to combine sensory signals with internal information streams is a hallmark feature of the
cerebral cortex, forming the basis for perception and cognition, and the resulting behavior. It is thought
that the pyramidal tract neurons in cortical layer 5 (L5PTs) are key for such combination processes (/, 2).
Along their extensive dendrites, these major cortical output neurons combine information streams arriving
at all layers, and then broadcast the results of this combination to a variety of downstream subcortical
brain regions (3). In order to contribute to cortical output, distal dendritic inputs must, however, cross a
high threshold to evoke dendritic calcium action potentials (APs) (4), but can then generate bursts of
axonal action potentials (5). Direct evidence that this calcium-dependent spiking mechanism is utilized to
implement higher brain functions was recently reported for the L5PTs in the vibrissa-related part of mouse
primary somatosensory cortex (vS1) — the barrel cortex (2). Elevated calcium activity in the distal
dendrites, in combination with burst firing, correlated with the threshold for perceiving whisker stimuli
(6). Manipulations of the dendritic calcium domain even allowed to lower or raise the perceptual threshold.
The circuits underlying these remarkable observations have yet to be revealed. This is particularly
challenging, as it remains still unclear which circuits underlie the sensory-evoked responses of L5PTs in
general.
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In conventional views of the cortical circuitry, L5PTs are considered as terminal points for sensory
processing, assuming that sensory input is transformed as excitation spreads along connections from
thalamus to layer 4, then to layers 2/3, to layers 5/6, and finally to downstream subcortical regions (7-9).
However, inactivating layer 4 was shown to have no effect on the sensory-evoked responses of L5PTs
(10), whose onset latencies generally rival or even precede those in layer 4 (10-14). It was therefore
suggested that sensory-evoked responses in the major cortical output neurons might be driven directly by
the thalamus (/0). However, we recently reported that inactivating a specific subpopulation of neurons in
layer 6 abolished sensory-evoked APs in the L5PTs (/3). Thus, synaptic input from the thalamus is
generally not sufficient to drive cortical output directly. Therefore, here we asked: What is the actual
relevance of thalamocortical input to L5PTs, and could this direct source of sensory information to the
major cortical output neurons contribute to their role during perception?
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Fig. 1: Identifying thalamocortical synapses
along the dendrites of in vivo recorded neurons.
a. Example of recorded and reconstructed
pyramidal tract neuron in layer 5 (L5SPT) of the
vibrissa-related part of rat primary somatosensory
cortex (vS1). Top: image of layer 4 in vS1 shows
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thalamocortical (TC) synapses. The arrows denote
the location of the apical dendrite of a biocytin
labeled L5SPT (i.e., the cell body is located in a
deeper histological section). b. Reconstruction of
the L5PT from panel a. Arrows in zoom-ins denote
the TC synapse examples in the super-resolution
microscopy images. ¢. Density of TC synapses per
50 pm dendritic length for four L5PT examples
(including the one from panels a/b). The highest
density of TC synapses correlates with the location
of the primary branch point (BP) of the apical
dendrite in all reconstructed L5PTs (n=10; Fig.
S2b).
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To address these questions quantitatively, we reconstructed the distributions of thalamocortical (TC)
synapses along the dendrites of in vivo recorded neurons in rat barrel cortex. For this purpose, we injected
an adeno-associated virus (AAV-syn-hChr2-mCherry) into the primary thalamus of the whisker system
(Fig. S1a/b) — the ventral posterior medial nucleus (VPM). We performed cell-attached recordings in the
barrel cortex of virus injected rats, and in vivo labeled the recorded neurons with biocytin for post-hoc
reconstruction of the virus-infected TC synapses along their dendrites. We converted the reconstructions
into biophysically detailed multi-compartmental models that captured the complex intrinsic physiology of
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L5PTs — including calcium APs and burst firing. We combined these cellular models with a recently
reported circuit model for the local intracortical (IC) connectivity of the rat barrel cortex (/5). By
performing simulations of sensory-evoked signal flow through this multi-scale model (/3), we then
explored in silico how active dendritic integration of anatomically and functionally constrained TC and
IC inputs could contribute to the recorded cortical output patterns. Finally, we optogenetically manipulated
the TC synapses, while recording from the neurons that were used for the simulations. These experiments
provided direct empirical evidence for the in silico predicted function of the TC>L5PT pathway —
demonstrating in vivo how manipulations of TC circuits can lead to the transition of cortical output patterns
from single AP to burst firing.

