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Summary

To generate a sensory percept of the environment, the brain needs to analyze and integrate spatially
and temporally distributed sensory signals. Consequently, sensation on a neuronal basis is a
distributed, non-linear and dynamic process. Following sensory receptor activation the signal travels
through many brain regions wherein the pathway is split, loops back onto itself and joins together
with others. At each step, neurons dynamically transform and filter the signal. To understand how
the brain arrives at a sensory percept, it is therefore essential to determine the neuronal connectivity
along the processing chain, the stimulus specificity of responses as well as the input-output
transformations at each station. An interesting model system for investigating these dynamical
processes is the rodent whisker system. Rodents can solve highly complicated tasks with their
whiskers alone, distributed receptors at the follicles require spatial integration and rhythmic

movements suggest temporal processing components.

The posterior group nucleus of the thalamus (PO) is in a key position of the whisker sensory system.
In addition to being part of the ascending paralemniscal pathway it is mainly driven by
somatosensory barrel cortex (BC) and projects to many cortical and subcortical areas. Due to its poor
excitability by whisker deflections, its function is unclear. The origin of the corticothalamic drive onto
PO neurons are ‘thick-tufted’ layer 5B cortical neurons, which have large synaptic terminals in
thalamus. One of those synapses alone has a strong influence on postsynaptic target neurons — a
very unusual property for cortical synapses. Here, using quantitative anatomy, in vivo
electrophysiology and optogenetics | characterize the organization and input-output computations

along the BC L5B to PO pathway.

Using a dual anterograde tract tracing approach and large scale anatomical reconstructions we
demonstrate that BC L5B synaptic boutons divide PO in 4 subregions with different projection
parameters. The lateral area (POm lateral) receives most boutons with the highest density.
Additionally, L5B neurons innervate two inhibitory nuclei in thalamus and midbrain that both inhibit
PO. In all 6 regions we report map specific projections, with different map orientations, showing that

somatotopic projections are the rule in these cortico-subcortical projections.

Next we investigated the L5B to POm action potential transfer efficacy during spontaneous slow
oscillations in anesthesia. Using pharmacology and cell-type specific optogenetics we show that
cortical activity is necessary and L5B activation is sufficient to evoke large excitatory postsynaptic
potentials (EPSPs) in POm, typical for L5B inputs. Simultaneous cortical local field potential and L5B
as well as POm juxtasomal recordings demonstrate that the gain of action potential transmission is

high following periods of relative cortical silence, but dynamically decreases during periods of higher

\



cortical activity. Isolation of individual EPSPs allowed us to determine the frequency dependent
adaptation of the L5B to POm synapse in vivo. We determined that approximately half of the
recorded POm neurons follow a simple rule of EPSP adaptation, suggesting that the subthreshold
activity in these neurons originates from a single active L5B input. Using two independent modeling

approaches, we determined that on average POm neurons receive 2-3 functional inputs from BC L5B.

Finally we investigated how whisker deflection signals reach POm. We found that POm neurons fall
into two groups. Approximately one third of the recorded neurons were activated at a relatively
short latency by large EPSPs and fired action potentials following whisker stimulation. All neurons
had long latency sub- and suprathreshold responses, due to Up-state initiation by the whisker
stimulation. POm whisker responses were entirely dependent on cortex and were blocked by

optogenetic cortical inactivation.

Taken together we quantified the anatomical and physiological properties of the L5B to POm
projection. The connection is sparse, parallel, strong and the dominant input for POm spontaneous
activity as well as whisker evoked responses. Its gain is dynamically regulated and depends on

cortical activity states.
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Introduction

Each moment of life, our brains excel at the complex tasks of acquiring information about the
environment, processing and analyzing those signals, store and retrieve memories, decide on
appropriate behavior and finally coordinate the muscular contractions for an appropriate behavioral
response. Accordingly, the brain is an equally complex structure and we therefore are still at the
beginning of trying to understand how it works. The standard building elements giving rise to brain
function are neurons, whose defining characteristics are active electric signal propagation by action
potentials and integration of synaptic inputs (Kandel et al. 2013). Their sheer number (humans: >80
billion (Azevedo et al. 2009)), cell-type-specific biophysical differences, connectivity and plasticity
make the brain the complex and flexible organ as it is. When trying to understand brain function, we

necessarily need to understand the neuronal substrate of perception, cognition and behavior.

It is still not clear how the brain generates a percept of the environment from spatially and
temporally distributed receptor activations on a neuronal basis. For example, how can | come to the
conclusion that | am holding a cup, from the parallel and serial activation of pressure receptors in my
fingertips alone? One hypothesis is that different neurons or groups of neurons are activated by
different stimulus features, e.g. spatial or temporal patterns. Based on connectivity and input-output
filter functions, feature selectivity could be generated. Any sensed object would then cause specific
sensory patterns and thereby activate specific subsets of neurons, whose coincident activity could
identify the object. To understand sensory computations, it is therefore important to determine the

connectivity and dynamic input-output functions of the microcircuits in the processing cascade.

To comprehend brain function, we need to understand how physical signals from receptors are
encoded in the ‘language’ of neurons and subsequently integrated to create a neuronal percept of
the environment. Even though each sensory modality is processed in different ways, there are
remarkable parallels — giving hope that processing principles, found out in one modality, will be
transferable to others and might also be applicable to other species (Sherman 2016). Following
transduction of a physical sensory signal (e.g. mechanical pressure, sound, light, chemicals...) into a
neuronal signal at receptors, the information travels through a number of subcortical stations (e.g.
olfactory bulb, spinal cord, brainstem, midbrain or thalamus). Subcortical signals are subjected to
various signal transformations, for example filtering (Castro-Alamancos 2002) and parallelization into
different pathways for different information contents (Brand et al. 2002). When looking at
connectivity charts, it becomes evident that feedforward signal flow is insufficient in describing
processing steps (Figure 1). Widespread signal divergence, feedback excitation, feedforward and

feedback inhibition are the rule and obscure the major signal pathways. Nevertheless, it is thought
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Introduction

that sensory signals enter the cortex at primary sensory cortical areas, from where they mainly
continue to higher and often multimodal cortices, association areas then premotor and finally motor

areas, where an appropriate motor response is generated (Kandel et al. 2013).
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Figure 1: Nonlinear feedforward and feedback pathways

Simplified overview of the signal pathways in the sensorimotor whisker system as an example, illustrating
the nonlinear connectivity typical for neuronal signaling. (Bosman et al. 2011).



Aside from this ‘conscious’ pathway however, there is lower level connectivity between sensory and
motor areas (Diamond et al. 2008), further highlighting the fundamentally non-linear structure of
signal pathways. Sensory-motor loops (Matthews et al. 2015) conceptually allow for faster reaction
times, while motor-sensory connections underline the inherently active nature of sensation:
Typically, perception and behavior are viewed as separate steps in the processing chain, however it
should be considered that each influences the other and they sometimes even are reciprocally
dependent. For example moving my eyes will subsequently change the visual scene | experience and
in order to feel the roughness of sandpaper | need to move my finger along it. Therefore, sensory
processing cannot be understood without studying motor behavior, reflected by motor areas

commonly projecting to sensory areas (Urbain and Deschénes 2007a; Lee et al. 2013).

Neuronal cell physiology in vivo is not possible in humans; therefore investigating neuronal
processing principles in animal model systems serves as a starting point. Mice are a common choice
for a model organism, because as mammals, their brain structure is reasonably similar to that of
humans and their small body size makes them relatively easy to keep and breed. Additionally mice
are accessible for genetic modifications. The mouse whisker system is an interesting model for
investigating signal transformations along processing pathways, because receptor organization and
rhythmic movements demand extensive neuronal integration and processing and signal pathways
are reasonably well established (Figure 1). Additionally, neuronal organization in receptor map
structures and superb stimulus control make the whisker system an attractive model system for

systems neuroscience.

The Mouse Whisker System as a Model for Active Sensing

Mice are nocturnal animals, typically living in enclosed and dark spaces. In this ecological niche,
vision is of limited use and whisker somatosensation is the mouse’s most important sense to explore
its environment. Mice rhythmically sweep their whiskers forward and backward during exploration
(Woolsey et al. 1975) (Figure 2). Any obstacles lead to angular displacements (Carvell and Simons
1990), which exert forces (Hires et al. 2013) on the follicles that can be detected by specialized
mechanoreceptors. Mice and other animals with rhythmically moving whiskers (like rats or shrews)
can discriminate object location differences down to ~1° (Knutsen et al. 2006) on a very fast
timescale (e.g. an Etruscan tree shrew needs only 25 ms from whisker contact to a behavioral

response (Brecht et al. 2011)).



Signal Flow from Whiskers to Cortex

The cerebral cortex is arguably the ‘cognitive’ headquarter of the brain, thought to accommodate
distinct cortical circuits for decision making, conscious perception and other cognitive functions. But
before signals reach the cortex, they are processed throughout all ascending stations. Additionally,
cortico-subcortical projections and loops are participating in signal processing. In contrast to the
cortex, subcortical structures like the thalamus are located deep in the brain and are thus hardly
accessible with cellular imaging techniques, rendering the study of cortico-subcortical interactions a
major challenge in neuroscience. This generated a disparity in what we know about intracortical
processing and subcortical interactions. Therefore, the long range interactions between the cortex
and the thalamus, studied with anatomical and deep brain electrophysiology techniques in
combination with optogenetics are the focus of this thesis. To understand processing principles in
deep structures | will briefly review the canonical view how signals from whisker receptors travel

from the periphery to cortex.

Whiskers and Receptors

Mice have a stereotypical arrangement of ca. 30 whiskers (‘macrovibrissae’) of 10-30 mm length and
70-90 um base diameter (lbrahim and Wright 1975) on both sides of their snouts (Brecht et al. 1997).
Each conically shaped whisker grows out of a whisker follicle sinus complex (Rice et al. 1986). Follicles
are arranged in five rows (named A-E from dorsal to ventral), each row has 4 to ca. 9 columns of
follicles (called arcs and named by numbers from posterior to anterior) (Figure 2a,b). A set of muscles
is attached to each follicle, generating whisker movements by changing the angle relative to the skin.
By rhythmic contractions of these muscles, whiskers can be swept forward and backward
(“whisking”) in a mostly horizontal plane (Figure 2c). Individual whiskers move mostly synchronously
(Sachdev et al. 2002). In the follicle, around the base of the whiskers, specialized mechanoreceptors,
mostly AP fibers with slowly-adapting Merkel-cell endings or rapidly-adapting lanceolate endings
(Rice et al. 1986), are located and detect changes of pressure, caused by bending the whisker (Figure

2d).
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Figure 2: Whiskers

(a,b): The whisker pad with row and arc organization of a rat (Knutsen and Ahissar 2009) (permission
granted); (c): illustrated whisking behavior in view from top (Maravall and Diamond 2014) (permission

granted); (d): Whisker follicle sinus complex, illustrating muscles and sensory innervation (Bosman et al.
2011).

Trigeminal Ganglia

Activation of mechanoreceptors is translated into action potentials (APs) in nerve endings of
trigeminal ganglion neurons. Trigeminal ganglion neurons always innervate a single follicle with 150-
200 neurons per follicle in total (Rice et al. 1986). These neurons do not fire APs spontaneously, are
mostly slowly adapting, partly rapidly adapting and each neuron has an individual threshold of
activation (Gibson and Welker 1983a, 1983b; Lichtenstein et al. 1990; Leiser and Moxon 2007).
Thereby ganglion neurons precisely encode receptor information on kinematic parameters
(Arabzadeh et al. 2005). As whisking in air causes pressure changes at the follicles due to inertia and
air resistance, trigeminal ganglion neurons transmit also self-motion (re-afferent) signals (Leiser and
Moxon 2007). Ganglionic axons bundle into the fifth nerve and bifurcate on their way to the
brainstem, innervating two trigeminal brainstem nuclei, thereby giving rise to two ascending

pathways of whisker signals to cortex (Hayashi 1980) (Figure 3).
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Figure 3: Ascending pathways in the whisker system

At least 3 pathways contain peripheral information and travel to cortex. PrV: principal trigeminal nucleus;
SpVo: spinal trigeminal nucleus oralis; SpVi: spinal trigeminal nucleus intermedialis; SpVc: spinal trigeminal
nucleus caudalis; VPMvl/dm: ventral posterior medial thalamic nucleus ventrolateral and dorsomedial part;
POm: posterior medial nucleus; S1/S2: somatosensory barrel cortex 1 and 2; L1-6: cortical layers; grey
rounded rectangles indicate barrels in layer 4.

Brainstem

The somatosensory trigeminal brainstem is subdivided in two nuclei, the rostral trigeminal nucleus
principalis (PrV) and the spinal trigeminal nucleus, which is further subdivided into an oral (SpVo),
intermediate (SpVi) and caudal (SpVc) part. In each (sub)nucleus, except SpVo, barrelettes can be
visualized by histological methods (Ma 1991) (Figure 4). The barrelettes consist of groups of neurons

receiving inputs from the same whisker. Together they represent a map of the whisker pad.
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Figure 4: Sensory receptor maps in the brain

Barrelettes (SpVi), barrelloids (VPM) and barrels (BC) (Senft and Woolsey 1991; Haidarliu and Ahissar 2001;
Bosman et al. 2011) (permissions granted).

At the level of the brainstem the signal is thought to be split into at least three pathways. The so
called lemniscal pathway starts in PrV. Barrelette neurons in PrV have receptive fields (RF) of the
same single whisker. Responses to whisker deflections are very reliable and precisely timed (Figure
5). Already at this stage signal modulation, via GABAergic and glycinergic innervation from SpVi
(Furuta et al. 2008) takes place. PrV axons cross over to the contralateral hemisphere and terminate
mostly in the dorsomedial part of the ventral posterior medial nucleus of the thalamus (VPM) (Figure

3) (Erzurumlu et al. 1980).

The paralemniscal and extralemniscal pathways begin in the intermediate spinal trigeminal nucleus
(SpVi). All spinal subnuclei receive ganglionic input, however mostly SpVi takes part in the ascending
pathway, while SpVo and SpVc are thought to participate mostly in intra-trigeminal processing and
modulation. However, there is a poorly characterized pathway from SpVo to posterior thalamus
(Veinante, Jacquin, et al. 2000). SpVi and SpVc also have the morphological feature of barrellettes,
however individual barrellettes are innervated by trigeminal ganglion neurons from more than one
follicle and in consequence neuronal RFs typically encompass multiple whiskers (Jacquin et al. 1986;
Timofeeva 2004). SpVi axons also cross over to the contralateral hemisphere and terminate mostly in
the posterior medial nucleus of the thalamus (POm), continuing the paralemniscal pathway
(Erzurumlu et al. 1980; Veinante, Jacquin, et al. 2000) (Figure 3). In the caudal part of SpVi begins the
extralemniscal pathway, which continues to the ventrolateral part of VPM (Pierret et al. 2000) (Figure

3).
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Figure 5: Neuronal responses along the lemniscal and paralemniscal pathways to repetitive
stimulations (Ahissar et al. 2000) (permission granted).

Note increasing variability and adaptation at each ascending station. At each level, the lemniscal structure is
below the paralemniscal structure. At the bottom the stimulus shape is indicated. Pr5: principal trigeminal
SpVI: spinal trigeminal nucleus intermedialis; VPM: ventral posterior medial thalamic nucleus; POm:

nucleus;

posterior medial nucleus; L4/L5a: cortical layers.



Thalamus

Two thalamic nuclei participate in ascending somatosensory whisker processing: The lemniscal VPM
and the paralemniscal POm. In the dorsomedial part of VPM (VPMdm), neuronal clusters
(‘barrelloids’) represent the whisker map (Figure 4), visualized by histochemical methods (Haidarliu
and Ahissar 2001). Most VPM neurons respond only to a single whisker (Veinante and Deschénes
1999). Due to adaptive filtering, low spontaneous firing and inhibition from other nuclei, whisker
deflection signals are processed further into kinematic components (Petersen et al. 2008) and
variability increases (Ito 1988) (Figure 5). Still, neurons respond very reliably and with short latencies
(5-10 ms) to whisker deflections (Diamond, Armstrong-James, and Ebner 1992). Neurons in VPMdm
send their axons mostly into the barrel structures of layer 4 (L4) in somatosensory barrel cortex (BC)
(Chmielowska et al. 1989), continuing the lemniscal pathway. A significant portion of VPMdm axons
directly innervate deep layer 5 (L5) and high layer 6 (L6) neurons in barrel cortex (Meyer, Wimmer,
Oberlaender, et al. 2010; Constantinople and Bruno 2013). In the ventrolateral direction barrelloid
structures fade out (Haidarliu and Ahissar 2001) and the area further differs from VPMdm, as it is
mostly innervated by SpVi, consequently has multi-whisker RFs and sends its axons mostly to

secondary somatosensory cortex (Pierret et al. 2000).

The organization of POm synaptic inputs and outputs is less clear. For example, barrelloids are not
evident based on histological methods, however somatotopic representations can be found by
physiological RF mapping (Diamond, Armstrong-James, and Ebner 1992). Interestingly, SpVi
innervates only a part of POm (approximately one third of its volume (Groh et al. 2014)). In POm,
neurons have multi-whisker RFs and respond to whisker deflections with longer latencies (~25ms)
and with far more failures than VPM neurons (Diamond, Armstrong-James, and Ebner 1992) (Figure
5). Additionally, compared to VPM neurons under anesthesia, POm neurons show substantially more
spontaneous AP activity, which is synchronized with cortical oscillations (Diamond, Armstrong-James,
Budway, et al. 1992; Slézia et al. 2011). It has been shown that POm is under control of zona incerta
feedforward or continuous inhibition (Trageser and Keller 2004; Lavallée et al. 2005). This inhibitory
control is state dependent and can putatively be relieved by arousal or movement through
cholinergic systems or motor cortex (Masri et al. 2006; Trageser et al. 2006; Urbain and Deschénes
2007a). POm axons terminate in L1 and L5A of barrel cortex (Deschénes et al. 1998; Meyer, Wimmer,
Hemberger, et al. 2010) (Figure 3). The function of POm in whisker processing is a matter of ongoing

debate (see below).