Results

We reconstructed the locations of 13,296 TC synapses along the dendrites of 10 in vivo labeled L5PTs in
the barrel cortex from 9 virus injected rats (Fig. 1a). The TC synapses were identified via super-resolution
light microscopy as contact sites between dendritic spines and virus-infected axonal boutons (Fig. 1b) that
co-expressed the vesicular glutamate transporter 2 (VGlut2) — a specific marker for primary TC synapses
(Fig. S1c/d). Surprisingly, for each L5PT we observed that TC synapses accumulate most densely within
a region of the apical dendrite that is proximal to its primary branch point (Fig. 1¢). This accumulation
did not reflect higher spine densities in this region of the apical dendrite (Fig. S2a), and it was observed
irrespective of whether the primary branch point was located in layers 2/3, layer 4 or layer 5 (Fig. S2b/c).
This wiring specificity was not apparent in other excitatory cell types (Fig. S2d). Thus, although axons
from the primary thalamus innervate all dendritic domains of deep layer neurons (Fig. S2e), we found that
they specifically target the apical dendrites of LSPTs around their primary branch points, where TC
synapses are hence four times more abundant compared to other parts of the dendrite (Fig. S2a).
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(Methods). We defined bursts as three (or more)
APs that occurred within 30 ms, as such events are
likely to reflect calcium APs (5). The bottom panel
shows APs recorded across 30 stimulus trials (the
arrow denotes the example trial). b. Post-stimulus
time histograms (PSTHs) of APs (top) and bursts
(bottom) across L5PTs (n=25). The white dashed
lines represent ongoing activity preceding sensory
stimuli. PSTHs for other excitatory cell types and
for inhibitory neurons are shown in Fig. S3. c.
PSTH across relay cells (n=8) in VPM thalamus.

What could be the functional relevance of this remarkable wiring specificity? The region around the
primary branch point of the apical dendrite reflects the initiation zone for calcium APs (4, 16-19). Dense
innervation of this domain by TC synapses could thereby facilitate the generation of calcium APs upon
sensory stimulation, which might result in increased burst firing by L5PTs, but not in other cell types that
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lack this wiring specificity. To test this possibility, we analyzed the AP activity in response to whisker
stimulations (Methods) for 90 neurons across layers 2 to 6 of the barrel cortex from 37 rats (Fig. 2a),
representing both excitatory and inhibitory cell types. For all morphologically identified L5PTs (n=25
including the 10 with reconstructed TC synapses) we observed increased burst rates during sensory
stimulation (Fig. 2b). Although bursts were observed for neurons across layers 2 to 6, among neurons of
different excitatory cell types (n=59), burst rates that remained elevated for the duration of the stimulus
were observed exclusively in L5PTs (Fig. S3a). Inhibitory neurons (n=31) also showed increased burst
rates throughout the stimulus duration, but in contrast to LSPTs, they elicited bursts reliably at stimulus
onsets (Fig. S3b). Thus, consistent with the anatomy, and with recent reports in behaving animals (2, 20),
we found that increased burst firing during sensory processing appears to be a neurophysiological
signature that distinguishes LSPTs from other excitatory cell types in barrel cortex.
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IC input patterns into AP output. Here we show the
in silico predicted activity for one example input configuration during sensory stimulation. d. Burst rates
across in vivo recorded L5PTs (n=25; left) versus in silico predicted burst rates across multi-scale models
(n=25; right) with and without distal TC synapses. The in silico predicted burst rates during sensory
stimulation match the in vivo recordings (two sided t-Test unpaired, p=0.40). Without distal TC input, the
simulations predict a significant reduction of bursts (two-sided t-Test paired, p<10~). e. We measured the
membrane potential at the initiation zone for calcium (Ca*") APs in simulation trials without a sensory
stimulus (pre stim), and with a sensory stimulus without (+1C) and with TC input (+IC+TC). Lower panel:
probability to observe Ca>" APs as a function of the membrane potential. f. Distal, but not proximal, TC
inputs facilitate the generation of Ca®" APs.
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Could the wiring specificity in the TC->L5PT pathway underlie this characteristic increase of burst firing
in the major cortical output neurons? We performed cell-attached recordings in VPM thalamus, which
showed that TC neurons (n=8) respond reliably with APs for the duration of the sensory stimulus (Fig.
2¢). Thus, direct TC input could in principle contribute to the increased burst firing of LSPTs under these
experimental conditions. However, disentangling the impact of direct TC inputs from those that L5PTs
receive from IC populations that are directly (or indirectly) driven by the thalamus represents a major
challenge. To address this challenge, we generated biophysically detailed multi-compartmental models
from the reconstructed L5PTs (Fig. S4a), converted the TC synapses along their dendrites into
conductance-based models, and adjusted their respective strengths (Fig. S4b) to match with empirical data
(10). We embedded these synaptic and cellular models into a circuit model of the barrel cortex (13, 15),
which provided anatomically realistic constraints for which IC neurons provide input to the LSPT models
(Fig. S4c¢), and where along their dendrites (Fig. 3a). Finally, we used our recordings for the different cell
types in barrel cortex and VPM thalamus to constrain which of the anatomically possible connections
provide functional input to the L5SPT models — before and during the stimulus (Fig. 3b). This multi-scale
model design allowed us simulate how well-constrained TC and IC input patterns are actively integrated
by the L5PT dendrites and transformed into sensory-evoked cortical output patterns (Fig. 3c).

Without tuning the parameters at synaptic, cellular, or circuit scales, the simulations produced cortical
output patterns that were remarkably consistent with our recordings (Fig. S4d). The simulations captured
the fast onset latencies of the sensory-evoked AP responses, as well as the firing and burst rates of LSPTs
during the stimulus (Fig. 3d). Surprisingly, when we deprived the LSPT models of distal direct TC input,
the sensory-evoked cortical output patterns appeared largely unchanged (Fig. S4e). However, sensory-
evoked bursts were significantly (two-sided t-Test paired: p<10, n=25 L5PT models) reduced (Fig. 3d).
Therefore, we systematically measured the membrane potential around the dendritic calcium domain
during simulations with and without distal TC inputs. The median difference between these two in silico
scenarios was 1.6 mV. Despite being small, this extra depolarization by distal TC inputs persistently
advanced the membrane potential close to the threshold for calcium APs (Fig. 3e). Distal inputs from IC
sources thereby appeared amplified at the cell body (Fig. S4e), and had higher probabilities to elicit
calcium APs (Fig. 3f). These simulation results indicate that distal TC input to LSPTs is generally not
sufficient to drive calcium APs, yet it facilitates their generation during sensory processing. Consistent
with the in silico predictions are in vitro recordings, which reported oppositely that injecting a current that
hyperpolarizes the membrane by ~1 mV near the primary branch point is sufficient to abolish calcium
APs in L5PTs (5). Thus, wiring specificity in the TC->L5PT pathway is predicted to function as gating
mechanism for the generation of calcium APs. Specifically, TC gating ensures that distal dendritic inputs
can impact cortical output patterns by generating bursts of axonal APs during sensory processing.

How is it possible to test the TC gating mechanism empirically? The simulations indicate that L5PTs
require distal inputs from both TC and IC sources to generate calcium APs. Thus, L5PTs should transition
in vivo from single AP to burst firing with increasing amounts of IC input that is provided at the time of
direct TC input. We were able to quantitatively test this prediction, because of an unexpected observation
that we made when optogenetically activating the TC synapses (Methods). As could be expected from in
vitro studies (22, 23), neurons across layers and cell types (58 out of 71) responded with short latency APs
during 10 ms long light pulses that were provided every 2.5 sec onto the surface of the barrel cortex (Fig.
SSa). All L5PTs responded reliably with typically a single AP, rarely with two APs (19% probability
across all L5PTs), but almost never (only in 1 out of 24 L5PTs) with bursts of three or more APs — an
indication that TC input is generally not sufficient to drive calcium APs (5). Unexpectedly, however, we
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observed that the barrel cortex remained in an excited stated for up to 600 ms after each light stimulus
(Fig. 4a). We quantified this phenomenon by measuring the local field potential (LFP) prior and during
light stimulation (Fig. 4b). A prolonged depolarization of the LFP was consistently observed across layers,
indicating that the entire local network remains excited for an extended period of time. We therefore
considered if we stimulated the TC synapses again with light while the network is still excited, would the
additional depolarization by IC sources be sufficient to cause the predicted transition from single AP to
burst firing in L5PTs? For this purpose, we decreased the intervals between light stimuli to 100 ms. In a
subset of experiments, this stimulation resulted in an excited state that persisted throughout all trials (Fig.
4¢). It was in these experiments that we observed L5PTs to switch to burst firing (Fig. 4d). The more
depolarized the LFP was at the onset of the stimulus, the higher was the probability to evoke bursts in
L5PTs (Fig. 4e, SSb). This IC state-dependent transition was not observed in other cell types (Fig. SSb/c).
Thus, consistent with the in silico predicted gating function, we found that the amount of IC excitation at
the time of TC input determines whether cortical output patterns transition from single AP to burst firing
— a phenomenon which is due to the wiring specify in the TC>L5PT pathway.