Somatosensory Barrel Cortex
The somatosensory barrel cortex has a six-layered organization, whereas L4 is considered to be the

major bottom-up input layer and L2/3, L5 and L6 the output layers. Recently, it has been directly
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shown that deep (L5/6) layers function quite independent of upper layers and are equally strongly
innervated by VPM (Constantinople and Bruno 2013). Staining for Cytochrome C Oxidase activity
reveals the particular barrel-shaped structures in L4 of barrel cortex (Figure 4) giving the cortical area
its name (Woolsey and van der Loos 1970). Each barrel in L4 correlates to a single whisker; together
they map the same relative positions of whisker follicles on the contralateral snout (Welker 1971). L4
barrel neurons are the target of the lemniscal pathway and consequently have single whisker RFs
(Brecht and Sakmann 2002). The cortical region from pia to white matter and with the width of one
barrel is called a cortical column (Mountcastle 1997). L4 neurons mostly innervate L2/3 cells in the
same and neighboring columns. L2/3 cells fire very sparsely, in turn innervate L5 of barrel cortex and
also send collaterals out of barrel cortex to motor cortex and secondary somatosensory cortex (de
Kock et al. 2007; Kerr et al. 2007; Chen et al. 2013; Yamashita et al. 2013; Narayanan et al. 2015).
POm axons span multiple columns and terminate in L5A, directly below the barrels, and in L1, which
is nearly empty of somata, but where L2/3 and L5 neurons have their extensive apical dendrites
(Deschénes et al. 1998; Meyer, Wimmer, Hemberger, et al. 2010). L1 is also the major target for
cortico-cortical innervations from motor cortex, secondary somatosensory cortex and others,
therefore it is often considered as a ‘contextual input’ layer (Cauller 1995; Manita et al. 2015). Barrel
cortex L5 neurons fall into two categories, defined by characteristic apical dendrite architectures and
soma depth in respect to the pia (Manns et al. 2004; de Kock et al. 2007; Groh et al. 2010): slender-
tufted L5A have cortico-cortical and cortico-striatal projections. Their activity correlates with whisker
movement parameters (de Kock and Sakmann 2009). Thick-tufted L5B neurons project subcortically,
respond reliably to whisker deflections and have wide RFs (de Kock et al. 2007; Oberlaender et al.
2011; Ramaswamy and Markram 2015). L5B characteristics will be described in more detail below.
Finally L6 neurons extensively project intracortically as well as either to thalamus (Both VPM and
POm) or other cortical areas (Zhang and Deschénes 1997; Zliang and Deschénes 1998). A subset of
cortico-cortical L6 neurons reliably responds to whisker deflections and send weak but dense
projections to their respective targets (McCormick and von Krosigk 1992; Bourassa et al. 1995; de
Kock et al. 2007; Mease et al. 2014). In addition to the aforementioned well-studied excitatory
pathways, each layer has its individual inhibitory and disinhibitory microcircuits, which will not be
covered here. Barrel cortex, in parallel to other cortical areas exhibits spontaneous oscillation
patterns in various frequency ranges. Under deep anesthesia, those oscillations result in phases of
elevated spontaneous activity, in turn with phases of very low spontaneous activity, respectively
named up- and down states. Up- and down states oscillations are very slow, with frequencies below

1 Hz (Steriade et al. 1993; Stroh et al. 2013).
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Barrel Cortex Layer 5B neurons
Although they are only one of many
cortico-efferent cell types, L5B (‘thick-
tufted’) neurons are nevertheless often
seen as the main cortical output neurons
(Feldmeyer 2012). L5B neurons have
extensive apical dendritic arbors in L1
(Oberlaender et al. 2011), and can
thereby sample inputs throughout most
of the cortical column. In anesthesia,
Layer 5B neurons have the broadest
receptive fields to whisker deflection
stimuli  and  highest spontaneous
activities (3-6 Hz) in barrel cortex (de
Kock et al. 2007). Spiking is strongly
locked to cortical up- and down state
oscillations (Stroh et al. 2013). L5B axons
only sparsely innervate the cortical
column and target mainly subcortical
structures in thalamus, midbrain and
brainstem (Wise and Jones 19773,
1977b; Bourassa et al. 1995; Veinante,
Lavallee, et al. 2000) (Figure 6). In
thalamus, L5B projects prominently to
the posterior group (PO), including POm.
Here multiple areas of L5B innervation

are evident (Deschénes et al. 1998;

Barrel Cortex
L5B

PO
(POm, POa, PoT)

.
Thalamus

N\
\

ZI

inhibitory

Midbrain

APT

/

Superior
Colliculus

Brainstem

\v

SpVi/SpVc i

J/

~
\

PONS

Figure 6: BC L5B efferent projections including secondary
projections to PO.

Putative cortico-subcortical driver pathway indicated in blue;
inhibitory and excitatory secondary projections in magenta
and orange respectively. ZI: zona incerta; APT: anterior
pretectum; SpVi/SpVc: spinal trigeminal nuclei intermedialis
and caudalis; PONS: pontine nuclei.

Veinante, Lavallee, et al. 2000; Alloway et al. 2003; Aronoff et al. 2010). Another L5B target area in

thalamus is the GABAergic zona incerta (ZI) (Mitrofanis and Mikuletic 1999), which additionally gets

inputs from SpVi (Veinante, Jacquin, et al. 2000) and interestingly has strong inhibitory control over

POm and was therefore suggested to gate paralemniscal signals in POm (Urbain and Deschénes

2007a, 2007b; Furuta et al. 2008). In the midbrain, L5B boutons were reported in the GABAergic

anterior pretectum (APT) (Foster et al. 1989; Cadusseau and Roger 1991; Aronoff et al. 2010; Bosman

et al. 2011), which is associated with somatosensory and nociceptive processing and inhibits POm

(Foster et al. 1989; Bokor et al. 2005; Murray et al. 2010). The main midbrain target however is the
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Superior Colliculus (SC) (Wise and Jones 1977a, 1977b), a region involved in multisensory integration
and premotor functions (Cohen and Castro-alamancos 2010). The brainstem is densely innervated by
L5B in the pontine nuclei (PONS) (Wise and Jones 1977b; Leergaard et al. 2000; Leergaard and Bjaalie
2007), which in turn provide the main input to the cerebellar cortex via mossy fibers. Additionally L5B
neurons project to the trigeminal nuclei (Wise et al. 1979; Matyas et al. 2010; Smith et al. 2015),
thereby influencing the ascending somatosensory pathways. There seem to be L5B subgroups, i.e.
not every individual neuron innervates all targets (personal communication Marcel Oberlander,
(Bourassa et al. 1995; Deschénes et al. 1998; Veinante, Lavallee, et al. 2000)). L5B neurons generally
seem to innervate their subcortical target areas with sparse but particularly large boutons (Bourassa
et al. 1995; Deschénes et al. 1998; Aronoff et al. 2010) — a rather unusual property in the mammalian
brain, especially for boutons of cortical origin. So far, the properties of L5B synapses have only been
investigated in detail in POm, where they can evoke large EPSPs (>10 mV), but have strong paired-
pulse depression, matching driver characteristics defined by Sherman et al (Reichova and Sherman

2004; Groh et al. 2008).

The (Somatosensory) Thalamus

Originally, the thalamus was viewed as the gateway to cortex, where relay neurons serve as a way
station of signals from periphery and cortex. Provocatively stated, at most some signal filtering and
adaptation was thought to happen in thalamus while perceptual processing only happens in cortex.
This view is changing, as it becomes more and more clear that thalamic neurons not only shape and
gate incoming signals but also participate in post-cortical processing in form of cortico-thalamo-
cortical loops and transcortical relays (Zacksenhouse and Ahissar 2006; Theyel et al. 2010; Yu et al.
2015). In fact, corticothalamic synapses typically outnumber synapses from the periphery by an order
of magnitude (Guillery 1969; Erisir et al. 1997; Alitto and Usrey 2003). Interestingly, thalamic relay
neurons are not interconnected with each other, demonstrating a strong parallelization of
thalamocortical pathways (Sherman 2016). Inhibition and gating is also a common concept in
thalamus. Thalamic inhibitory and excitatory neurons tend to be separated into separate nuclei — at
least in rodents. Thalamic relay neurons have a high T-type calcium (Ca) channel concentration. The
channel is inactivated at resting membrane potential and above, but de-inactivated by
hyperpolarization. When opened T-type Ca-channels lead to long-lasting low-threshold Calcium
spikes (LTS), often causing bursts of action potentials (Destexhe et al. 1998). These channels allow
thalamic neurons to operate in two modes, depending on previous inputs: EPSPs from resting or
already depolarized membrane potentials lead to single spikes (tonic mode), if threshold is reached.
EPSPs during hyperpolarized membrane potentials can in contrast cause LTS and subsequently fast
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bursts of 2-5 APs (phasic or burst mode) (Fanselow et al. 2001; Mease et al. 2014). Thereby thalamic
neurons can, depending on resting membrane potential, dynamically switch between linear
representation of stimulus features in tonic mode or high detectability of weak stimuli in burst mode

(Sherman 2001).

There are two general types of thalamic nuclei: First-order/lemniscal nuclei (VPM in somatosensory,
lateral geniculate nucleus in visual, ventral division of medial geniculate nucleus in auditory system)
that fit better in the classical view of the thalamus, being driven by the periphery and modulated by
cortex (In this thesis modulatory input refers not to neuromodulators like Acetylcholine or Dopamine
but to weak glutamatergic inputs in contrast to driver inputs, according to the definitions established
by Sherman et al. (Sherman 2016)). On the other hand there are higher-order/paralemniscal thalamic
nuclei (POm in somatosensory, pulvinar nucleus in visual, dorsal division of medial geniculate nucleus
in the auditory system), that seem to have reverse organization in that they are mostly driven by
cortex (Sherman 2005; Bertram 2010). This thesis is about the somatosensory thalamus, therefore |

will describe properties of VPM and POm in more detail.

Structure and Function of VPM

VPM is a lemniscal nucleus, linking PrV of the brainstem to barrel cortex (Erzurumlu et al. 1980). In
parallel to brainstem nuclei, neuronal clusters form barrelloids, reflecting the whisker map in VPM
(Van Der Loos 1976; Haidarliu and Ahissar 2001) (Figure 4). There is evidence for subdividing VPM in
3 subnuclei (head, core (VPMdm), tail (VPMvl)), whereas VPMvI gives rise to the extralemniscal
pathway to S2 (Pierret et al. 2000; Yu et al. 2006). The best studied area however is the dorsomedial
core area, where neurons respond only to a single whisker, while neurons in the head and
ventrolateral tail regions are thought to have multi-whisker RFs (Veinante and Deschénes 1999).
VPMdm receives innervation from PrV (Erzurumlu et al. 1980), the GABAergic thalamic reticular
nucleus (Rt) (Shosaku et al. 1984) and L6 of barrel cortex (Hoogland et al. 1987; Mease et al. 2014),
the barrelloid tail region also from SpVi (Pierret et al. 2000), the head region on the dorsomedial
border to POm also from motor cortex (Urbain and Deschénes 2007b). VPMdm neurons respond very
reliably and with short latencies (5-10 ms) to whisker deflections (Diamond, Armstrong-James, and
Ebner 1992), however individual neurons respond best to particular kinematic whisker parameters
like velocity or angle of deflections (lto 1988; Timofeeva et al. 2003; Petersen et al. 2008).
Additionally VPM neuron activity is modulated by whisker self-motion in air (Khatri et al. 2010;
Moore et al. 2015; Urbain et al. 2015). VPM axons heading to L4 and L6 of barrel cortex
(Chmielowska et al. 1989; Meyer, Wimmer, Hemberger, et al. 2010; Constantinople and Bruno 2013)
give off collaterals at the reticular nucleus, which in turn provides inhibition to VPM and POm,

establishing an intrathalamic negative feedback loop (Crabtree et al. 1998; Desilets-Roy et al. 2002)
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and the only possibility how thalamic relay neurons can influence each other. Barrel cortex L6
innervation leads to a complex pattern of hyperpolarization (probably indirectly through Rt) and then
depolarization, thereby modifying the tonic vs. burst mode of VPM firing (Mease et al. 2014). L6
activation switches VPM to tonic mode and subsequently its neurons can follow higher frequency
whisker stimulation than without L6. In summary, the major VPM function is transmitting kinematic

whisker signals to barrel cortex, either in a fine-tuned tonic or in a strong all or nothing burst fashion.

Structure and (Proposed) Functions of POm

Historically POm is called medial division to distinguish it from intermediate (POi) and lateral (POI)
divisions of the posterior group found in cat and associated with visual processing (Naito and
Kawamura 1982). Even so POi and POl have never been identified in rodents, the term POm is often
used interchangeably for the whole rodent PO (Diamond 1995), causing some confusion. PO is likely
subdivided into multiple subregions, with varying nomenclature: The anterior or medial PO is called
angular nucleus by some (Deschénes et al. 1998), ventrolateral or ventral anterior nucleus by others
(zakiewicz et al. 2014, 2015), the posterior region is sometimes called the posterior triangular
nucleus (PoT) (Gauriau 2004). If and how the different nuclei have different projection patterns and
physiologies is not clear. As examples for different functions in different areas of PO, signaling of
specifically noxious stimuli was reported for PoT (Gauriau 2004), sensorimotor signaling in POm
lateral (Ahissar et al. 2000). For the purpose of this thesis, trying to be consistent with the most
common names we divided PO in ‘anterior PO’ (POa), ‘POm lateral’ and ‘POm medial’ part
(intermediate PO), as well as ‘PoT’ (posterior PO). One goal of this thesis is to investigate how barrel
cortex L5B projections into these (sub)nuclei are organized and distributed. Previous studies on PO

however mostly focused on the lateral intermediate part, which is mostly just named POm.

S1 Barrel Cortex Insular Cortex
Secondary Somatosensory Cortex Perirhinal Cortex
Motor Cortex Dorsolateral Striatum

PO m(\ThaIamic reticular nucleus

Zona Incerta
Anterior Pretectum

Trigeminal nuclei
Figure 7: POm Connectivity

Excitatory connectivity indicated in orange, inhibitory in magenta.
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(Lateral) POm is a ‘higher-order’ or paralemniscal thalamic nucleus, defined by its main driver input
from cortex (Sherman 2005). POm input and output connectivity is far more complex than that of
VPM (Figure 7). POm receives driver input from L5B of barrel cortex, deep layers of secondary
somatosensory cortex, as well as SpVi in brainstem (Veinante, Jacquin, et al. 2000; Groh et al. 2008;
Liao and Yen 2008; Liao et al. 2010). While L5B boutons cover most of POm, SpVi innervates only
approximately one third of its volume (Groh et al. 2014). Furthermore there are modulatory inputs
from L6 of barrel cortex (Bourassa et al. 1995; Deschénes et al. 1998), deep layers of secondary
somatosensory cortex (Liao et al. 2010) and motor cortex (Cicirata et al. 1986; Alloway et al. 2008).
POm is under inhibitory control arising from Rt (Crabtree et al. 1998; Bokor et al. 2005), ZI (Trageser
and Keller 2004) and APT (Giber et al. 2008; Murray et al. 2010). POm activity can thereby be
influenced by barrel cortex in numerous ways: monosynaptically from L5B and 6 and putatively
disynaptically via secondary somatosensory cortex, motor cortex, SpVi, Rt, ZI and APT. POm neurons
send their own axons to many of their input regions, reciprocally innervating barrel cortex, secondary
somatosensory cortex, motor cortex and Rt (Carvell and Simons 1987; Crabtree et al. 1998;
Deschénes et al. 1998; Meyer, Wimmer, Hemberger, et al. 2010). Notably the POm to secondary
somatosensory cortex innervation has driver characteristics (Lee and Sherman 2008; Theyel et al.
2010). Furthermore POm innervates the dorsolateral striatum (Smith et al. 2012; Alloway et al.
2014), as well as insular and perirhinal cortices (Deschénes et al. 1998). It is not clear if all of PO
receives inputs from the aforementioned areas, or if subnuclear organization correlates with specific

input patterns.

POm neurons respond to whisker deflections in anesthesia with variable and long latencies of around
25 ms and a modest spike rate increase (Diamond, Armstrong-James, and Ebner 1992). Lesioning ZI
however, reduces response latencies and increases response magnitudes, suggesting that the
ascending pathway through POm is tightly controlled by ZI (Trageser and Keller 2004; Masri et al.
2006; Trageser et al. 2006; Urbain and Deschénes 2007a). Typically, POm neurons have RFs
encompassing more than one whisker. As POm’s main input structures (BC L5B and SpVi) also have
multi-whisker RF properties, this property seems to be derived rather than emergent and hints at
somatotopically organized inputs. Spontaneous activity is coupled to cortical up and down states in
anesthesia (Diamond, Armstrong-James, Budway, et al. 1992; Slézia et al. 2011). In awake animals,
POm spike rates modestly increase during whisking and are weakly tuned to whisking phase (Moore

et al. 2015; Urbain et al. 2015).

Barrel cortex L5B axons have sparse but large (>3 um diameters) and powerful boutons in POm.
Electrically stimulating a single bouton triggers huge excitatory postsynaptic potentials (EPSPs >10

mV), which suffice to drive the postsynaptic neuron to spike (Groh et al. 2008). EPSP sizes allow
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isolation of individual EPSPs in vivo, making detailed input-output analyses possible. Interestingly,
POm directly innervates L5B, thereby potentially constituting a closed loop circuit (Mease et al.
2015). A further characteristic of L5B synapses in POm is their prominent paired-pulse depression.
L5B synapses can thereby function in two different modes: Single synapse driving if the synapse is
recovered or integrative mode if firing rate is >2 Hz (Groh et al. 2008). In the integrative mode EPSPs
are smaller and therefore multiple EPSPs from barrel cortex or peripheral sources (Groh et al. 2014)
have to be integrated to reach threshold. It was observed that during typical spontaneous activity the
synapse is mostly in a depressed state (integrative mode), only occasionally inter spike intervals are
long enough for the synapse to recover and switching to driving mode. In functional terms, this led to
the theory that in driving mode L5B neurons can very effectively transmit a very strong signal at
times of relatively low activity (Novelty or surprise detection) and more finely scaled signals during
phases of higher activity (e.g. attentive states) in integrative mode. Presynaptic paired-pulse
depression, together with the postsynaptic nonlinear biophysical properties of high T-type Ca-

channel concentrations, makes this synaptic connection highly dynamically controlled.