a 10 ms LED stimulus L5PT examples  Fig. 4: Thalamus gates the generation of
] g EUDREREEs calcium APs in cortical output neurons in vivo.
_ S A3 W a. Example recording of local field potential (LFP)
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Discussion

In this study we sought to understand why the primary thalamus relays sensory information directly to the
major cortical output neurons. In contrast to the conventional view which assumes that direct TC input to
neurons in layers 5/6 is modulatory (8, 26-28), it was proposed that thalamus might directly drive two
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separate processing systems in parallel: an upper stratum (TC—>L4->L12/3) and a lower stratum
(TC->L5/6) (10). In support of a bistratified cortical system, we had recently reported that a subpopulation
of corticocortical neurons (L6CCs) clusters around the innervation domain of TC axons at the layer 5 to
6 border (/3). These L6CCs reliably relay sensory-evoked TC input to the proximal dendrites of LSPTs.
Inactivating L6CCs abolishes sensory-evoked APs in L5PTs. Thus, input from L6CCs is necessary for
L5PTs to transform proximal inputs during sensory processing into AP responses. Consequently, it is
indeed a lower stratum (TC->L6CC->L5PT) which accounts for the fast onsets of sensory-evoked cortical
output patterns — an organizing principle that is likely to generalize across sensory systems and species
(29-33). However, direct input from the thalamus is generally not sufficient to drive sensory-evoked APs
in L5PTs (/3). Instead, here we found that TC axons specifically and densely target the calcium domain
in the distal dendrites of L5PTs. By complementing this anatomical observation with electrophysiological,
computational and optogenetic manipulation evidence — acquired consistently for the same in vivo
recorded neurons — we show that the striking wiring specificity in the TC->L5PT pathway gates the
generation of calcium APs during sensory processing. Thus, primary thalamus implements three parallel
functions that complement one another. TC input to layer 4 activates cortical sensory processing (24). TC
input to the layer 5/6 border activates a lower stratum, which enables L5PTs to transform proximal inputs
(e.g. from the canonical circuit (8)) into cortical output patterns (/3). TC input to L5PTs activates an active
dendritic mechanism, which enables distal inputs to modulate cortical output patterns with bursts of APs.
Taken together, our findings indicate that direct sensory input to the major cortical output neurons
facilitates that the results of sensory processing from a bistratified cortical system are reliably combined
with information streams from top-down pathways that terminate in layer 1 (/, 3) (Fig. 4f).

Could TC gating in the distal dendrites of L5PTs contribute to their role during perception? Several
observations support such an interpretation of our data. First, neurons in layers 2/3 of the barrel cortex,
which project either to the secondary somatosensory (S2) or primary motor (M1) cortex, are selectively
activated depending on the whisker-mediated behavioral task (34). Neurons in both S2 and M1 project
long-range axons to layer 1 and layers 5/6 of the barrel cortex (25), where they can form synaptic
connections with L5PTs (22). Contextual information is therefore likely to impinge onto the proximal and
distal dendrites of L5PTs in the barrel cortex via stimulus induced parallel activation of these
corticocortical feedback pathways. Thus, TC gating could facilitate the combination of sensory with
contextual information — a process that is thought to form a basis for the L5PTs’ role during perception
(2). Second, in vitro recordings suggested that back-propagation of APs into the apical dendrite could
provide the necessary depolarization for distal inputs to evoke calcium APs (5). However, back-
propagating APs have little impact on the apical dendritic calcium signals observed in vivo (35, 36). The
calcium signals in L5PTs that correlate with the perceptual threshold were hence interpreted to represent
local activation of calcium channels rather than back-propagating APs (6). Here we showed that direct TC
input specifically and persistently depolarizes the dendritic calcium domain of L5PTs during sensory
stimulation, which is consistent with the interpretation of local activation. Finally, calcium signals that
correlate with perception were only observed in L5PTs, but not in other layer 5 projection neurons (2).
Providing a likely explanation for this observation, we found that the wiring specificity in the TC>L5PT
pathway was not apparent for other deep layer cell types. Taken together, we therefore propose that by
targeting the major cortical output neurons directly, primary thalamus facilitates that the sensory
information it relays to cortex can be perceived by the animal.

Our data revealed that long-range axons are able to target an active dendritic mechanism in a specific cell
type, even if the location of the dendritic target domain varies from cell-to-cell. Recently, it was suggested
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that such an extreme level of wiring specificity might be necessary for cortical circuits to implement higher
brain functions — and potentially even conscious processing (/). However, it had yet to be demonstrated
that such wiring specificity exists. Thus, our findings might represent a general circuit theme for how
calcium APs are utilized to associate inputs from anatomically segregated information streams.

Materials and Methods

Virus injection: Male Wistar rats were provided by Charles River Laboratories. All experiments were
carried out after evaluation by the local German authorities, and in accordance with the animal welfare
guidelines of the Max Planck Society. Primary thalamic axons/boutons were virus labeled as described
previously (/3). Briefly, rats aged 22-25 days (P22-25) were anesthetized with isoflurane supplemented
by Caprofen (5mg/ kg) and Buprenorphine SR (1mg/kg) as analgesia, then placed into a stereotaxic frame
(Kopf Instruments, model 1900), and provided with a continuous flow of isoflurane/O2 gas. Body
temperature was maintained at 37°C by a heating pad. A small craniotomy was made above the left
hemisphere 2.85 mm posterior to bregma and 3.2 mm lateral from the midline. The head of the rat was
leveled with a precision of 1 pm in both the medial-lateral and anterior-posterior planes using an
eLeVeLeR electronic leveling device (Sigmann Electronics, Hiiffenhardt, Germany) mounted to an
adaptor of the stereotaxic frame. An injecting pipette containing an adeno-associated virus (AAV) was
lowered into the VPM thalamus (5.05 mm from the pia). The virus (37) —rAAV2/1-Syn-hChR2(H134R)-
mCherry (titer: 1x10'? gc ml™") — was provided by Martin Schwarz (University of Bonn, Germany). 50-70
nL of the virus were injected using a 30cc syringe coupled to a calibrated glass injection capillary.

Electrophysiology: Non-virus injected rats (P28-48), as well as AAV injected rats (after a 16-21 day
incubation period) were anesthetized with urethane (1.8 g/kg body weight) by intraperitoneal injection.
The depth of anesthesia was assessed by monitoring pinch withdrawal, eyelid reflexes, and vibrissae
movements. Body temperature was maintained at 37.5 = 0.5°C by a heating pad. Cell-attached recording
and biocytin labeling was performed as described in detail previously (38). Briefly, a small craniotomy
was made above the left hemisphere 2.5 mm posterior and 5.5 mm lateral to the bregma (for recordings
in vS1), or 2.9-3.5 mm anterior to the bregma, 2.4-3.4 mm lateral from the midline, and at 5-6 mm depth
from the pia (for recordings in VPM thalamus). APs were recorded using an extracellular loose patch
amplifier (ELC-01X, npi electronic GmbH) or an Axoclamp 2B amplifier (Axon instruments, Union City,
CA, USA), digitized using a CED power1401 data acquisition board (CED, Cambridge Electronic Design,
Cambridge, UK), and low pass filtered (300 Hz) to measure the LFP. APs were recorded before and during
20-30 trials of caudal multi-whisker deflections by a 700 ms airpuff (10 PSI), delivered through a 1 mm
plastic tube from a distance of 8-10 cm from the whisker pad (39). Stimulation was repeated at constant
intervals (0.3 Hz). In AAV injected rats, optical stimulation of ChR2-expressing thalamocortical terminals
was provided by a 400 um diameter optical fiber (ThorLabs #RJPSF2) coupled to a 470 nm wavelength
LED source (ThorLabs M470F3) and powered by an LED driver (ThorLabs #DC2200). A 10 ms pulse of
light generated 1 mW output power at the end of the optical fiber as measured by a laser power meter
(ThorLabs #PM100A) coupled to a photodiode (ThorLabs #S121C). The optical fiber was positioned
using a 3-axis motorized micromanipulator (Luigs and Neuman) approximately 1-2 mm above the cortical
surface, so that the light beam resulted in a 1-2 mm disc of light above the recording site in vS1. Control
of the LED driver was implemented with Spike2 software (CED, Cambridge, UK.). APs were recorded
during 20-100 trials of 10 ms light pulses, at inter-stimulus intervals of 2.5 sec or 100 ms. Following the
electrophysiological measurements, neurons were labeled with biocytin. Labeling sessions were repeated
several times. After 1-2 hours for biocytin diffusion, animals were transcardially perfused with 0.1M
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phosphate buffer (PB) followed by 4% paraformaldehyde (PFA). Brains were removed and post-fixed
with 4% PFA for 8 to 12 hours, transferred to 0.1 M PB and stored at 4°C.