POm function is a matter of debate, due to its unreliable responses to whisker deflections (Diamond,
Armstrong-James, and Ebner 1992; Diamond, Armstrong-James, Budway, et al. 1992). Fitting into the
concept of higher-order thalamic nuclei, it has been shown that POm can function as a cortico-
thalamo-cortical (“transthalamic”) relay from barrel cortex to secondary somatosensory cortex
(Theyel et al. 2010), however the relayed information content remains unclear. Stimulation of POm
terminals can enhance and prolong BC sensory responses, showing POm has influence on BC signal
processing (Mease et al. 2015). It has been demonstrated, but subsequently contested, that POm
transforms stimulus frequencies into a rate code (Ahissar et al. 2000, 2008, Masri et al. 20083,
2008b). Additionally there are reports that nociceptive signaling is mediated by POm (Murray et al.
2010). Another model takes the inhibitory control ZI has over POm into account, demonstrating that
activating motor cortex disinhibits POm, leading to more robust whisker responses (Trageser and
Keller 2004; Urbain and Deschénes 2007a). It was hypothesized that POm might therefore be
disinhibited during whisking behavior, however, recently it was shown in awake animals that ZI rates
did not change substantially during whisking (Moore et al. 2015). Finally, a role of POm in
sensorimotor learning has been proposed, as POm signals to dorsolateral striatum (Smith et al. 2012;
Alloway et al. 2014) and POm stimulation induces long term potentiation in barrel cortex (Gambino

et al. 2014).
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Goals

The role of higher-order thalamus in somatosensory processing is still unclear. Its major drive comes
from BC L5B which has been demonstrated in vitro. In vivo however, due to the pathway’s paired
pulse depression and substantial spontaneous firing of L5B neurons the connection could be
functionally less important. The focus of this thesis is to describe this pathway from cortex to
thalamus in detail. First, we investigated the organization of the corticothalamic innervation from
barrel cortex L5 by quantitative anatomical methods. Using whole-brain reconstructions of bouton
locations from anterograde tract tracer injections, we report substructures in PO and quantify the
synaptic bouton parameters in thalamus. Using dual injections we determine the somatotopic
organization and whisker map orientation of the projections. Secondly we addressed the
corticothalamic signaling efficacy and gain of these projections in POm in anesthetized mice in vivo.
Using intra- and juxtacellular electrophysiology and optogenetics we ask how cortical signals are
transformed in POm and how dominant those signals are in POm in comparison to VPM. We
investigate both how spontaneous cortical oscillations are transformed in POm, as well as how

cortical whisker evoked activity shapes POm and VPM responses in vivo.
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Neurons in cortical layer 5B (L5B) connect the
cortex to various subcortical areas. Possibly the
best studied L5B cortico-subcortical connection is
formed between L5B neurons in the rodent barrel
cortex (BC) and the posterior medial nucleus of the
thalamus (POm). L5B neurons sparsely innervate
POm where they form the largest known synapses
of cortical origin. However, the distribution and
organization of L5B giant boutons within POm and
other target nuclei is not known. It is therefore
unclear if this descending pathway retains somato-
topic, i.e. body map organization — a hallmark of
ascending pathways of sensory systems. Here we
investigated the organization of the descending L5B
driver pathway by multicolor anterograde labeling
of cortical bouton fields in the thalamus and the
anterior midbrain, originating from few (2-3) bar-
rels in the barrel field. Subsequent large-scale
confocal scanning microscopy and slice alignment
enabled us to reconstruct the projection fields of
adjacent BC L5B areas. In total we reconstructed
the 3D location of more than 110,000 large boutons
from seven such dual injection experiments. We
found that L5B in BC targets 6 thalamic and mid-
brain areas in the posterior group thalamic nuclei
(PO), the zona incerta (ZI) and the anterior pretec-
tum (APT). Bouton numbers, density and projection
volume were specific for the individual target
nucleus. Common to all target nuclei is the mainte-
nance of topology from different barrel columns in
BC, albeit with a nucleus-specific varying precision.
Bouton and soma density estimates revealed low
convergence and divergence, illustrating that the
L5B corticothalamic pathway is highly parallelized.
The spatial organization of boutons and whisker
map organization revealed the subdivision of PO
into four distinct subnuclei (anterior, lateral, medial
and posterior). In conclusion, corticofugal L5B
neurons establish a widespread cortico-subcortical
network via sparse but somatotopically organized
parallel pathways.

Introduction

A characteristic feature of sensory systems is the
topographic organization of their ascending path-
ways from the sensors to the cortex. This is particu-
larly evident in the rodent whisker system in which
the arrangement of whisker follicles on the snout of
the animal (1) is mapped at each synaptic station up
to the cortex where the whisker map forms the
cortical barrel field of rodents (2). Neurons in the
respective structures (i.e. barrellettes, barrelloids,
barrels) respond best to deflections of their principal
whisker (1). While this strict topographic organiza-
tion is well-established for ascending pathways up to
the cortex (1), it is less clear to which extend this
map organization continues beyond the primary
sensory cortex via descending projections to subcor-
tical structures.

A major target of descending cortico-efferent projec-
tions is the thalamus, which is innervated by the
cortex via two distinct corticothalamic pathways.
Neurons in cortical layer 6 (L6) provide the numeri-
cally largest input to the primary sensory thalamus
(3), while 5B thick-tufted neurons (L5B) innervate
the higher-order thalamus with fewer but uniquely
large driver synapses (4—6). The L6 feedback path-
way is somatotopically organized (4). However, the
organization and somatotopy of the L5B driver
pathway is unclear. The lateral part of the posterior
group (PO) in thalamus (POm) is the best described
recipient of L5B synapses, where it has been shown
that cortical L5B neurons comprise the dominant
input (7-9). Receptive field studies support somato-
topic organization of POm neurons even though an
anatomical whisker map has not been shown (10). If
somatotopic organization is continued in other than
the most lateral part of PO is even less clear. L5B
neurons also project to ventral thalamus, midbrain
and brainstem (5, 6, 11, 12), however with undeter-
mined organization. In this study we investigate if
cortico-subcortical projections to thalamus and
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anterior midbrain are somatotopically organized
using a quantitative anatomical approach.

We labeled barrel cortical boutons using dual color
anterograde tract tracing and subsequently imaged
and reconstructed the 3D location of giant L5B
boutons in the whole thalamus and the anterior
midbrain. We found discrete bouton clouds in 4
areas of dorsal thalamus, one in ventral thalamus
(zona incerta) and another in the anterior pretec-
tum. L5B projections to each of those areas were
somatotopically arranged, thereby mapping the
whisker pad via cortico-subcortical projections. The
somatotopic precision, map orientation and num-
bers of boutons were nucleus specific and revealed
the subdivision of PO
into four distinct L5B
target areas. In sum-
mary, somatotopic maps
can continue beyond the
cortex via somatotopical-
ly organized cortico-
subcortical projects from
L5B neurons.

synapto-
physin-
TNGFF Symapto-
J phiysin-

Results

Labeling of L5B neurons
and boutons

We investigated cortico-
subcortical projection
patterns by injecting two
different AAV constructs
in two small areas in
mouse BC of 7 mice
(Figure 1A). Infected cells
subsequently expressed
the  bouton  marker
Synaptophysin fused to
either GFP or mOrange
(Figure 1B, C) (13). Injec-
tions were targeted to L5
and labeled on average
98 +/- 61 L5B neurons
(mean +/- standard

two fluorescent proteins.

fluorescence microscopy we acquired images (Figure
2 A-D) of the whole thalamus and adjacent midbrain
regions, which were then used to semi-automatically
extract the position and apparent diameters of giant
(>1.5 um) putative synaptic boutons (Figure 2E, F).

Spatial organization of bouton clouds

In the thalamus and anterior midbrain we find 6
target areas containing spatially distinct bouton
clouds. Based on cytoarchitecture (Neurotrace and
Cytochrome C Oxidase), these target areas corre-
spond to 4 separate areas in PO, one in ZI and an-
other in APT (Figure 1D-E). In dorsal thalamus, four
clouds form a geometry resembling a ring (Figure

Figure 1: Experiment schematics, Injections and nucleus borders

Corticothalamic projections from barrel cortex were labeled with virus-mediated expression of

A: Experimental schematic, showing dual injection (green/magenta) of viral particles into BC

deviation) in approxi-
mately 2.6 +/- 1.4 col-
umns. Dual injections
were always non-
overlapping, the respec-
tive borders 288 +/- 80
pm (~2 column diame-
ters) apart. Via large
scale mosaic confocal

and termination fields in thalamus in a coronal view (modified from (13)). B: Merged confocal
fluorescence image of tangentially sliced BC at the level of layer 4. Barrels visualized in grey
(Streptavidin-647 staining), injection areas for viruses expressing SP-GFP in green, SP-mQOrange
in magenta. Scalebar 500 pm. C; Delineation of Barrel field from B and injection sizes at the level
of L5B as green and magenta colored somata and neuropil respectively. D: Example image
showing thalamic areas in horizontal slice plane, stained for Cytochrome C Oxidase. Delinea-
tions of nuclei borders investigated in this study (with large boutons). Ventral posterior medial
nucleus (VPM), thalamic reticular nucleus (Rt), Striatum (5tr), Hippocampus (HC) indicated for
orientation. Zona incerta is not shown, as it is located ventrally. Scalebar 500um. E: Example
image at a similar level as in D, but stained for neuronal somata by Neurotrace. Scalebar 500
pm.
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2F), oriented along the horizontal plane and elon- between anterior PO and ventral lateral nucleus
gated rostrally. This anterior area is at the border (VL), according to Paxinos mouse brain atlas (14).

]
I
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]
I
]
L]
~

Figure 2: Example images and bouton cloud reconstruction

Confocal microscopy example images and bouton reconstruction. Scalebar A-D, F-G: 500 pm.
A: Confocal image of dorsal thalamus; Neurotrace channel showing cell somata. B: GFP channel
of the same region as A. C: mOrange channel of the same area as A. D: Merged images A-C. E:
Zoom in into area shown in D (only GFP (green) and mOrange (magenta) channels).
Arrowheads mark examples of boutons whose locations and diameters are extracted for
terminal field reconstructions. ‘s’ marks examples of puncta that are excluded from reconstruc-
tions due to their small size; "x" marks examples of boutons not extracted, because brightness
maximum is in an adjacent z-section. Overall brightness was enhanced here to increase
visibility of dim signals. Scalebar 25um. F: Reconstructed green and orange (shown in magenta)
fluorescent boutons from B and C respectively. Sphere diameters represent bouton sizes scaled
2x to increase visibility. G: reconstructed somata locations from the image in A. H: All
reconstructed boutons from the same experiment as A-G in a 3D view; colors for each nucleus
slightly altered to increase visibility.

Inputs to VL are reported
to come from basal ganglia
and most tracing studies
from BC do not report
projections here. Two
studies named the same
projection area that we
report here as VL, based
on fitted atlas geometry
(15, 16). However as PO
extends into this area in
the Allen Brain Institute
atlas (17), we call this
anterior PO (POa). The
lateral and medial parts of
the ring are also both in
PO. To keep in established
nomenclature we call
these areas POm lateral
and POm medial. The
posterior area is at the
atlas border of PO and the
posterior triangular nucle-
us (PoT). Boutons are
sparser in PoT. In ventral
thalamus the dorsal ZI is
labeled with many giant
boutons, however as the
area of Zl is prone to tissue
damages during slicing,
fewer data points are
available (Figure 2H, 3C,G).
Dense projections were
additionally found in APT
(Figure 2H, 3D,H). Table 1
lists the center of mass of
the bouton clouds for each
nucleus in Paxinos coronal
mouse brain atlas equiva-
lent coordinates (14). In
contrast to some earlier
reports (16, 17) we found
only weak or no labeling in
the ventral posterior
lateral nucleus (VPL, not
shown). As reported
before, we found a few big
boutons in the most
posterior area of VPM
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((18), not shown) but due to the low numbers of
boutons (less than 3 boutons per L5B on average),
VPM and VPL were not included in further analyses.
In summary we report 6 separate areas receiving
substantial numbers of L5B giant boutons, 4 of which
are in PO. Besides the anterior midbrain and thala-
mus we found additional giant bouton clouds in
superior colliculus and brainstem which will be
presented in a separate study.

Bouton cloud geometries

Bouton clouds have distinct shapes in each of the
reported areas. Bouton cloud shapes in POm lateral
are approximating a straight rod oriented parallel to
the anterior-posterior (AP) axis (Figure 3B, F). Bou-
ton clouds in POm medial form a curved rod (‘bana-
na’) with its main axis approximately parallel to the
AP axis and its ends pointing laterally. Bouton clouds
in PoT are shaped like a sheet where the anterior
end is slightly elevated from the horizontal plane.
POa bouton clouds are roughly spherical, with an
extension in the direction of POm lateral, however
POa bouton cloud shapes were variable over exper-
iments. In ventral thalamus, ZI boutons lie roughly in
the horizontal plane, often with inhomogeneous

Cortex Dorsal thalamus

rawish

Figure 3: Thalamic Nuclei, termination field illustrations

density distribution (Figure 3C,G). The majority of
boutons were in the dorsal part of ZI. Bouton clouds
in APT are shaped like slightly prolate spheroids,
sometimes with low density extensions (Figure 3D, ).

Bouton cloud quantifications

Using full 3D reconstructions of giant boutons in
thalamus and anterior midbrain, we were able to
quantify size and numbers of individual boutons, as
well as volumes and densities of bouton clouds in
the respective nuclei. Estimated mean bouton diam-
eters were 2.7 +/- 0.6 um and 3.0 +/- 0.6 um (GFP
and mOrange labeled boutons, respectively; interval
based on standard deviation). Bouton diameters
were comparable across nuclei with a mean of 2.4-3
pum (GFP, Figure 4A, mOrange: 2.7-3.3 um, table 1).
We next estimated the average number of boutons
per L5B neuron by normalizing bouton counts for the
different nuclei with the number of fluorescently
labeled somata in BC L5B (Figure 4B). Based on these
estimates, L5B neurons make between 9.4 and 40.7
giant boutons depending on the nucleus. Nuclei fall
in roughly two groups: POm lateral and APT are
innervated by more than 30 boutons per L5B neu-
ron, while POa, POm medial and PoT have less than

Anterior midbrain

Ventral thalamus

Comparison of two experiments with rowish (A-D) and arcish (E-H) injection positions respectively, showing different relative bouton cloud positions
in consequence, B-0, F-H at same scale and orientation; scalebar 500pm. A: Schematic of rowish injection locations in BC Both injections mostly in
C-row. B: Top view on bouton reconstructions in dorsal thalamus (PO) labeled by injections shown in A, showing the individual bouten clusters. In PO,
GFP labeled boutons are located maostly above mOrange labeled boutons; 30 view in Fig. 2G. C: Top view on boutons in ventral thalamus (Z1) labeled
by injections shown in A; 3D view in Fig. 2G. D:Top view on boutons in anterior midbrain (APT) labeled by injections shown in A; 3D view in Fg. 2G. E:
Schematic of arcish injection locations in BC; Both injections mostly in arcs 2-3. F-G: as B-D for injections shownin E.
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12 (Table 1). ZI bouton numbers range in between at
approximately 23. The differences are significant
(Wilcoxon signed rank, p<0.05) between these
groups. Scaled to a L5B column, we estimate approx-
imately 1100 boutons per column in the first group
and 280 in the latter (Supplementary figure 1). When
approximating bouton cloud volumes (see supple-
mentary methods) in the respective nuclei, PO
(excluding PoT) contains the smallest volumes with
less than 1.4e-4 mm? per projection neuron while in
PoT, APT and ZI boutons are spread over significantly
larger volumes (Table 1 and Figure 4C). We meas-
ured the highest bouton densities in POm lateral and
APT (4.2e5 +/- 0.5e5 and 3.6e5 +/- 0.7e5 mm’>
respectively, both significantly higher than all others
(Table 1 and Figure 4D)). Estimating soma densities
based on a subset of Neurotrace co-labeled experi-
ments resulted in comparable densities of approxi-
mately 4e4 mm™ in all nuclei, with the exception of
ZI where density is lower at 2e4 mm™ (Table 1 and
Figure 4E). The ratio of bouton density and soma

density gives an approximation of how many bou-
tons are available to one target neuron on average.
POm lateral and APT neurons have most with 9
boutons per soma, while neurons in all other (APT
vs. ZI not significant) nuclei have significantly fewer
(5 or less) boutons available. In summary, while
bouton sizes were comparable in the respective
nuclei, numbers and cloud volume differed specifi-
cally depending on target. POm lateral and APT are
innervated very strongly by L5B.