Histology: For recordings in vS1 of non-virus injected rats, 22-25 consecutive 100 um thick vibratome
sections were cut tangentially to vS1 (45° angle) ranging from the pial surface to the white matter, or
coronally (for recordings in VPM thalamus). All sections were treated with avidin-biotin (ABC) solution,
and subsequently neurons were identified using the chromogen 3,3’-diaminobenzidine tetrahydrochloride
(DAB). All sections were mounted on glass slides, embedded with Mowiol, and enclosed with a cover
slip. For recordings in AAV injected rats, the recorded hemisphere was cut tangentially into 45-48
consecutive 50 um thick vibratome sections from the pial surface to the white matter. The remaining brain
tissue was embedded in 10% gelatin (Sigma Aldrich #G2500) and cut coronally into consecutive 50 pm
thick sections to identiy the virus injection site. Sections were first washed three times in 0.1 M PB and
treated with streptavidin conjugated to AlexaFluor488 (5ug/ml) (Molecular Probes #S11223)in 0.1 M PB
containing 0.3% Triton X-100 (TX) (Sigma Aldrich #9002-93-1), 400 pl per section for 3-5 hours at room
temperature in order to visualize biocytin labeled neuronal structures. To enhance the fluorescence
expressed by the virus and to label primary thalamic synapses, slices were then double immunolabeled
with anti-mCherry antibody and anti-VGlut2 antibody. Sections were permeabilized and blocked in 0.5%
Triton x-100 (TX) (Sigma Aldrich #9002-93-1) in 100 mM PB containing 4% normal goat serum (NGS)
(Jackson ImmunoResearch Laboratories #005-000-121) for 2 hours at room temperature. The primary
antibodies were diluted 1:500 (Rabbit anti-mCherry, Invitrogen #PA5-34974 Invitrogen #M11217 and
mouse anti-VGlut2 antibody, Synaptic Systems #135421) in PB containing 1% NGS for 48 hours at 4°C.
The secondary antibodies were diluted 1:500 (goat anti-Rabbit IgG Alexa-647 H+L Invitrogen #A21245
and goat anti-Mouse IgG Alexa-405 H+L Invitrogen #A31553), and were incubated for 2-3 hours at room
temperature in PB containing 3% NGS and 0.3% TX. All sections were mounted on glass slides,
embedded with SlowFade Gold (Invitrogen #S36936) and enclosed with a coverslip.

Morphological reconstructions: Neuronal structures were extracted from image stacks using a previously
reported automated tracing software (40). For reconstruction of fluorescently labeled neurons and locating
of AAV labeled TC synapses, images were acquired using a confocal laser scanning system (Leica
Application Suite Advanced Fluorescence SP5; Leica Microsystems). 3D image stacks of up to 2.5 mm x
2.5 mm % 0.05 mm were acquired at a resolution of 0.092 % 0.092 % 0.5 um per voxel (63x magnification,
NA 1.3). Image stacks were acquired for each of 45-48 consecutive 50 pm thick tangential brain slices
that range from the pial surface to the white matter. Manual proof-editing of individual sections, and
automated alignment across sections were performed using custom-designed software (4/). Pia, barrel and
white matter outlines were manually drawn on low-resolution images (4x magnification dry objective).
Using these anatomical reference structures, all reconstructed morphologies were registered to a
standardized 3D reference frame of rat vS1 (42). The shortest distance from the pial surface to the soma,
and 20 morphological features that have previously been shown to separate between excitatory cell types
inrat vS1 (43) were calculated for each registered morphology. For identification of putative TC synapses,
biocytin labeled morphologies and AAV labeled VPM terminals were imaged simultaneously using the
confocal laser scanning system as described above: biocytin Alexa-488 (excited at 488 nm, emission
detection range 495-550 nm), AAV Alexa-647 (excited at 633 nm, emission detection range 650-785 nm).
These dual-channel image stacks were loaded into Amira software (Thermo Scientific) for visualization.
All reconstructed dendrites were manually inspected, and landmarks were placed onto each spine head if
a spine head was overlapping with a VPM bouton, to mark the location of a putative synapse. The shortest
distance of each landmark to the dendrite reconstruction was determined, and the path length distance was


https://doi.org/10.1101/2021.10.21.465325

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.21.465325; this version posted October 21, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