Somatotopic precision

When looking at the bouton reconstructions in 3D, it
is evident that the bouton clouds are mostly posi-
tioned next to each other and are not occupying the
same volume (Figure 2H). To quantify the somato-
topic precision of those projections we used an
approach based on generalized quadratic linear
models (GLM), as volume determination from point
clouds is error-prone. Using GLMs we fitted the
surface separating the bouton clouds best and then
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Figure 4: Quantifications

A: Histogram of bouton diameters (only GFP) in the respective nuclei, normalized to probability of occurence. B: Number of boutons in respective
nuclei, normalized by number of labeled L5B neurons. Each injection represented as black circles, mean as grey line. Black lines above indicate which
nuclei are significantly different from each other (Wilcoxon signed rank, p<0.05). C: Termination field volume in respective nuclei, normalized by
number of labeled L5B neurons. Conventions as in B. D: Density of boutons in termination field, equaling the ratio of number per volume. Conventions
as in B. E: Estimated soma densities from Neurotrace staining in a subset of experiments. F: Number of boutons for each target cell in respective nuclei,
equaling the ratio between bouton and neuron density. Conventions as in B.
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Figure 5: Overlap

Overlap between dual injection bouton clouds calculated by generalized
linear model (GLM)

A: Low overlap example from POm lateral, showing a randomly selected
subset of 1000 Boutons for clarity. Transparent grey surface shows (GLM)
modeled surface that gives best separation of bouton clouds (green and
magenta dots). Boutons on the opposite side of the surface (overlapping
boutons) are plotted in a dark shade of green and magenta respectively.
Twice the percentage of overlapping boutons gives an estimate of cloud
overlap. B: High overlap example from PoT. Plot conventions as in A. C:
Population data: Overlap estimates as in AB for all nuclei. Each circle
represents one experiment, grey bar shows mean. Lines indicate which
nuclei are significantly different from each other (Wilcoxon signed rank,
p<0.05).

calculated the percentage of boutons located on the
opposite side (Figure 5A,B). The percentage is then
proportional to the overlap, which can be used as an
inverse proxy of somatotopic segregation. Even
though injections were always non-overlapping,
bouton clouds did overlap. Overlap percentages
varied substantially between experiments and nu-
clei. POm (medial and lateral) and APT have mean
overlaps of 20-30%, POa, PoT and ZI more than 40%
(Figure 5C). There were no significant correlations
between overlap and injection distances or row-
ish/arcish injections.

Whisker map transformation

Comparing the bouton cloud locations from rowish
(Figure 3A-D) and arcish (Figure 3E-I) injections, we
found that the relative bouton cloud positions varied
for each nucleus depending on the injections. Using
all seven pairs of dual injections, we tested if bouton
cloud positions can be predicted from injections. We
fitted linear models to the relative positions of
bouton cloud centroids from relative injection loca-
tions in the barrel field. Using the models to predict
virtual purely rowish and arcish injections, results in
the rotation of barrel field projection geometries in
thalamus and anterior midbrain. POm lateral and
APT bouton clouds could be predicted quite accu-
rately (prediction SEM 2° for POm lateral and 3° for
APT). Prediction errors for the other nuclei were
higher (SEM: 6° (POa), 7° (POm medial), 9° (PoT), 5°
(Z1)). In POm lateral, rows A-E are arranged approxi-
mately from lateral to medial, arcs 1-7 from dorsal to
ventral. In POm medial and PoT, projection arcs are
oriented similarly while projection rows, point in the
opposite direction. In APT, projection rows point
posteriolaterally, arcs ventroposteriomedially. In ZI,
projection rows point anterioventrally, arcs medially.
In POa, projection arcs and rows both are oriented
approximately in the posterior direction, arcs slightly
ventrally; the projection barrel field is therefore
strongly distorted (Figure 6). In summary each nu-
cleus has its individual map organization in L5B
projections. Taking the map orientations of PO
together, rows are organized from outside to inside,
e.g. A row projections encompassing B row projec-
tions, while arc projections are oriented downwards,
e.g. arc 1 dorsal to arc 2 (Figure 7).

Nucleus POa POm lateral POm medial PoT Zl APT
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Paxinos lateral (bregma) 0.95 1.35 0.77 0.91 1.33 0.83
equivalent caudal (bregma) 1.25 2 173 2.28 2.43 2.71
coordinates -
(mm) ventral (pia) 3.2 3.25 3.2 3.34 4.28 3.14
Bouton mean GFP 2.73 0.01 3.01 0.03 2.75 0.02 2.62 0.03 2.44 0.03 2.51 0.02
diameters mOrange
o) 2.93 0.06 3.27 0.04 2.99 0.03 3 0.07 2.73 0.08 2.74 0.03
Boutons/L5B neuron 9.4 2.3 40.7 10.4 11.7 4.4 10.8 2.8 23.1 9.2 33.7 8.7
Boutons/column 271 47 1122 159 291 58 299 57 618 256 1022 209
Volume/L5B neuron (x10"-4 mmA3) 1.4 0.5 1.2 0.2 0.8 0.3 3.6 1.2 7.9 2.3 4.2 2
Volume/column (x10"-4 mm*3) 37.2 10.3 35.5 3.6 20.3 3.6 90.6 21.8 2047 565 1225 503
Bouton density (x10°4 mm”-3) 7.4 1.3 41.7 49 19.9 2.8 5.8 1.6 9.4 3.6 35.8 7
Soma density (x10°4 mmA-3) 4.4 4.64 4.52 4.09 2.01 3.97
Boutons/Soma 1.7 0.3 9 1.1 4.4 0.6 1.4 0.4 4.7 1.8 9 1.8

Table 1: Nucleus specific bouton parameters
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Discussion

Although POm clearly belongs to the whisker system
on anatomical grounds and is responsive to whisker
deflections (10), the function of POm in whisker
processing is unclear (19-23). The main synaptic
drive of POm originates in the barrel cortex in L5B (7,
8, 24, 25). Anatomical and physiological properties
point to the possibility of substructures in PO, how-
ever not conclusively (26—29). Here, using a quanti-
tative neuronal tract tracing approach, we find that
L5B giant boutons cluster in four regions of PO.
Additionally ZI and APT receive substantial input
from L5B — two regions that were shown to inhibit
POm (21, 30). Two-color labeling of L5B boutons,
revealed that in each target nucleus, bouton clouds
repeat the relative spatial arrangement of the
whiskers on the animal snout. Thus, descending L5B
projections are somatotopically arranged into
whisker maps with target-specific orientation.

Methodological considerations

Synaptophysin-fluorophore fusion proteins have
been used to label presynaptic boutons (17, 31). A
fraction of the signal may stem from transport
vesicles in axons, potentially leading to an overesti-
mation of boutons. Clearly axonal signal was re-
moved manually, however. Using a signal to noise
approach, we selected only brightly labeled spots,
thereby minimizing artifacts, on the expense of
missing some boutons when background fluores-
cence was high. The sparseness and size of L5B
boutons allowed us sample coarsely in z-direction
(with 10 um between optical sections) and thereby
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Figure 6: Schematics of map transformations

image the whole brain. To counteract signal loss
through z-undersampling, we increased the pinhole.
Consequently boutons span 2-3 z-sections, but could
result in merging of closely neighboring boutons. In
summary, this approach may underestimate L5B
bouton counts. L6 also projects to POm (32) and was
labeled in our experiments. However L6 innervation
has a very different projection pattern, with very
dense but small boutons in comparison to L5B (32).
L6 boutons were either excluded by size (<1.5 um),
or poor signal to noise ratios because they appear as
regions with high background, due to their very high
density.

There was substantial variability of most bouton
parameters (e.g bouton counts, cloud volume)
across experiments. Varying background fluores-
cence in the experiments possibly influenced detect-
ability of boutons and could account for some of the
variance in bouton parameters over experiments.
Another source of variability between injections
might be explained by L5B subtypes: not every
individual L5B neuron innervates all target areas
simultaneously (6, 33) and septal L5B neurons might
have different projection patterns than column
neurons (34). Thereby small variations in injection
sites relative to column centers may result in differ-
ent bouton parameters in the target areas.

Substructures in PO

Bouton cloud reconstructions revealed four distinct
input areas in PO which together form a ring in the
horizontal plane. Each PO subnucleus has its charac-
teristic, nucleus-specific organization of L5B bou-
tons. Firstly, POm lateral has highest bouton densi-

POm lateral

POm medial

%\y /B| gma: -2.5 mr TR bwunh -2 L‘mm

lllustration of barrel field projection map rotation in respective nuclei. Cortex panel shows a tangential schematic of barrel field with red and blue
arrows showing arrangement of rows and arcs respectively. Schematics for respective nuclei show a modified cropped region from Paxinos coronal
atlas (12), region of interest is striped. The POa region is actually labeled as VL in the atlas. Red and blue arrows show the 3-dimensional rotation of the
projection map. Arrows are perspectively distorted for visualizing arrows coming out towards the viewer (posterior) or away (anterior). SEM of predic-

tion: 2° (POa), 2° (POm lateral), 6° (POm medial), 6° (PaT), 3° (Z1) and 4° (APT).
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ties, while PoT and POa densities are much lower
(Figure 4D). Secondly, the corticothalamic map
precision and orientation was specific for each PO
subnucleus (Figure 5C) such that PO contains 4
differently oriented whisker maps. It remains un-
clear if the cortical projections into the 4 subnuclei
are paralleled by inputs from other sources. For
example the spinal trigeminal nucleus interpolaris
innervates only approximately a third of PO, the
distribution however does not colocalize with the
divisions reported here (26). Previous physiological
studies also hint at functionally different populations
in PO (27, 28), but systematic functional studies are
lacking.

Horizontal Coronal
POm POm
medial ABCDE medial
POm
lateral
anterior
T—. lateral PoT ———[ateral

Figure 7: PO projection map

Horizontal (left)and coronal (right) schemata of the projection map in
PO, showing outside-in organization of rows and dorsomedial orienta-
tion of arcs. For orientation, VPM would be located to the right in both
panels.

Somatotopic precision

Bouton clouds from two-color injections demon-
strate topographic projections. However, even
though dual injections were always non-overlapping,
subcortical bouton clouds overlap in nucleus specific
amounts. The overlap variability between experi-
ments also varied depending on the nucleus. POm
lateral and medial had lowest overlaps (~¥20%) and
lowest variation. This confirms previously reported
corticothalamic projection map specificity (that
included L6), suggested to be similar to that of VPM
(35). POa and PoT have higher overlap and therefore
less precise somatotopic projections. Overlap in POa
and PoT furthermore was highly variable between
experiments. Correlations between overlap and
injection border distance were not significant. There-
fore we assume a nonlinear relationship between
injection distance and overlap. For other areas it has
been previously reported that projection overlap is
anisotropically higher along rows than along arcs
(36), thereby the relative injection locations could
influence projection overlap. Furthermore, due to
the columnar organization of BC, L5B projections

from neurons in the same column could have a far
higher overlap than that from neurons in neighbor-
ing columns. In this case overlap would be scaled
non-linearly, depending on the labeled column
distance. In summary, in all nuclei we found segre-
gated bouton clouds from dual injections indicating
somatotopic projection organization. Somatotopic
projections naturally entail a reproduced map from
BC to target regions.

Projection maps

Abstracting from diverse relative injection locations,
we were able to determine the rotation of the
projection map. Interestingly, looking at the projec-
tions into PO together, projection arcs are always
oriented approximately downwards (i.e. C4 projec-
tions are located ventrally of C2 projections), projec-
tion row directions however were variable: In the
horizontal plane, the A row is located on the outside
of the respective nuclei (e.g. lateral in POm lateral
and medial in POm medial), while the other rows are
on the inside (Figure 7). Consequently, injections in
the same arc result in bouton rings stacked on top of
each other, while injections in the same row form
rings where one encompasses the other. PO neurons
are mostly driven by BC L5B, therefore it can be
expected that receptive fields of PO neurons map in
a similar way than the L5B projection organization.
This peculiar organization could have functional
consequences. For example if other inputs would
have a more regular projection map, inputs from
different rows could be processed and integrated
very differently. In summary, PO subnuclei receive
cortical inputs in specific fashions and in toto pro-
duce a highly convoluted projection map.
Corticothalamic convergence and divergence
Corticothalamic driver convergence (i.e. the number
of L5B neurons innervating one PO neuron) and
divergence (the number of POm neurons innervated
by one L5B neuron) is unknown. With the presented
data set we can make a first quantitative estimation
of corticothalamic driver convergence and diver-
gence. For the example, in POm lateral we found on
average approximately 41 boutons per L5B neuron,
which is comparable to previously published single
neuron reconstructions (6). Considering the unlikely
scenario in which a L5B neuron makes only a single
synapse with each of its postsynaptic target neurons
in PO, L5B neurons would on average contact 41
POm lateral neurons. Furthermore, on average 9 L5B
boutons are available for one POm neuron based on
the ratio between bouton and soma densities. Again
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assuming single contacts between neurons, a POm
lateral neuron would thereby be innervated by 9 L5B
neurons. However, single contacts between L5B and
POm lateral neurons are unlikely since L5B axons
form multiply dense bouton clusters (6). Multiple
contacts between L5B and postsynaptic PO neurons
are further supported by recent functional conver-
gence estimates of the pathway, suggesting approx-
imately 2-3 independent L5B subthreshold inputs
(8). Multiple contacts of the same neuron however
cannot easily be discerned physiologically and would
resolve the apparent discrepancy between anatomi-
cal and physiological estimations. In consequence,
2.5 presynaptic neurons sharing 9 synapses to inner-
vate the postsynaptic neuron result in 3.6 contacts
between individual L5B and POm lateral neurons on
average. Finally, when of the 41 boutons made in
POm lateral 3.6 go to one neuron, an average L5B
neuron innervates approximately 11 (41/3.6) POm
lateral neurons. Even though these values are very
rough estimates, they show very low divergence and
convergence, indicating that the pathway is highly
parallelized.

Inhibitory nuclei

In addition to PO, L5B also projects substantially into
the GABAergic nuclei ZI and APT. While both nuclei
receive similar numbers of L5B boutons, the organi-
zation of L5B giant boutons are quite distinct be-
tween nuclei. APT receives dense bouton clouds,
which are somatotopically arranged albeit with
lower precision than POm lateral. In dorsal ZI, L5B
boutons innervate a large area in a sheet shape,
following the overall dimensions of the nucleus.
Densities are lower than in APT and somatotopic
precision is poor. Neurons in both regions are re-
ported to inhibit POm, allowing for complex cortico-
thalamic interactions (21, 30, 37). Whether L5B
targeted ZI and APT neurons in turn directly inhibit
POm, or have a disinhibitory effect via intermediate
local inhibition is unclear. For example, motor cortex
also innervates ZI, but has probably a disinhibitory
effect on POm due to local inhibition between the
subdivisions of ZI (21).

Functional considerations

We found that cortico-efferent projections from BC
L5B are somatotopic and highly parallelized. This
suggests that the signal pathway is organized in a
labeled lines fashion. Projections to PO are divided
into 4 areas with different properties, suggesting
functionally distinct subdivisions of PO. However,

taking PO as one structural nucleus reveals a peculi-
ar outside-in projection map, suggesting alternative
functional consequences. While the L5B to APT
innervation is somatotopically arranged, L5B to ZI
projections appear less structured, which might hint
at different (dis)inhibitory influences on PO pro-
cessing. Whether ZI and APT in turn project somato-
topically to POm remains unknown, but ZI neurons
seem to innervate a large area of POm, according to
single neuron reconstructions of projecting ZI neu-
rons (21). Somatotopic precision and cortico-
subcortical projection properties to superior collicu-
lus and brainstem are subject of a separate study.
Barrel cortex layer 5B corticothalamic projections
constitute a highly parallel and topographically
organized driver pathway that centers on the higher
order nucleus PO. In consequence, signals from
barrel cortex are topographically broadcasted via PO
to multiple other cortical and subcortical areas on
the basis of the whisker map.

Materials and methods

Ethical Approval

All experiments were done according to the guide-
lines of German animal welfare and were approved
by the respective ethical committees.

Viral Tracers

Adeno associated viruses serotype 1/2 (AAV), were
obtained from Genedetect (New Zealand). The
constructs (Synaptophysin-GFP and Synaptophysin-
mOrange) were a kind gift of Thomas Kuner (31). As
Synaptophysin is targeted to presynaptic endings,
fluorescent proteins accumulate there. Injection
coordinates ranged between 2.8-3.35 mm lateral
and 0.85-1.7 mm posterior to bregma and were
centered at the level of L5 (0.7-0.8 mm below pia).
Injection coordinates for dual labeling were on
average 0.6 mm apart. In post-hoc reconstructed
tangential slices we visualized the barrel field by a
simple fluorescent Streptavidin staining protocol and
determined injection centers between o and D6. In
the range between 100 and 300 um below the lower
end of barrels, which we approximate as L5B, we
counted 98 +/- 61 (mean +/- standard deviation )
fluorescent somata in a volume of 0.009 +/- 0.007
mm? (corresponding to approximately 2.6 +/- 1.4
columns). Dual injection borders were 288 +/- 80 um
(~2 column diameters) apart. Consequently we
achieved focal transfection of low numbers of L5
neurons in two separate areas of BC with constructs

27



that lead to fluorescent labeling enriched specifically
in synaptic boutons.

Injection procedure

Seven C57/BL6 mice of both sexes at age 5 to 7
postnatal weeks at the time of injection were used in
this study. An additional C57/BL6 mouse was used
for horizontal Cytochrome C Oxidase labelling, which
was not injected. Detailed injection procedures are
described in supplementary text. In short: Anesthe-
sia was induced by isoflurane, local analgesia by
subcutaneously injected lidocaine. The head was
fixed with earbars, stereotactically aligned and the
head tilted to the left to allow pipette insertion
perpendicular to the pia on the right hemisphere.
Approximately 30-100 nl virus solution was slowly
injected at a depth of 0.7-0.8 mm below pia by
applying air pressure. Injection procedure was then
repeated for the second injection with the other
virus solution (Mean distance between injections:
0.6 +/- 0.1 mm (mean +/- standard deviation)). After
14-16 days incubation period, the mouse was ex-
posed to a lethal dose of isoflurane and transcardial-
ly perfused with 4% paraformaldehyde.

Slicing and Histology

Slicing: The brain was embedded in ~2% agarose and
then cut at various angles, always with 100um thick-
ness. First BC was cut tangentially (tilt ~22° to left
and ~8° upward), then thalamus and midbrain either
coronally (1 experiment), sagittally (2) or horizontally
(4). Barrels were visualized with Streptavidin-
Alexa647 (ThermoFisher). In a subset of experiments
thalamic slices were stained for somata using Neuro-
trace 435 (Thermo Fisher). Cytochrome C Oxidase
staining was achieved as described in (26).
Microscopy
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Corticothalamic projections from the cortical barrel

Slices were imaged with an Olympus FV1000 confo-
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thalamic overview imaging objective UPlan FL N 4x
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Analysis

Scanned slices were aligned with Amira (FEI, USA),
bouton locations and diameters extracted with
custom written algorithms in MATLAB (Mathworks,
USA). We excluded signals with diameters smaller
than 1.5 pum from the analysis (Figure 2E), ruling out
L6 contributions. L6 of barrel cortex projects to
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tative analysis performed with MATLAB. Analysis
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Further method details are outlined in supplemen-
tary text.
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Supplementary Figure 1: Additional Quantifications

A: Number of boutons in respective nuclei, normalized by labeled volume relative to column. Each injection represented as black circles, mean as
grey line. Black lines above indicate which nuclei are significantly different from each other (Wilcoxon signed rank, p<0.05).
B: Termination field volume in respective nuclei, normalized by labeled column. Conventions as in A.