calculated from that location along the reconstructed neuron to the soma. For validation of putative TC
synapses, image stacks were acquired with an up-right super-resolution enhanced confocal laser scanning
system (Leica Application Suite Advance Lightening Fluorescence SP8; Leica Microsystems) via a
glycerol/oil immersion objective (HCX PL APO 63x magnification, NA 1.3), a tandem scanning system
(8 kHz resonance scanning speed), and spectral detectors with hybrid technology (GaAsP photocathode;
8x line average): VGlut2 Alexa-405 (excited at 405 nm, emission detection range: 410-480 nm), biocytin
Alexa-488 (excited at 488 nm, emission detection range 495-550 nm), AAV Alexa-647 (excited at 633
nm, emission detection range 650-785 nm). Triple-channel image stacks were acquired at a resolution of
29.5 x 29.5 x 130 nm per voxel. Image stacks were visualized in Amira, and manually inspected for
overlap within a single optical section between spine heads and AAV- and/or VGlut2-positive boutons.

Multi-compartmental models: Four multi-compartmental models were used in this study. The models
were generated as previously described (73, 27). Briefly, a simplified axon morphology was attached to
the soma of the LSPT morphology from Fig. 1b (44). The axon consisted of an axon hillock with a
diameter tapering from 3 um to 1.75 um over a length of 20 um, an axon initial segment of 30 um length
and diameter tapering from 1.75 pm to 1 pm diameter, and 1 mm of myelinated axon (diameter of 1 pum).
Next, a multi-objective evolutionary algorithm was used to tune the passive leak conductance and the
density of Hodgkin-Huxley type ion channels on soma, basal dendrite, apical dendrite and axon initial
segment, such that the neuron model is able to reproduce characteristic electrophysiological responses to
somatic and dendritic current injections of L5PTs within the experimentally observed variability,
including back-propagating APs, calcium APs, and AP responses to prolonged somatic current injections
(21). We augmented the original biophysical model of L5SPTs (/3, 27) with two ion channel parameters:
according to a previous report (45), the density of the fast non-inactivating potassium channels (Kv3.1)
was allowed to linearly decrease with soma distance until it reaches a minimum density (i.e., the slope
and minimum density are two additional parameters). We incorporated the IBEA algorithm (44) for
optimization. The optimization was terminated if there was no progress or when acceptable models had
been found. We repeated the optimization process several times and could generate acceptable models in
4 independent runs. From each run, we selected one model for which the maximal deviation from the
experimental mean in units of standard deviation across all objectives was minimal.

Connectivity models: TC synapse positions along the LSPT models were measured empirically as
described above. Cell type-specific IC excitatory connections are derived from an anatomically realistic
circuit model of rat vS1 (/35), a procedure, which has been described in detail previously (/3). We placed
the dendrite morphology selected for multi-compartmental modelling in the circuit model at nine locations
within the cortical barrel column representing the C2 whisker, which is located approximately in the center
of vS1, while preserving its (in vivo) soma depth. The locations were the column center, and equally
spaced angular intervals with a distance of ~100 pm to the column center. For each of the nine locations,
we estimated the numbers and dendritic locations of cell type-specific synapses that impinge onto the
dendrites of the LSPT model. Finally, IC inhibitory synapses were distributed randomly on the dendritic
tree. Synapses were assigned to presynaptic neurons in the following manner. TC synapses: we randomly
assigned each TC synapse to 350 TC neurons, which is the average number of neurons in the
somatotopically aligned C2 barreloid (46). IC excitatory synapses: presynaptic neuron IDs are an output
of the circuit model (/5). IC inhibitory synapses: each synapse was assigned to one virtual neuron.

Synapse models: Synapse models and synaptic parameters (rise and decay times, release probabilities,
reversal potentials) were reported previously (/3). Briefly, conductance-based synapses were modeled
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with a double-exponential time course. Excitatory synapses contained both AMPA receptors (AMPARS)
and NMDAR:s. Inhibitory synapses contained GABAAaRs. The peak conductance of excitatory synapses
from different presynaptic cell types was determined by assigning the same peak conductance to all
synapses of the same cell type, activating all connections of the same cell type (i.e., all synapses
originating from the same presynaptic neurons) one at a time, and comparing parameters of the resulting
unitary postsynaptic potential (uPSP) amplitude distribution (mean, median and maximum) for a fixed
peak conductance with experimental measurements in vitro (IC input (47)) or in vivo (TC input (10), Fig.
S4b). The peak conductance for synaptic inputs from each cell type was systematically varied until the
squared differences between parameters of the in silico and in vitro/in vivo uPSP amplitude distributions
were minimized (i.e., the mean, median and maximum of the distributions were used, and mean and
median were weighted twice relative to the maximum). This procedure was repeated for each of the four
multi compartmental models using the connectivity model for the location in the center of the C2 column
(Table S1). The peak conductance at inhibitory synapses was fixed at 1 nS (48).