Supplementary Methods

Injections

Seven C57/BL6 mice of both sexes at age 5 to 7 postnatal weeks at the time of injection were used in
this study. An additional C57/BL6 mouse was used for horizontal Cytochrome C Oxidase labelling,
which was not injected. Anesthesia was induced by exposing the animal to 1 Vol% isoflurane
(Isofluran CP, cp-pharma, Germany) in 02, using an inhalator (Drdagerwerk AG, Germany)). Body
temperature was kept at 37°C using a heating pad and depth of anesthesia was monitored by visual
inspection of breathing rate and lack of foot pinch reflex throughout the operation. Following deep
anesthesia eyes were covered with eye and nose ointment (Bayer, Germany) to avoid drying and
~100 pl lidocaine (1%, LICAIN, DeltaSelect, Germany) was injected subcutaneously under the scalp.
The mouse was then moved to a stereotactic frame (Customer constructed with elements of Anilam
and Cartesian Research) and fixed with earbars. A small longitudinal cut exposed bregma and
lambda, which was used to align the head stereotaxically. Following a small craniotomy at
coordinates of BC (2.8-3.35 mm right, 0.85-1.7 mm posterior relative to bregma), the head was tilted
20° to the left to allow injection pipette penetration perpendicular to the pia. Viral particle solution
was front loaded into pulled micropipettes (intraMARK, Blaubrand, Germany) and lowered to a depth
of ~0.7-0.8 mm below pia. Approximately 50 nl virus solution was slowly injected by applying air
pressure. Following the injection, the pipette was left at the injection location for 10 minutes to allow
for diffusion and then slowly retracted. Injection procedure was then repeated for the second
injection with the other virus solution. After completion, the skin above the skull was sutured with
silk suture material (Perma-Hand, 6-0, Ethicon, USA). The animal was then transferred to its home
cage, where it woke up. After 14-16 days incubation period, the mouse was exposed to a lethal dose
of isoflurane and transcardially perfused with 4% paraformaldehyde (PFA) in phosphate buffered
saline. The brain was removed and postfixated for 12 hours in 4% PFA at 4°C.
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Slicing and Histology

Slicing: The brain was embedded in 2% agarose and then cut at various angles, using a vibratome
(VT1000S Leica, Germany), always with 100um thickness. First BC was cut tangentially (tilt ~22° to
left and ~8° upward), then thalamus either coronally (1 experiment), sagittally (2) or horizontally (4).
Barrel visualization: We found that Streptavidin Alexa-647 (ThermoFisherScientific, USA; typically
used to fluorescently visualize biocytin-filled neurons) also clearly labels barrels. In short, we used
the following protocol: 2x 10 min wash in phosphate buffer (PB); 1 h permeabilisation in 1% Triton-X
(Sigma)/PB; 2 h 1 ug/ml Streptavidin-Alexa647 (Invitrogen/ThermoFisherScientific) in 0.5% Triton/PB;
4x 10min wash in PB; overnight wash in PB at 4°C. Somata visualization: In a subset of experiments
thalamic slices were stained for somata using Neurotrace 435/455 (ThermoFisherScientific, USA), to
facilitate alignment, nucleus border detection and soma counting. In short: 10 min wash in PB; 10
min 0.1% Triton-X/PB; 20 min in 200x diluted Neurotrace solution; 2x 10 min wash in 0.1% Triton-
X/PB; 2x 10 min wash in PB. Cytochrome C Oxidase staining was achieved as described previously (1).
Embedding: Following histological procedures, slices were embedded in SlowFadeGold or
SlowFadeDiamond (ThermoFisherScientific, USA), the coverslip glued to slide by nail polish.

Microscopy

Slices were imaged with an Olympus FV1000 confocal microscope outfitted with an automated stage
for mosaic imaging. For cortical barrel field and thalamic overview imaging objective UPlan FL N 4x
NA 0.13, air, for bouton imaging objective UPlanSApo 20x NA 0.85, oil, was used. Lasers: Neurotrace-
Alexa-435: 405 nm; Synaptophysin-GFP: 488 nm; Synaptophysin -mQOrange: 559 nm; Streptavidin-
Alexa-647: 630 nm. Slides were always scanned in sequential mode, zoom 1.5, 1024x1024 pixels,
laser power and amplification adjusted such that maximum brightness was far from overexposure. Z-
stepping for imaging boutons was set to 10um to allow scanning of large areas with high x/y
resolution at reasonable time and data storage demands. The resulting voxel size was
0.414x0.414x10 um (XxYxZ). Potential signal loss by 10 um stepsize was counteracted by increasing
pinhole width to 300 um. Most boutons could be seen in more than one z-section, leading to the
conclusion that the scan parameters lead to a minimal loss in bouton numbers and a maximal
coordinate imprecision of 5 um. Not all the nuclei of interest could be scanned completely in all
experiments, due to occasional tissue damage during slicing. Therefore the number of completely
reconstructed experiments varies across nuclei.

Analysis

Mosaic tile images were stitched using Olympus inbuilt algorithms, without edge smoothing. Stitched
stacks were then loaded into Amira 6 (FEI, USA) and aligned to each other (rigid alignment).

Stacks were loaded into Matlab 2015b (Mathworks, USA), where bouton locations and respective
diameters were extracted using custom written algorithms. Pixel intensity values for each z-section
were normalized to zero mean and standard deviation = 1 and 2-d gauss filtered (sigma=0.4 pixels).
Then bouton candidates were found by looking for pixels with intensity higher than all their 8
neighbors (image dilation with center zero) and a minimal intensity of 2.5. Data snippets of 7x7 um
around each bouton candidate were extracted and background (defined as 10" percentile of area
around bouton) subtracted. Bouton candidates with a value lower than 2.5 following background
subtraction were removed. Image snippets around boutons were interpolated by an upsampling
factor of ~5 and diameter calculated as twice the shortest distance from peak to half-peak value. This
allowed for robust diameter extraction even if multiple boutons are located close to each other, but
underestimates diameter of ellipsoid boutons relative to spherical boutons. Diameters should be
considered as apparent diameter estimations and deviate from real diameters, due to the influence
of multiple factors: shape, point spread in confocal microscopy (no deconvolution was applied) and
wavelength.

Bouton candidates that are visible in more than one z-section are only counted at their maximum
intensity. Signals with diameters smaller than 1.5 um or larger than 5 um are removed. Following
alignment of resulting bouton candidates in Amira (referenced to aligned slices), artifacts were
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removed manually. Finally boutons were manually split into the respective nuclei, based on
clustering.

Fluorophore expressing somata and Neurotrace labeled somata in thalamus were counted in Amira,
using a sequence of filtering and opening-closing steps to smooth out darker cell nuclei and then
counted by local maxima and connected component analyses.

Bouton cloud volumes were estimated using an alpha shape algorithm, after removing outliers.
Outliers were defined as boutons for which the mean distance to their next 20 neighboring boutons
was larger than 2 standard deviations of all mean distances. Alpha shape radius was empirically
defined as two thirds of the smallest radius giving a single region with shrinkage factor of 0.8.
Estimation of overlap between bouton clouds was based on fitting a quadratic generalized linear
model (GLM) with a step cutoff (i.e. the surface best separating the two bouton clouds). The
percentage of incorrectly predicted boutons (positioned on the opposite side of the plane) then
equals half of the overlap (two clouds with identical coordinates split by any surface would give 50%
correct boutons, hence the factor 2).Barrel map orientation for each nucleus was calculated by first
normalizing the vectors between both injection positions (in row/arc space) and the vectors between
the median of both bouton clouds in each experiment and nucleus. The resulting relative directions
of injection and cloud locations were then used to fit a linear model for each of the bouton space
components. The set of linear models was then used to predict the relative direction of a vector
between (virtual) bouton cloud locations for purely rowish and purely arcish (virtual) injections. The
standard error of the mean angle between measured and predicted directions in each experiment
gives an estimate of the predictability of the row and arc directions for each nucleus, low values
indicating high predictability.

Supplementary references
1. Groh A, et al. (2014) Convergence of cortical and sensory driver inputs on single
thalamocortical cells. Cereb Cortex 24(12):3167-79.
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Abstract

The cortex connects to the thalamus via extensive corticothalamic (CT) pathways, but their function in vivo is not well

understood. We investigated “top-down” signaling from cortex to thalamus via the cortical layer 5B (L5B) to posterior medial
nucleus (POm) pathway in the whisker system of the anesthetized mouse. While L5B CT inputs to POm are extremely strongin
vitro, ongoing activity of L5 neurons in vivo might tonically depress these inputs and thereby block CT spike transfer. We find
robust transfer of spikes from the cortex to the thalamus, mediated by few L5B-POm synapses. However, the gain of this
pathway is not constant but instead is controlled by global cortical Up and Down states. We characterized in vivo CT spike
transfer by analyzing unitary PSPs and found that a minority of PSPs drove POm spikes when CT gain peaked at the beginning of
Up states. CT gain declined sharply during Up states due to frequency-dependent adaptation, resulting in periodic high gain-
low gain oscillations. We estimate that POm neurons receive few (2-3) active L5B inputs. Thus, the L5B-POm pathway strongly
amplifies the output of a few L5B neurons and locks thalamic POm sub-and suprathreshold activity to cortical L5B spiking.

Key words: adaptation, barrel cortex, corticothalamic feedback, layer 5, POm, somatosensory system, thy-1, VGAT

Introduction

A major input to the mammalian thalamus originates in the
cortex from corticothalamic (CT) projection neurons in Layers 5
(L5) and 6 (Hoogland et al. 1987; Sherman 2001; Killackey and
Sherman 2003). L5 CT axons target “higher order” thalamic nu-
clei, where they form large (“giant”) synapses with thalamic
proximal dendrites (Hoogland et al. 1991; Sherman and Guillery
1996; Veinante, Lavallee, et al. 2000; Killackey and Sherman
2003). Anatomical studies suggest that while these synapses
are large, they are also sparse (Bourassa et al. 1995). While counts
of L5 CT inputs per POm neuron are lacking, these properties dif-
ferentiate L5 CT synapses from L6 CT synapses, which are small
and numerous (Sherman and Guillery 2006). In brain slices, uni-
tary EPSPs evoked from a single L5B axon can trigger action

potentials (APs) in target POm neurons (Groh et al. 2008; Seol
and Kuner 2015). This cortical “drive” of POm has been supported
by in vivo experiments, as blocking cortical activity showed
that POm spiking is contingent upon intact barrel cortex (BC)
(Diamond et al. 1992; Groh et al. 2014) and is correlated with cor-
tical Up states (Slezia et al. 2011; Groh et al. 2014). However, the
strength and adaptive properties of the CT driver pathway in
vivo are unknown. Consequently, the efficacy of spike transfer
from the cortex to the thalamus (the CT transfer function) has
not been quantified in vivo, and it is unknown which—if any—
L5B spike patterns of evoke spikes in POm in the intact brain.
Putative CT spike transfer in vivo is likely to depend strongly
on the spiking rate of individual L5B neurons, as L5B-POm synap-
ses are characterized by pronounced, fast depression (Reichova
and Sherman 2004; Groh et al. 2008; Seol and Kuner 2015); also
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see Li et al. (2003) for similar findings in the visual thalamus.
Therefore, the strength of a synapse will depend on the spiking
history of the upstream L5B neuron, and—as L5B neurons are
the most spontaneously active neurons in the BC (de Kock et al.
2007; Oberlaender et al. 2012)—the transfer function of this path-
way should adapt markedly. We hypothesized that frequency-
dependent synaptic depression could toggle CT spike transfer
between different functional modes (Groh et al. 2008): in keeping
with the original definition of “driver synapses” (Sherman and
Guillery 2006), we refer here to “driver mode” as a fail-safe trans-
fer mode between pairs of L5B and POm neurons, in which a sin-
gle presynaptic L5B spike evokes one or more POm spikes. From
in vitro measurements, this high gain mode is predicted to only
occur for L5B spiking frequencies less than approximately 2 Hz,
when the synapses are partially or fully recovered (Groh et al.
2008). In contrast, at higher frequencies, each L5B synapse
would be depressed and the pathway would operate in a low
gain mode, in which several coincident inputs are integrated to
evoke POm spiking.

We address the properties of CT spike transfer in vivo by com-
bining optogenetic manipulations with recordings of L5B and
POm sub- and suprathreshold activity in urethane anaesthetized
mice. The results show that POm is driven by very sparse CT
input most likely of L5B origin. Furthermore, the L5B-POm path-
way is not in a constant and stable state of depression, resulting
in periodic transitions in CT gain following cortical Up and Down
state activity.

Methods
Ethical Approval

All experiments were done according to the guidelines of German
animal welfare and were approved by the respective ethical
committees.

In Vivo Electrophysiology

Animal preparation and recordings were done with 6- to 8-week-
old thy1-ChR2 (line 18) or VGAT-ChR2-EYFP line 8 (Jackson Labs)
mice anesthetized with 1% Isofluorane in O, (SurgiVet Vaporizer)
for the photostimulation experiments or urethane (1.3 pg/g body
weight) for simultaneous LFP and juxtacellular recordings. Typic-
ally one or 2 experiments (simultaneous L5B/POm recordings,
simultaneous L5B/L5B recordings, single L5B or POm recordings)
were done per animal. Recordings were made from a total of 56
mice: 22 animals for intracellular POm recordings, 8 animals for
simultaneous POm/L5B juxtasomal recordings, 5 animals for
simultaneous L5B/L5B juxtasomal recordings, 5 animals for sin-
gle L5B juxtasomal recordings, 10 animals for single juxtasomal
POm recordings, 4 for VGAT POm juxtasomal recordings, and 2
for VGAT cortical juxtasomal recordings.

Depth of anaesthesia was continuously monitored by eyelid
reflex, respiration rate, and cortical LFP, and additional urethane
(10% of the initial dose) was given when necessary. Respiration
rates were usually between 100 and 140 breaths per minute. In
the case of isoflurane anaesthesia, concentration of anesthetic
was adjusted to reach steady respiration rates around 100 breaths
per minute. The skull was exposed, and small craniotomies
above BC and POm were made (dura intact). For VGAT photosti-
mulation experiments, the skull above BC was additionally
thinned to permit better light penetration into the tissue. The
head was stereotaxically aligned (Wimmer et al. 2004) for precise
targeting of POm. Target coordinates relative to bregma were

(lateral/posterior/depth; in mm) as follows: BC L5B: 3.0/1.1/0.7;
POm: 1.25/1.7/2.8-3.0; Motor Cortex: 1.0/-1.0/0.6)

In vivo juxtasomal recordings and biocytin fillings were made
as described in Pinault (1996). In brief, 4.5-5.5 MQ patch pipettes
were pulled from borosilicate filamented glass (Hilgenberg, Ger-
many) on a DMZ Universal puller (Zeitz Instruments, Germany).
Pipettes were filled with (mM) 135 NaCl, 5.4 KCl, 1.8 CacCl,,
1 MgCl,, and 5 HEPES, pH adjusted to 7.2 with NaOH, with
20 mg/mL biocytin added. Bath solution was identical, except
for biocytin. Single units were found by the increase of pipette re-
sistance (2-2.5 times of the initial resistance) measured in voltage
clamp mode. AL5B and a POm cell were recorded simultaneously
with a ELC-01X amplifier (NPI Electronics, Germany) for POm and
a Axoclamp 2B (Molecular Devices, USA) for L5B. Unfiltered and
band-pass filtered signals (high pass: 300 Hz, low pass: 9000 Hz)
were digitized at 20 kHz with CED Micro 1401 mkII board and ac-
quired using Spike2 software (both CED, Cambridge, UK). Typical-
ly, recordings consisted of 1 single unit which was filled at the
end of the experiment with biocytin using current pulses (Pinault
1996). Whole-cell single neuron current clamp recordings in POm
were done using the “blind patching” approach as described in
Margrie et al. (2002). Pipette solution was (in mM) 130 K-gluco-
nate, 10 HEPES, 10 Na-phosphocreatine, 10 Na-gluconate, 4
ATP-Mg?*,4NaCl, 0.3 GTP, 0.1 EGTA, 2 mgbiocytin, osmolarity ap-
proximately 300, and adjusted to pH 7.2 with KOH.

Cell Selection Criteria and Cell Reconstructions

For all L5B recordings, we used a combined photo- and sensory
stimulation protocol to validate neurons’ locations: L5B neurons
were accepted for analysis if 1) photostimuli applied to the cor-
tical surface resulted in rapid, unadapting spiking responses
that persisted for the duration of a long photostimulus (3 s),
and (2) each neuron responded within 100 ms to whisker stimu-
lation, as the majority of L5B neurons in BC respond to whisker
stimulation within this time period (de Kock et al. 2007). This
protocol ensured that each putative L5B neuron was both in L5B
(photostimulation) and in BC (sensory response). In addition to
these physiological parameters, L5B and POm neurons were
also filled with biocytin for reconstruction of the locations and
morphologies (Fig. 1 and see Supplementary Fig. 1).

After the experiments, mice were euthanized with an over-
dose of ketamine/xylazine and transcardially perfused with 4%
PFA in phosphate-buffered saline. Four hours after fixation, the
brain was cut into 100 pm coronal slices and stained for cyto-
chrome C to reveal the VPM/POm border and with DAB to reveal
the soma and dendrite of the recorded neuron; both protocols are
found in Groh and Krieger (2011).

Six POm neurons and 12 Chr2-L5B neurons were recovered
and all showed dendritic parameters (Fig. 1 and see Supplemen-
tary Fig. 1 and Tables 1 and 2) consistent with previously pub-
lished descriptions of these neurons (de Kock et al. 2007; Meyer
et al. 2010).

Tracing L5B-ChR2 Projections to POm

For retrograde labelling of POm-projecting cortical neurons, a
retrograde tracer (50 nL Cholera toxin B—Alexa 647 conjugate, In-
vitrogen) was stereotaxically injected into POm of thyl-ChR2
mice as described in detail in Wimmer et al. (2004). After 4
days, the animals were killed with an overdose of urethane
(3 pg/g body weight) and perfused transcardially with 4% PFA
containing PBS. The brain was removed, and 100 pm coronal sec-
tions of the somatosensory cortex and thalamus were obtained
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Figure 1. L5B-POm sub- and suprathreshold activity during cortical Up and Down states. (A) Left: Experimental setup scheme relative to coronal mouse brain slice, showing
BC LFP recording, photostimulation of L5B, and recordings from individual neurons in L5B and POm. Mouse brain slice image modified from Paxinos (2001). Right:
representative Neurolucida reconstructions of a L5B-Chr2 neuron (upper) and a POm neuron activated by cortical photostimulation (lower). Additional reconstructions

and dendritic morphology parameters are shown in Supplementary Figure 1 and Tables 1 and 2. (B) Simultaneous cortical L5 local field potential (LFP, upper) and
juxtacellular recordings from L5B (gray, middle) and POm (lower) neurons show L5B and POm spiking during cortical Up states. (C) Example of simultaneously
recorded cortical L5 LFP and whole-cell patch clamp POm membrane voltage showing cortical Up states and associated POm EPSPs and APs. Resting membrane
potential (RMP) =-62 mV. (D) Single Up state from C at higher time resolution shows a large “driver” EPSP and subsequent AP (truncated) at the start of an Up state and
EPSPs of variable size throughout the Up state. (E) Short epoch from D showing summation of unitary EPSPs at higher time resolution.

on a vibratome (HR2, Sigmann Electronic, Germany). Fluores-
cence images were acquired using an Olympus FV1000 (Ham-
burg, Germany) confocal microscope with a x20 oil objective
(NA 0.9).

In Vivo Photostimulation Setup

Stimulation of ChR2 or VGAT neurons was achieved by a custom-
built laser setup consisting of a solid state laser (Sapphire, Coher-
ent, Dieburg, Germany) with a wavelength of 488 nm and a
maximal output power of 20 mW. The sub-millisecond control
of laser pulses was achieved by an ultrafast shutter (Uniblitz,
Rochester, NY, USA). The laser beam was focused with a collima-
tor into 1 end of a multimode fiber (Thorlabs, Griinberg, Germany;
numerical aperture = 0.48, inner diameter = 125 pm). For ChR2-
L5B neuron activation, the maximal output power at the end of
the fiber was 1 mW, resulting in a maximal power density of ap-
proximately 32 mW/mm? on the brain surface. Shutter control
was implemented with Spike2 software (CED, Cambridge, UK).
The optical fiber was positioned at an angle of approximately
86° (from the horizontal plane) and at a distance of approximate-
ly 100 pm to the cortical surface. For each neuron, we recorded an
average of 72 + 58 or 74 + 47 trials for juxtasomal and intracellular
recordings, respectively. For BC VGAT photostimulation, the op-
tical fiber was positioned at the same angle, but at a distance of
approximately 2.5 mm to increase the stimulated area to a disc
with a diameter of approximately 800 pm above BC. For robust

cortical inhibition (see Fig. 3C), we used a 40 Hz series of laser
pulses (12.5 ms on, 12.5ms off) for 1 s with an approximate
power density at the pia of 8.4 mW/mm?, based on the study
by Zhao et al. (2011). For each neuron, we recorded an average
of 53 +£18 trials (1 s photostimulation trains).

Cortical LFP Recordings

To monitor cortical state, we acquired L5 local field potentials
(LFP) simultaneously with single neuron recordings. Depth-re-
solved LFPs were recorded with a 16-channel probe (Neuronexus
probe model: A1X16-3mm-100-177, Neuronexus, MI, USA). The
probe was inserted 1.5 mm from the pia and a Teflon-coated sil-
ver wire chlorided at the tip was used as reference in the bath so-
lution above the craniotomy. Signals were amplified and filtered
with an extracellular amplifier (EXT-16DX, NPI Elektronics,
Tamm, Germany). LFPs were band-pass filtered with 0.01 or
0.1 Hz and 500 Hz corner frequencies and amplified 1000-2000
times. All signals were digitized at 20 kHz with CED Micro 1401
mkII board and acquired using Spike2 software (both CED, Cam-
bridge, UK). Only LFPs recorded at a depth of 750 pm, correspond-
ing to L5B, were used for analysis. Same coordinates as above.

Muscimol Block of BC

To determine the specificity of L5B drive of POm, we blocked bar-
rel cortex (n =3, Fig. 3) via application of approximately 50 nL of

37

9T0Z ‘€T A2IA U0 3101016 BMZ UBUoUSN A 19e1ISIBAIUN UBYISILLYIS | I8P YOUI01[qIoSTElSBAIUN T /BI0'S euInolplo X0 10080//:d1y Wo.) papeo lumod


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw123/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw123/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw123/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw123/-/DC1
http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/

4 | Cerebral Cortex

10 mM muscimol (Sigma Aldrich) injected to L5. Muscimol is a
GABA-A receptor agonist and is widely used to locally inhibit
neuronal activity in the intact brain (Letzkus et al. 2011; Xu
et al. 2012). Under these conditions, muscimol spreads approxi-
mately 1 mm along the anterio-posterior axis (Letzkus et al.
2011), thus likely blocking activity in the entire barrel field, and
possibly parts of S2 cortex known to form giant synapses with
POm neurons as well (Liao et al. 2010). After establishing a
whole-cell recording in POm, an injection pipette (Blaubrand)
was lowered into BC to a depth of 800 pm below the pia, and
the drug was slowly pressure injected into the cortex. Effects on
the sub- and suprathreshold activity in POm were seen approxi-
mately 5-10 minutes after drug application. We monitored the
LFP in motor cortex (MC) while recording from single POm neu-
rons. Despite ongoing Up and Down state activity in MC, spikes
and spontaneous large EPSPs in POm successively disappeared
5-10 min after muscimol injection into BC. This treatment was
nonreversible in the time course of our experiments.

Data Analysis

Electrophysiology data were acquired using Spike2 software and
then exported for analysis in Matlab version 9 (MathWorks,
Natick, USA) using custom written software. Spike times were
extracted by finding local maxima in the temporal derivative of
recorded voltage traces (dV/dt) above a variable threshold (typic-
ally 40-50% of maximum dV/dt). Reported values are mean +
standard deviation, unless otherwise noted.

EPSP Extraction

We characterized POm sub- and suprathreshold responses to pu-
tative L5B spiking via whole-cell patch clamp recordings (n =38
neurons; >50000 EPSPs). EPSP amplitude was defined as the
EPSP maximum, including all postsynaptic potentials such as
low threshold calcium spikes. EPSP times and maxima were ex-
tracted by finding crossings in the first derivative of the mem-
brane potential and validated and/or corrected by hand.

Identification of Up States

Up states were selected by hand as large deflections in the LFP. To
further standardize transition points across recordings and Up
transitions with different rates of change, each individual LFP
transition trace was normalized to a height of 1 and the transition
point was then set to be the time at which the trace reached 50%
of this maximum (see Supplementary Fig. 3). For the display
figures, the LFP signal was converted to a dimensionless z-score
and then inverted so that positive deflections correspond to
“Up states” (Hahn et al. 2006).

Model Construction

EPSP Adaptation

To predict the adaptation state of the L5B-POm pathway, including
synaptic and intrinsic factors, we constructed a simple model com-
bining intracellular EPSP measurements and L5B spontaneous
spiking statistics. For “single input” POm neurons which 1) showed
only one unadapted EPSP amplitude peak and 2) showed high cor-
relation between EPSP amplitudes and inter-EPSP interval (IEI), we
normalized all EPSP amplitude by the average unadapted EPSP
amplitude. We then plotted normalized EPSP amplitude versus
IEI for a subset of single input neurons (n =5). We then fit a double
exponential to this curve: Mprq(t) =el~ts /™ +el-ts/%  where
77 =550ms, 7, = 550ms, tig; =t — sp;, and sp; is the most recent

L5B spike relative to t. Those tig >2 s were truncated to 2 s, and
we set Mpreq = 0 for tis = 0, corresponding to a completely de-
pressed synapse. We then used this function to convert experi-
mentally measured L5B spike trains (juxtacellular recordings)
into predicted POm EPSP recovery state.

Predicting POm Suprathreshold Events
POm intrinsic properties are highly nonlinear and show significant
intrinsic bursting. Our goal here was to predict the timing of POm
output relative to cortical input, not the precise spike count depend-
ent on bursting mechanisms. To this end, instead of predicting dis-
crete spikes times, we predicted POm suprathreshold events, in
which an “event” could consist of one or more spikes. We first
used the predicted POm EPSP recovery state to look up the predicted
EPSP amplitude for each L5B spike time (completely recovered
amplitude = 1). We then added a scaled version of an unadapted
EPSP at each time point corresponding to an input L5B spike.
EPSPs were modeled as a difference of exponentials fit to unadapted
(IET>700 ms) isolated (no subsequent EPSPs within a 50 ms window)
experimentally measured EPSPs: EPSP(t) = e(1-t/%) — e(1-/%2) with
71 = 12.8ms and r, = 4.8ms. Time constant fitting was done using
a minimum root mean-squared difference between the model EPSP
and target normalized voltage trace (normalized to maximum of 1).
Predicted event rates were then found by finding regions of
the predicted voltage trace Vp,eq greater than a threshold 6; sub-
sequent regions above 6 were combined, corresponding to a min-
imum interevent interval of 1.5 ms. Unsurprisingly, predicted
rates were quite sensitive to 6. For 6 < 1, unadapted single EPSPs
can drive POm events, whereas for 6 > 1, either coincident inde-
pendent L5B inputs or closely spaced EPSPs driven by the same
input L5B neuron are required to drive POm output spikes. Pre-
dicted event rates were calculated as the number of above thresh-
old regions divided by the total length of the input L5B recording.

Estimating Input Number Based on Correlation

For POm whole cell recordings, we estimated input number based
on the correlation coefficient r between POm EPSP amplitude and
log,o inter-EPSP interval. This strategy follows from the assump-
tion of strong depression of the L5B-POm synapses (Groh et al.
2008). Single inputs should have a large r with an upper limit
set by background noise from synaptic release noise (Groh et al.
2008) and membrane potential fluctuations controlling driving
force and availability of the T-channel. It should be noted that
this estimate is based in functional rather than anatomical
data, that is, active L5B inputs (large and depressing) during
spontaneous Up and Down states. The contribution of anatomic-
al L6 inputs is negligible under these experimental conditions,
(see Velez-Fort et al. (2014)).

To explore the range of r expected for single and 2 input neu-
rons, we predicted the EPSP size generated in response to our
group of simultaneous recorded L5B spike trains (n=9 pairs),
and r between IEI and EPSP size calculated for different levels of
noise. For single inputs, all spike trains (n = 18) were used, and for
double inputs, the paired EPSP trains were combined.

To extrapolate the predicted r values for >2 inputs, we gener-
ated mock spike trains by drawing from experimentally generated
interspike interval distributions from up to 5 independent L5B re-
cordings and then combining the EPSP trains and IEIs as above.

Results

We first measured the cortical input and thalamic output of the
L5B-POm pathway by recording simultaneously from L5B and
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POm neurons (n=12 pairs) in the juxtacellular configuration
(Fig. 1A). These individual L5B and POm neurons in the paired re-
cordings were most likely not connected, because POm is sparse-
ly innervated by L5B (Bourassa et al. 1995). To record from a
defined group of L5B neurons in BC, we used the ChR2-expressing
thy1 mouse (line 18) that has been used to specifically photosti-
mulate L5 neurons in vivo (Arenkiel et al. 2007; Stroh et al. 2013;
Vazquez et al. 2014). This allowed us to confine our cortical data
set to a relatively homogenous group of L5B neurons by searching
for photo-responsive neurons in L5B during each experiment.
Analysis of morphologies showed that ChR2-expressing neurons
are thick-tufted L5B neurons (Fig. 1A, top; see Supplementary
Fig. 1), consistent with previous descriptions of POm-projecting
neurons’ morphology (Killackey and Sherman 2003). To confirm
that Chr2-positive neurons indeed included POm-projecting neu-
rons, Chr2-positive neurons were labeled by retrograde tracer in-
jections in POm (see Supplementary Fig. 2). Recordings in POm
were directed by stereotaxic coordinates, photo-responsiveness
to BC L5 stimulation, and confirmed post hoc for a subset of
POm recordings (n=6) with recovered dendritic morphologies
(Fig. 1A, lower and see Supplementary Table 2). Single L5B (n = 12)
and POm (n = 15) neurons and simultaneously recorded L5B neu-
ron pairs (n =9 pairs) which met the above criteria were included
in some analyses. A further set of recordings were done in whole-
cell configuration from single POm neurons (n=38) to quantify
photo-evoked and spontaneous EPSPs.

L5B and POm Activity During Cortical Up and Down
States

Cortical neurons follow spontaneous “Up state” cortical oscilla-
tions which occur during anesthesia (Timofeev et al. 1996; Ster-
iade 1997; Constantinople and Bruno 2011). If the L5B-POm
pathway supports efficacious CT spike transfer in vivo, then we
expect to see correlated cortical and thalamic activity during
such Up states. To first determine the relation between cortical
Up states, L5B spikes, and POm spikes, we recorded simultan-
eously from L5B and POm neurons (n =12 cortical/thalamic sim-
ultaneous recordings), as well as local field potential (LFP) in L5 of
BC to monitor cortical Up states (schematic shown in Fig. 1A). L5B
spiking was tightly correlated with cortical Up states. Interesting-
ly, POm spiking was correlated with cortical Up states in a similar
but more selective fashion. Both L5B and POm spiking occurred
exclusively during Up states and peaked during Up state onsets.
However, in contrast to L5B spiking throughout the entirety of
each Up state, POm spikes were sparser and nearly always oc-
curred at Down-Up state transitions (Fig. 1B).

To understand the changes in subthreshold activity which
might underlie this marked difference between cortical and thal-
amic spiking, we simultaneously recorded POm membrane po-
tential in whole-cell configuration and cortical LFP from L5 in
BC. All POm neurons (n = 38) had large EPSPs evoked during spon-
taneous cortical Up states (Fig. 1C). In contrast, EPSPs were entire-
ly absent during cortical Down states, matching the lack of
spiking in L5B (Fig. 1B).

Spontaneous EPSPs in POm as shown in Figure 1E varied
widely in amplitude (from 0.5 mV to larger than 20 mV, see Sup-
plementary Fig. 7 for population distribution), with a median
amplitude of 4.4 mV (1st quartile 2.6 mV, 3rd quartile: 7.3 mV).
Larger EPSPs (>8 mV) often showed stereotyped slow depolariza-
tions consistent with low-threshold calcium spikes (LTS) charac-
teristic of thalamic relay neurons (Jahnsen and Llinas 1984;
Landisman and Connors 2007; Groh et al. 2008). Such EPSPs typ-
ically triggered one or more APs, and these large AP-triggering

EPSPs most often occurred at the beginning of Up states (first
event in Fig. 1D). Furthermore, EPSPs showed strong adaptation,
meaning that larger EPSPs were often followed at short-time in-
tervals by small amplitude EPSPs (Fig. 1E).

To quantify these initial observations, we next used the Up
transitions in the LFP to align and pool spiking, EPSP, and LFP
data across recordings (see Methods and see Supplementary
Fig. 3). Figure 2 compares the population average activity patterns
in L5B and POm during cortical Up states (n=16 L5B and n=12
POm, juxtacellular; n =22, POm intracellular). In all experiments,
L5B and POm spiking was tightly coupled to spontaneous Up
state transitions (Fig. 2A) and absent during Down states. L5B
spike rates (Fig. 2B) were higher than POm spike rates (Fig. 2C)
by an approximate factor of 3 (mean spike rates: 1.9+ 0.8 Hz and
0.63+0.5 Hz, for L5B and POm, respectively, L5B, n=16; POm,
n=12; 172-1964 Up states per recording, mean 583 +413).

Population EPSP analysis shows that POm EPSPs (Fig. 2D) and
L5B spikes (Fig. 2B) follow a similar progression through the Up
state: peaking at the beginning of the Up state and slowly declin-
ing for the duration, consistent with POm activity being domi-
nated by large L5B EPSPs during spontaneous Up states. Mean
spontaneous EPSP rate was 3.8 + 2.1 Hz (n=38), and EPSP ampli-
tudes (Fig. 2E) peaked in the beginning and declined by approxi-
mately 40% throughout the Up state. The time course of this
adaptation suggests that the strength of L5B-POm synapses is
periodically modulated by cortical Up and Down states and the
associated changes in L5B spiking, with the result that CT spike
transfer is most effective at Up state transitions when the L5B-
POm synapse is maximally recovered after L5B inactivity during
preceding Down states.
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Figure 2. Summary of L5B-POm sub- and suprathreshold activity triggered on Up
state transitions. (A) Mean LFP (from recordings in L5B in gray and POm in black
dashed line) and histograms of (B) L5B (gray, n=16) and (C) POm (black, n=12)
spikes triggered on spontaneous Up state transitions. Dotted lines show
standard error of mean. See Methods and Supplementary Figure 3 for extraction
of Up transitions. (D) Population mean spontaneous POm EPSP arrival histogram
triggered on spontaneous Up states (n =22 POm neurons). Dotted lines show SD.
(E) Population mean normalized EPSP amplitudes + SD for data in D.
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Previous in vitro work suggested that POm neurons might be
driven by single L5B spikes from single L5B neurons or, when the
L5B-POm synapses are depressed, integrate 2 or more L5B spikes
(Groh et al. 2008). Here, in the in vivo intracellular data set, we ca-
tegorized POm APs by the number of EPSPs in the preceding
30 ms window. A population median of 45% of all APs (1st and
3rd quartiles, 21% and 0.61%, respectively) was driven by single
EPSP (median amplitude = 8.7 mV; 1st and 3rd quartiles, 6.4 and
14.8 mV, respectively) and the remaining 55% by 2 or more
EPSPs (median amplitude 5.0 mV, 1st and 3rd quartiles, 3.2 and
7.4 mV, respectively). Single EPSPs that triggered APs were nearly
twice the amplitude of integrated EPSPs (P < 0.05, rank sum). This
analysis suggests that, regardless of the number of anatomical
L5B inputs, POm spikes can signal either the integration of 2 or
more L5B spikes, or the occurrence of single L5B spikes, and
that EPSP adaptation transitions L5B-POm spike transfer between
the 2 modes.