Simulations: Simulations were performed using Python 2.7 and NEURON 7.4 (49). Synaptic activity
representing 700 ms air puff stimulation was generated by activating the presynaptic neurons determined
by the connectivity model with empirically observed cell type-specific activity (Fig. S3). From our
recording data, we computed the cell type-specific firing frequencies before stimulation (-700 ms to 0 ms),
during the onset response (characterized by a sharp peak of activity, 20 to 40 ms post stimulus), and during
the remaining duration of the stimulus (40 to 700 ms). We then generated Poisson spike trains for each
presynaptic neuron based on these measurements (using the ongoing frequency up to the time point of 20
ms post stimulus onset). We tuned the spontaneous and onset frequency of inhibitory neurons such that
the L5SPT models produce spontaneous firing rates within the range we observed empirically (0.1-9.5 Hz),
and generate single APs or doublets of APs but no bursts of three APs during the onset period, consistent
with our empirical data. To ensure the simulation results are independent of the particular level of
inhibition the L5PT models receive, we systematically varied the sustained frequency of inhibitory
neurons by a factor ranging from 0.5 to 3 (0.1 increment from 0.5 to 1.2 and 0.2 above that, resulting in
17 different values). At the lower and higher end of this range, spike rates were either excessively high or
completely suppressed. We found spiking frequencies in the empirically observed range (0.3 to 22.9 Hz)
for five factors (0.9 to 1.4). The simulations thereby comprise 4 multi-compartmental models, 9
connectivity models and 5 levels of inhibition, i.e., 180 configurations. In trials, where distal TC synapses
were silenced, we removed TC synapses whose path length from the soma exceeded 500 pm. To
investigate the influence of distal IC synapses on the soma (Fig. S4e), we re-simulated the 180
configurations with identical synaptic input (both in control conditions and without distal TC synapses),
but activated one additional excitatory synapse with a maximum conductance of 1 nS at a randomly
selected time point (40-700 ms), and on a randomly selected segment of the apical tuft. We determined
the time point of calcium APs as the time point of up-crossing a threshold of -30 mV of the membrane
potential which was recorded at the primary branch point of the apical dendrite — i.e., the center of the
dendritic calcium zone (for recording position see Fig. 3a). To determine the threshold, the membrane
potential was plotted against its first derivative. The threshold was determined as the characteristic point
beyond which the membrane potential always has a positive slope. The threshold was similar for the 4
biophysical models investigated. To analyze the distribution of the membrane potential, we preprocessed
the simulation data to remove suprathreshold events. We aligned all voltage traces by the time point of
calcium APs. We determined the first time point at which further calcium APs can occur (i.e., the
refractory period of the calcium zone), which ranged from 125 to 310 ms, depending on the multi-
compartmental model. Finally, the voltage trace intervals between the calcium AP up to the refractory
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period where discarded. From the remaining values, we computed the median and 25/75% percentiles
across all simulation trials at time points from 40-700 ms post stimulus. We computed the calcium AP
probability as the probability to encounter it within 20 ms as a function of the membrane potential at the
calcium zone. To analyze the influence of distal synapses on the somatic subthreshold potential, we
computed the absolute difference of the somatic membrane potential between the original and the re-
simulated data in which one additional synapse had been activated. We discarded time periods in which
suprathreshold events were occurring, and computed the integral over the remaining time intervals (unit:
mV*ms). Bursts were defined as the occurrence of three APs within 30ms. The model and simulation
routines, including a documentation of all parameters and the analysis routines can be obtained from
ModelDB (https://senselab.med.yale.edu/ModelDB/; accession number: 267166).

Quantification and statistical analysis: All data are reported as mean + standard deviation (STD) unless
mentioned otherwise. All of the statistical details can be found in the figure legends, figures, and Results,
including the statistical tests used, sample size n, and what the sample size represents (e.g. number of
animals, number of cells). Significance was defined for p-values smaller than 0.05. Boxplots show median,
25% and 75% percentile; whiskers extend up to 1.5 times the interquartile range. All data beyond the
whiskers are shown as outliers. All tests were performed using the scipy python package (version 0.18.2).
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