EPSPs and Spiking in POm Depend on Cortical Input

The tight coupling of L5B spikes and POm EPSPs (Figs 1 and 2) sug-
gests a causal relation between L5B in BC and POm activity. To
test this causality, we inhibited BC pharmacologically and opto-
genetically. Spontaneous large EPSPs and APs in POm were abol-
ished by muscimol injection into BC, with EPSP rates declining

from approximately 3 to 0 Hz (Fig. 3A,B). While muscimol injec-
tion abolished Up states in BC (see Supplementary Fig. 4), Up
states persisted in motor cortex (MC) (Fig. 3A, middle), suggesting
that the drug remained relatively restricted to somatosensory
cortex. Similarly, inhibiting BC in a more spatially and temporally
specific manner via cell-type-specific photostimulation of inhibi-
tory VGAT interneurons (Fig. 3C) (Zhao et al. 2011) immediately
and reversibly abolished spontaneous POm spiking (Fig. 3D,E).
These data show that in the anesthetized animal, cortical input
—most likely of BC origin—is required for POm spiking. These
data are in agreement with previous, less region-specific manip-
ulations such as cortical cooling (Diamond et al. 1992) and cor-
tical spreading depression (Groh et al. 2014).

EPSPs in POm Are Evoked by Photostimulation of L5B Neurons in BC
To directly confirm the L5B origin of large EPSPs in POm (Reichova
and Sherman 2004; Groh et al. 2008), we photostimulated L5 neu-
rons in BC and recorded subthreshold responses in POm, as be-
fore (Groh et al. 2014). Photostimulation with short (5ms,
<32 mW/mm?) laser pulses applied to the surface of BC evoked
sharp deflections in the L5 LFP and short latency, high probability
spikes in L5B and POm neurons (Fig. 4A,B). To measure EPSP la-
tencies and test whether EPSPs were unitary, we made whole-
cell recordings of photo-evoked responses in POm (Fig. 4C).
Under minimal stimulation conditions with low intensities, we
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Figure 3. POm sub- and suprathreshold activities are suppressed by cortical inhibition. (A) Upper panel: POm whole-cell recording, (RMP =-60 mV), showing spiking and
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Figure 4. Photostimulation of L5B-POm pathway. (A) Example dual L5B/POm juxtacellular recording with photostimulation (gray bar) shows that both L5B and POm
neurons sequentially respond to photostimulation. Simultaneously recorded cortical L5 LFP recording shown as the top trace. (B) Raster of spike responses to
photostimulation for dual L5B and POm recording in A shows timing of first spikes: L5B approximately 5 ms and POm approximately 8 ms. (C) POm whole-cell
responses to photostimulation: large EPSPs and APs and AP failure trials. RMP = —-63 mV. (D) Same as C under minimal photostimulation conditions shows EPSP
failures and large unitary EPSPs with amplitudes of >5 mV. (E) POm whole-cell recording of responses to L5B photostimulation before (left) and after (right) injection of
muscimolinto BC. RMP = —65 mV. (F) Population summary of response delays after photostimulation. Photo-evoked L5B (light gray) and POm (black) spikes. Median and 1st
(1st quartile) and 3rd (3rd quartile) quartile spike latencies: L5B = 5.6 ms (1st quartile: 4.45 ms, 3rd quartile: 6.35 ms, n = 1756 spikes, 31 L5B neurons) and POm = 10.6 ms (1st
quartile: 8.5 ms, 3rd quartile:12.75 ms, n = 1367 spikes, 38 POm neurons). The average delay from L5B spikes to POm spikes was 5 ms. Photo-evoked POm EPSP delays (dark
gray) were 9.1 ms (1st quartile: 7.2 ms, 3rd quartile: 10.2 ms, n=1239 EPSPs, 16 POm neurons). Thus, the delay between L5B spikes to POm EPSPs is 3.5 ms, ruling out
polysynaptic activation. All medians were significantly different (rank-sum test). (G) Traces of evoked EPSPs preceded by spontaneous EPSPs in an example POm
whole-cell recording, RMP = —-62 mV; gray line shows time of photostimulation. Traces sorted by increasing interval between spontaneous and evoked EPSPs, showing

that amplitudes of evoked EPSPs depend on the time to previous spontaneous EPSPs. (H) Photo-evoked EPSP amplitude versus log;o time to preceding spontaneous

EPSP, population data (n=7). To pool data across cells, photo-evoked EPSP amplitudes were normalized by mean isolated EPSP amplitudes per cell (no spontaneous
EPSPs within 500 ms of light stimulus). Exponential fit (solid line) and error of fit (dashed line).

observed failure trials with no responses interspersed with suc-
cessful trials consisting of large, unitary EPSPs (Fig. 4D). In add-
ition, these EPSPs were blocked by muscimol injections into BC
(Fig. 4E), confirming that these events were driven by cortical
input.

Additional cortical input to POm originates in cortical layer 6
(L6) (Hoogland et al. 1987; Bourassa et al. 1995; Killackey and Sher-
man 2003). However, our L5B photostimulation protocol did not
activate L6 neurons, which do not express ChR2 in the thy-1
mouse line (Arenkiel et al. 2007), and secondary activation of L6
via L5 cortico—cortico pathways was only seen for laser strengths
approximately an order of magnitude greater than that we used
for our photostimulation experiments (see Supplementary
Fig. 5). Additionally, both spontaneous and photo-evoked POm
EPSPs are incompatible with L6-evoked inputs: L6 inputs to the
thalamus evoke EPSPs that 1) are about an order of magnitude
smaller than EPSPs evoked by L5B inputs, 2) scale linearly with
stimulation strength, and 3) are accompanied by simultaneous
hyperpolarization (Reichova and Sherman 2004; Landisman
and Connors 2007; Mease et al. 2014).

Finally, analysis of the response delays along the L5B-POm
pathway strongly suggested monosynaptic activation (Fig. 4F).
Photo-evoked L5B spikes occurred with a median delay of

5.6 ms (1st quartile: 4.45 ms, 3rd quartile: 6.35 ms, n = 1756 spikes,
31L5B neurons), comparable to an earlier report by Arenkiel et al.
(2007). Median photo-evoked EPSP onsets were 9.1 ms (1st quar-
tile: 7.2 ms, 3rd quartile: 10.2 ms, n= 1239 EPSPs, n=16 POm neu-
rons) and median POm spike delays were 10.6 ms (1st quartile:
8.5 ms, 3rd quartile: 12.75 ms, n=1367 spikes, n =38 POm neu-
rons) after photostimulus onset (Fig. 4F). In summary, the delays
between photo-evoked L5B spikes and POm EPSPs or spikes were
3.5 and 5 ms, respectively, matching predictions from axon vel-
ocity measurements of this pathway (Kelly et al. 2001) and ruling
out polysynaptic activation.

Interaction Between Evoked and Spontaneous POm Activity
These data strongly suggest that photo-evoked EPSPs in POm re-
sult from direct input from L5B (Fig. 4C,D,F). We reasoned that if
both spontaneous and photo-evoked POm EPSPs and spikes are
triggered by the same L5B inputs, spontaneous and evoked
events measured in a single POm neuron should show statistical
interaction due to synaptic depression (Reichova and Sherman
2004; Groh et al. 2008).

Spontaneous EPSPs did indeed affect subsequent photo-
evoked EPSPs, in that the amplitudes of photo-evoked EPSPs
decreased with the occurrence of spontaneous EPSPs
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Figure 5. Photostimulation of L5B elicits frequency-dependent CT adaptation in vivo. (A) Example traces of juxtacellular recordings in a L5B neuron (upper) and a POm
neuron (lower) photostimulated at 20 Hz. (B) PSTHSs for juxtacellularly recorded spikes for a L5B neuron (upper) and a POm neuron (lower) photostimulated at 10 Hz. (C)
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preceding the photostimulus (Fig. 4G). Consistent with fre-
quency-

dependent depression of the L5B-POm pathway (Li et al. 2003;
Reichova and Sherman 2004; Groh et al. 2008), population ana-
lysis of photo-evoked EPSPs showed that EPSP amplitude in-
creased with time to preceding spontaneous EPSPs (Fig. 4H),
showing significant interaction within a window of 500 ms.
This timescale of adaptation matches that described previously
in vitro (Groh et al. 2008). Similarly, on the suprathreshold level,
spontaneous POm spiking decreased the probability of spiking
responses to subsequent photostimuli (see Supplementary
Fig. 6). Thus, in agreement with previous anatomical and func-
tional data from the L5B-POm pathway (Hoogland et al. 1987; Dia-
mond et al. 1992; Reichova and Sherman 2004; Groh et al. 2008),
these in vivo interactions of spontaneous and evoked supra-
and subthreshold activity suggest that both inputs originate in
L5B of the BC.

Frequency-Dependent Adaptation of L5B-POm
Pathway in vivo

The spontaneous and photo-evoked data show evidence of adap-
tation which should be strongly frequency dependent due to de-
pression of the L5B-POm synapse (Reichova and Sherman 2004;
Groh et al. 2008). We directly tested the in vivo frequency depend-
ence of CT spike transmission with repeated (5) brief (5 ms)
photostimuli presented at frequencies from 2 to 50 Hz (Fig. 5).
L5B neurons spiked with high probability across the entire fre-
quency range (Fig. 5A-C, upper panels), while POm spike re-
sponses decreased with stimulation frequency (Fig. SA-C, lower
panels). Thus, the efficacy of CT spike transfer strongly adapts

according to the frequency of L5B input, with the most pro-
nounced CT gain adaptation occurring for frequencies of 10 Hz
and more (Fig. 5C). Examining subthreshold adaptation in
whole-cell POm recordings (Fig. 5D,E) shows that photo-evoked
EPSPs adapt significantly to high frequency stimulation, al-
though with occasional recovery likely due to T-type calcium
channel deinactivation. In sum, this rapid gain adaptation allows
the L5B-POm pathway to operate dynamically according to the
spiking patterns of L5B neurons, as in the spontaneous Up state
data (Fig. 2).

EPSP Adaptation Across the L5B-POm Pathway

The variability in EPSP amplitudes in individual POm recordings
was high, spanning almost an order of magnitude (see Supple-
mentary Fig. 7). While some degree of variability was due to vary-
ing membrane potential at EPSP onset (see Supplementary
Fig. 7D), we reasoned that a large amount of amplitude variation
was due to different degrees of depression in L5B-POm synapses
induced by variable intervals between spontaneous input L5B
spikes. In a given POm recording, intervals between input L5B
spikes can be inferred from inter-EPSP intervals (IEIs) in the re-
corded recipient POm neuron. Assuming strong depression at
the L5B-POm synapse (Groh et al. 2008), in a POm neuron receiv-
ing input from a single L5B neuron, EPSP size should increase
with long IEIs that allow the synapse to recover from depression.
We found that a subset of neurons indeed matched this expect-
ation (Fig. 6A). These neurons could be identified by a character-
istically strong correlation between EPSP amplitude and IEI
(Fig. 6B), whereas the remainder of recordings showed a weaker
correlation (Fig. 6C,D).
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Figure 6. Adaptation of spontaneous POm EPSPs in “single” and “multiple” input neurons distinguished by correlation between EPSP amplitude and IEL (A) Example
spontaneous EPSPs; for this POm neuron, large EPSPs are always followed by smaller EPSPs at short IEIs, suggesting a single L5B input. RMP = —65 mV. (B) EPSP
amplitude versus logy, IEI of the neuron shown in (A) displays strong correlation, r =0.89, n = 2031 EPSPs. Marginal distribution to right shows EPSP amplitudes (first
quartile, median, third quartile 4.3, 6.1, 8.1 mV). Marginal distribution of IEIs shown below (first quartile, median, third quartile: 21.3, 69.6, 177.5 ms). Grayscale
shading of markers indicates membrane potential at event onset (lighter points are more depolarized). Red overlay highlights EPSPs that triggered action potentials.
(C) Example traces showing multiple L5B inputs to POm. Arrows indicate large (unadapted) EPSPs (red) following smaller EPSPs (black). For this recording,
approximately 45% of all recorded EPSPs were larger than would be predicted for adaptation of a single input. RMP = —67 mV. (D) EPSP amplitude versus logy, inter-
EPSP intervals (IEI) during cortical Up state show poor correlation, r =0.349, n = 6549 EPSPs in the neuron shown in (C). Marginal distribution of EPSP amplitudes shown
to right (first quartile, median, third quartile: 2.2, 3.1, 4.8 mV); marginal distribution of IEIs shown below (first quartile, median, third quartile: 6.8, 18.8, 43.0 ms). Color

conventions as in B.

We used this variation in adaptation to discriminate between
POm neurons receiving different number of L5B inputs by calcu-
lating the correlation coefficient r between EPSP amplitude and
log;olEl for each neuron. The logic is as follows: for a neuron
with only one depressing input, EPSP amplitude should always
be perfectly predicted by IEI (high r); in contrast, additional inde-
pendent inputs will intersperse nonadapted EPSPs in the EPSP
train and decrease r. A similar approach was used by Deschenes
et al. (2003) to estimate the number of lemniscal inputs to VPM
neurons.

Categorizing POm Neurons by Putative L5B Input Count

We used r to assign each POm neuron a category according to pu-
tative independent L5B input count. Nearly half (18/38) of the
POm neurons showed a markedly simple relationship between
EPSP amplitude and IEI: large EPSPs were always preceded by
long IEIs, and small EPSPs occurred exclusively after short pre-
ceding IEIs (Fig. 6A). This reliable adaptation led to a high r be-
tween spontaneous IEI and EPSP amplitude (Fig. 6B). We
categorized such neurons (r > 0.6) as “single input” neurons, as
this high correlation could only arise if all observed EPSPs were
driven by the same source L5B neuron (or if multiple L5B were al-
ways perfectly synchronized—a very unlikely situation). Single

input recordings also had a clearly defined minimum IEI (~3 ms
see Fig. 6B lower histogram). We interpret this minimum IEI as
corresponding to the highest spiking rate of the single active
input L5B neuron.

The remainder (20/38) of cells showed relatively weaker cor-
relation (r<0.6) between EPSP amplitude and preceding IEI
(Fig. 6C,D) and were termed “multiple input” recordings. These
recordings showed mixes of small and large EPSPs not unam-
biguously predicted by IEI (Fig. 6C, arrows), suggesting 2 or
more active L5B inputs. In contrast to single input neurons, mul-
tiple input neurons showed a continuous distribution of IEIs ap-
proaching 0 ms (Fig. 6D, lower histogram), further suggesting that
the EPSPs arose from multiple independent L5B inputs.

Predicting the CT Spike Transfer Function and the
Number of Active L5B Inputs per POm Neuron

The data presented so far suggest that CT gain in the L5B-POm
pathway is a function of synaptic depression. In the following,
we use experimental data to construct a simple model to predict
POm spiking in response to L5B spiking patterns.

The observation of “single input” POm neurons allowed us to
quantify POm EPSP amplitude as a function of IEI and thereby the

43

9T0Z ‘ST A2 |\ U0 9U101[q10BBMZ UBLIUSN | FELSIBAIUN LBUISILLIEL P SOUI0NGIGSIEISIOAILN T /BI0'S UIN [0 X0"10000//:01 WO.) PapEojuMOd


http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/
http://cercor.oxfordjournals.org/

10 | Cerebral Cortex

in vivo adaptation of L5B-POm inputs. We used this adaptation
curve (see Supplementary Fig. 8A) to predict POm EPSP ampli-
tudes (unitless, with maximum of 1, corresponding to a com-
pletely recovered input) for L5B spikes recorded during Up
states (Fig. 7A). Figure 7B shows the recovery of EPSP amplitudes
towards 1 between L5B spikes, and the subsequent “adaptation”
to 0 at the time of each L5B spike. The time course of predicted
EPSP amplitude (Fig. 7C, lower)—the effective CT subthreshold
gain—closely followed the in vivo Up state in the LFP (Fig. 7C,
upper), supporting our experimental finding that CT gain is con-
trolled by L5B spiking history.
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Figure 7. Simple predictive model for EPSP adaptation state. (A) Experimental L5B
juxtacellular spikes during Up states taken as input to the model. (B) L5B spike
history is translated into EPSP recovery state as a function of time by using the
adaptation curve shown in Supplementary Figure 8A as a lookup table. (C)
Mean cortical Up state transitions (upper) used as a reference signal for L5B-
POm adaptation state. Mean + SD adaptation state (lower, bold line and thin
lines, respectively) triggered on cortical Up state transitions shows that recovery
(=CT gain) of the L5B-POm pathway follows a similar course as cortical Up states.
(D) Predicted POm EPSPs for a juxtacellular recording of L5B spontaneous spiking.
Threshold lines indicate the degree of depolarization over which POm spiking is
expected. L5B spikes preceded by a long silent interval trigger EPSPs exceeding
spike threshold. (E) Predicted population POm spike event rates in response to
experimental spike patterns of single L5B neurons during Up states. Population
average predicted event probability shown over a range of thresholds (gray
scale), triggered on Up state transitions. For comparison, experimentally
measured mean POm event rate is overlaid (dashed line).

By using instantaneous EPSP adaptation state controlled by L5B
spikes (Fig. 7B) as a multiplier for a template POm EPSP sampled
from whole-cell recordings (see Methods), we could create pre-
dicted EPSP trains in response to experimentally measured L5B
spike trains (Fig. 7D). Using these simulated EPSP trains, we next
predicted POm spiking events to input L5B spiking patterns using
a variable threshold 6 (dashed lines in Fig. 7D). The time course
of predicted POm spiking event times during Up states was similar
to the observed experimental time course (Fig. 7E). Furthermore,
predicted POm event rates best matched experimental values
(~0.5 Hz) for 6 corresponding to EPSPs recovered to 60-80% of max-
imal amplitude (see Supplementary Fig. 8). These predictions are
consistent with a situation in which POm spiking during Up states
are driven largely by L5B inputs, with temporal dynamics deter-
mined by subthreshold EPSP adaptation.

Estimating L5B Functional Convergence in POm

We next used 2 approaches—simulated EPSP trains and ratios of
experimentally measured spike and EPSP rates—to estimate the
number of L5B inputs converging on single POm neurons.

The logic of the simulated EPSP approach is to calculate r va-
lues from model-generated EPSP trains in response to defined
numbers of L5B input patterns and compare those with the ex-
perimental r values from our intracellular data set (Fig. 8A). r va-
lues depend on 1) the number of L5B inputs, with r decreasing as
the number of active inputs increase and 2) the variation in ex-
perimentally measured EPSP amplitude at a given IEI (EPSP
noise). To first test this approach, we made simultaneous record-
ings from pairs of L5B neurons (n =9 pairs) and used these spike
patterns to generate simulated EPSP trains. We then calculated r
values from simulated EPSP trains (see Supplementary Fig. 8B)
from either 1) single L5B neurons (n=18, Fig. 8B black) or 2)
from pairs of L5B neurons (n=9, Fig. 8B, red).

Predicted r for single inputs was greater than that predicted
for 2 simultaneous inputs, and r decreased with the addition of
EPSP noise. At noise levels matching those observed in vivo
(~15%), predicted r for single inputs was in agreement with the
maximal r measured in experimental data (r =0.87). For 2 L5B in-
puts, r values were very similar to the median of all experimental
r values, suggesting that the number of active L5B inputs per POm
neuron may be around 2. Furthermore, these results support the
validity of using r to discriminate between POm neurons with
single and multiple inputs.

To test for 3 or more L5B inputs, we created artificial L5B spike
trains by bootstrap resampling (Efron and Tibshirani (1991), 500
repetitions) from in vivo L5B spike trains to simulate POm EPSP
trains for up to 5 independent L5B inputs. As in the paired proto-
col, r decreased with input count and EPSP noise, and up to 4 in-
puts were discriminable by r value (Fig. 8C). The experimental
median r value was between the simulated r values from 2 and
3 L5B inputs, suggesting that POm neurons receive between 2
and 3 active L5B inputs. Comparing the simulated r values from
increasing numbers of L5B inputs to experimentally measured r
values allows an estimation of the number of active L5B inputs
converging onto individual POm neurons (Fig. 8D). We found
that roughly half of the cells in our sample received 1-2 inputs,
and the remaining, 3 or more inputs, resulting in a mean of 2.5
L5B inputs per POm neuron.

Next, we independently estimated L5B-POm convergence by
comparing L5B spike and POm EPSP rates (Fig. 8D). From 500 boot-
strap resamples of L5B spike trains, we calculate that 1, 2, 3,4, and
5 L5B inputs should result in mean POm EPSP rates of 1.5+0.8,
34+1.2,47+1.2,6.4+1.6, and 8.3 + 1.6 Hz, respectively. Thus,
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Figure 8. Estimating L5B to POm convergence. (A) Distribution of correlation coefficients between EPSP amplitude and log;,IEI for 38 POm neurons (median: r=0.59, 1st
quartile: r=0.32, 3rd quartile: r=0.72, n=38). (B) Mean + SD of the correlation coefficient (r) between log;clEI and predicted EPSP amplitude for single (black) and paired
experimental (red) L5B spikes, as a function of EPSP amplitude noise (additive Gaussian noise). Vertical gray bars and horizontal lines show experimentally measured
noise level and correlation coefficient, respectively (median, first and third quartiles). POm EPSP noise was determined from unadapted EPSPs from “single input”
whole-cell recordings: median noise value at given IEIs was 15% (1st quartile: 13%, 3rd quartile: 18%). (C) As in (B), but calculated for 1-5 artificial L5B spike trains
resampled from interspike intervals (ISIs) of experimentally recorded L5B neurons. Each marker shows the mean predicted r, calculated for random combinations of
1-5 recorded neurons, 20 000 ISI draws. (D) Estimated distributions of L5B input count on POm neurons predicted by 2 different independent calculations: ratios
between L5B spike and POm EPSP rates (rate) or correlation coefficient r between predicted EPSP amplitudes and IEL

the mean experimental spontaneous POm EPSP rate of 3.8 +2.1
Hz (n =38) measured here suggests that POm neurons on average
receive input from 2-3 L5B neurons, in agreement with the esti-
mation method using r. In summary, these estimates support a
view in which L5B-POm functional convergence is sparse under
conditions of slow cortical oscillations, with approximately 2.5
L5B neurons dominating the activity of postsynaptic targets in
POm.

Discussion

The role of POm in the whisker system is not known, and recent
independent demonstrations that whisker self-motion is poorly
encoded in POm (Moore et al. 2015; Urbain et al. 2015) make
POm even more puzzling. The absence of simple sensory modu-
lation of POm activity highlights the possible importance of extra
sensory inputs to higher order thalamus. Here, we investigate the
input from cortical L5B to POm and ask how efficiently spikes can
be transferred via this pathway in vivo. We determine the relation
between the cortical activity patterns and CT gain and predict the
convergence of L5B inputs on individual POm neurons.

We find that during low-frequency cortical oscillations typical
for anaesthetized, sleeping, and “quietly wakeful” animals (Pou-
let and Petersen 2008; Constantinople and Bruno 2011; Vyazovs-
kiy et al. 2011; Reimer et al. 2014), the POm membrane potential is
characterized by the occurrence of large unitary (“giant”) EPSPs
(Fig. 1C-E). In combination with a set of control experiments in-
corporating cell-type-specific photostimulation (Figs 3 and 4),
pharmacology (Fig. 3), and EPSP analysis, these data provide evi-
dence that during the cortical Up state oscillations occurring in
vivo, spiking in POm is mainly driven by L5B.

Specificity of BC L5B Synaptic Input to POm

Previous anatomical (Hoogland et al. 1987; Bourassa et al. 1995;
Killackey and Sherman 2003), synaptic physiology (Reichova
and Sherman 2004; Groh et al. 2008), and in vivo (Diamond
et al. 1992; Groh et al. 2014) studies demonstrated large (“giant”)
EPSPs in POm of BC-L5B origin. In addition to L5B neurons in
BC, other sources may contribute to the POm activity investigated
here: somatosensory cortex 2 (S2, Liao et al. (2010)), motor cortex

(Hooks et al. 2013), and SpVi (Chiaia et al. 1991; Veinante, Jacquin,
et al. 2000). These inputs are well-established on anatomical
grounds, but physiological data about their contribution to POm
activity during Up and Down state activity are missing. Here, we
provide evidence thatin the absence of sensory stimulation, POm
activity is dominated by L5B neurons in BC.

Firstly, optogenetic control of L5B activity in BC evoked (Fig. 4)
or eliminated (Fig. 3) large, unitary EPSPs in POm. Photo-evoked
EPSPs had response latencies incompatible with polysynaptic ac-
tivation (Fig. 4). Furthermore, L5B spikes in BC and POm EPSPs
show very similar patterns during Up and Down states (Fig. 2).

Secondly, SpVi neurons in the brainstem also make large
synapses in POm (Chiaia et al. 1991; Veinante, Jacquin, et al.
2000; Lavallee et al. 2005), but these inputs exhibit almost no
background firing during anesthesia (Furuta et al. 2010; Groh
et al. 2014) and are thus unlikely to be the origin of cortical Up
state evoked activity in POm. The photo-evoked EPSPs had aver-
age latencies of approximately 3.5 ms and are thus unlikely be
triggered via multisynaptic activation of SpVi, which is activated
by the cortex with much longer latencies of approximately 10 ms
(Furuta et al. 2010).

Finally, L5B in S2 (Liao et al. 2010) and deep layers of motor
cortex (Hooks et al. 2013) are additional sources of CT synapses
in POm and may potentially contribute to the activity we describe
here. While the optogenetic and pharmacological suppression of
BC was relatively region specific, suggesting BC as the dominant
input during Up and Down states (Fig. 3), better spatial control of
cortical activity is needed to tease apart any potential contribu-
tions of S2 to POm activity.

The Gain of CT Transfer Function Is Dynamic

Synaptic depression is a well-established feature of the L5B-POm
pathway (Reichova and Sherman 2004; Groh et al. 2008). However,
the consequences of synaptic depression on CT spike transfer in
vivo were unknown. L5B spontaneous spiking rates of 3-4 Hz pre-
dict that the L5SB-POm pathway is in a constant state of depres-
sion which prevents high gain CT spike transfer. However, the
present in vivo data show that CT gain is not constant, but rather
follows cortical Up and Down states, peaking at the transition
point and declining sharply during the early phase of the Up
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state. Large single EPSPs occur mostly during the beginning
phase of the Up state (Figs 1 and 2), especially the very large
EPSPs that are most likely associated with the T-type Ca2+ chan-
nel currents and bursting (Jahnsen and Llinas 1984; Seol and
Kuner 2015). By evoking these “driver” EPSPs, isolated L5B spikes
(i.e., spikes preceded by a Down state) have the highest chance to
trigger one or more POm spikes; estimates from the intracellular
data suggest that nearly half of APs are triggered by such “driver”
EPSPs. Subsequently, as EPSP amplitudes decline during the Up
state (Figs 2 and 7), 2 or more EPSPs must be integrated to trigger
POm spiking; such integration can occur in single input neurons
for EPSPs separated by short IEIs, or in multiple input neurons for
near coincident EPSPs.

These data demonstrate that the L5B-POm pathway shows
pronounced frequency-dependent adaptation in vivo, and it is
likely that synaptic depression is a main contributing mechan-
ism. A simple model based on a few experimentally derived
rules could recreate the time course and essential features of
the L5B-POm spike transfer (Fig. 7), showing that the dynamics
of POm spiking during Up states is largely explained by EPSP
adaptation driven by L5B spontaneous spiking. Even though in
vivo adaptation does not reach the extremes measured in vitro
(Groh et al. 2008), we find that EPSP adaptation has functional
consequences for CT spike transfer and underlies the dynamic
gain of this pathway.

Given the complex nonlinear properties of POm neurons
(Landisman and Connors 2007) and the voltage and time depend-
ence of thalamic intrinsic mechanisms such as the T-type cal-
cium and HCN channels (Jahnsen and Llinas 1984; McCormick
and Pape 1990; Sherman 2001), it is noteworthy that EPSP adapta-
tion is ensured by multiple intrinsic mechanisms in combination
with presynaptic depression. The amplitudes of temporally iso-
lated “driver” EPSPs in particular were decreased by depolariza-
tion (see Supplementary Fig. 7D), consistent with the presence
of a T-type calcium component. In agreement with recent in
vitro T-type calcium knockdown findings (Seol and Kuner
2015), these data suggest that the T-type calcium current contri-
butes significantly to thalamic excitability to specifically enhance
isolated or low frequency events. Thus, the interplay between
multiple pre- and postsynaptic mechanisms strongly suggests
that adaptation is a key feature of the L5B-POm pathway.

Finally, it remains to be determined exactly how the in vivo
EPSP adaptation we report here interacts with changes in mem-
brane potential elicited by modulatory inputs, in particular
from CT L6 pathways (Lam and Sherman 2010; Mease et al.
2014; Crandall et al. 2015) and subcortical inhibition (Veinante,
Lavallee, et al. 2000; Bartho et al. 2002; Trageser and Keller 2004;
Lavallee et al. 2005; Bartho et al. 2007).

Expected L5B-POm Spike Transfer in the Awake Animal

In the awake rat, L5B neurons spike at 3-4 Hz (de Kock and
Sakmann 2008, 2009; Oberlaender et al. 2012), predicting that
this pathway may predominantly operate as an integrator of in-
puts. However, even at intermediate gains expected at these
rates, only a few simultaneous L5B inputs would be needed to eli-
cit POm spikes. This is a very different situation compared with
thalamocortical connections, in which many synchronous thal-
amic inputs are required to trigger cortical spiking (Gabernet
etal. 2005; Bruno and Sakmann 2006; Jia et al. 2014). Furthermore,
in the awake animal, cortical spiking occurs in structured pat-
terns (Luczak et al. 2007) with periods of inactivity, suggesting
that CT spike transfer may in principle occur with high gain in
the awake state. It is likely that inputs from higher order cortical

areas such as S2 (Liao et al. 2010) and deep layers of motor cortex
(Hooks et al. 2013) contribute substantially to POm spiking
in the awake animal. Furthermore, L6 CT neurons—which prob-
ably contributed very little to POm activity in this study, due to
“ultrasparse” spontaneous firing rates of approximately 0.1 Hz
(Velez-Fort et al. 2014)—likely play a more important role during
wakefulness. While recent reports show that POm neurons are
indeed quite active in the awake animal (Moore et al. 2015; Urbain
et al. 2015) and produce relatively complex spikes trains with long
and short interspike intervals, the relationship between cortical
and POm spiking described here remains to be investigated
under nonanesthetized conditions.

Possible Role of the L5B-POm Pathway in Transferring
Cortical Spike Output Through CT Circuits

It has been suggested that the majority of brain activity reflects
“internal states,” that is, spiking activity that is independent of
sensory input, and that sensory inputs serve to modulate or sus-
pend this activity (Llinas and Pare 1991; Raichle et al. 2001; Kenet
et al. 2003; Ringach 2009; Destexhe 2011). In human fMRI studies,
Raichle and colleagues (Zhang et al. 2008) report strong correla-
tions between the cortex and the thalamus during spontaneous
oscillations associated with the “default network state” (Raichle
et al. 2001) of the resting brain. Spread of such internal cortical
state throughout the cortico-thalamo-cortical network may em-
ploy CT signaling via higher order thalamic nuclei.

The idea that higher order nuclei route cortical activity to other
cortical areas was first formulated by Sherman and colleagues
(Sherman and Guillery 1996, 2006; Reichova and Sherman 2004).
Here we provide evidence that in vivo, the higher order nucleus
POm is indeed strongly activated by cortical input from L5B, particu-
larly isolated L5B spikes occurring after periods of silence. However,
a direct measure of CT convergence, that is, count of the number of
anatomical L5B inputs per POm neuron, has yet to be achieved.
Here, as an indirect first estimate of CT convergence, we find that
during Up/Down state oscillations, each POm neuron receives func-
tional input from a low number of active L5B neurons. Estimates
from 2 different methods suggest that under these experimental
conditions, approximately one-third of the POm neurons have
only one active L5B input, with an average of 2.5 L5B input neurons
per POm neuron (Fig. 8). Thalamus-projecting L6 neurons are ultra-
sparse firing (Velez-Fort et al. 2014) and evoke small and slow EPSPs
(Reichova and Sherman 2004; Landisman and Connors 2007), mak-
ing it unlikely that L6 inputs contributed significantly to this con-
vergence analysis. However, it should be noted that both the level
of functional CT convergence and the contribution of L6 input are
most likely dependent on behavioral state.

These results suggest that single or synchronized spikes of a
few BC L5B neurons can be amplified at the CT driver synapse
and “broadcast” via POm simultaneously to motor, primary,
and secondary sensory cortical via the widespread projections
POm makes to various cortical areas (Deschenes et al. 1998;
Meyer et al. 2010; Theyel et al. 2010). Consistent with this ampli-
fication and broadcasting idea is the net excitatory effect of POm
on cortical networks (Bureau et al. 2006; Petreanu et al. 2009;
Theyel et al. 2010; Viaene et al. 2011; Gambino et al. 2014; Jouhan-
neau et al. 2014) to enhance and prolong cortical sensory re-
sponses (Mease et al. 2016).

Supplementary Material

Supplementary material can be found at http:/www.cercor.
oxfordjournals.org/.
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Figure S1. Identification of ChR2-positive neurons

(A) To characterize the morphology of Channelrhodopsin 2 (ChR2) positive neurons, cells were identified by their EYFP fluorescence in acute slices from ChR2 transgenic
mice. Strongest expression is seen in L5 neurons and their apical dendrites. White matter (WM) and pia are indicated for orientation. These neurons were filled with biocytin
for subsequent identification using morphological reconstructions (E).

(B) EYFP fluorescence of two ChR2 positive neurons (somata).

(C) Same field of view as in B but with difference interference contrast (DIC) optics for whole-cell recording and biocytin filling

(D) Same field of view as in B and C, overlay of DIC and fluorescence image to facilitate fluorescence guided whole-cell recordings.

(E) Dendritic morphology of six example ChR2-positive neurons. Reconstructions were done with Neurolucida and individual neuronal morphologies were scaled to the
average pia to white matter distance (1259 pm) using Neuronregistrator 1D (Supplementary Methods). Black dashed lines indicate the pia; red dashed lines indicate the
approximate L4/L5 border. See Supplementary Table 1 for a summary of cell morphologies.

(F) Soma location of ChR2 neurons in the cortical column: Distances between pia and white matter (pia-wm), pia and lower L4 (pia-L4), and pia and soma (pia-soma) for all
reconstructed L5B-ChR2-positive neurons (n=12). Circles and error bars show mean + standard deviation.

(G) Population average dendritic density plot showing dendritic total length / bin as a function of depth relative to the pia. Individual density profiles for each neuron were
calculated with Rembrandt 3D with a bin size of 50 um and visualized using Rothko (see Supplementary Methods).
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Figure S2. Retrograde labeling of thy1

(A) ChR2 neurons in L5B project to POm. Confocal image of BC showing ChR2 expressing neurons. EYFP fluorescence marks ChR2 positive neurons
in the thy1-mouse line (green from EYFP-ChR2 fusion protein, localized to plasma membranes). To reveal POm projection neurons, cholera toxin
subunit B conjugated with Alexa-647 was injected into POm and retrogradely labeled cortical neurons. Retrogradely labelled neuronal somata
reside in L5B and lower L6 (Bourassa et al., 1995). Yellow box depicts field of view shown in B.

(B) Field of view marked with yellow box in A at higher magnification shows one L5-ChR2-expressing neuron (green) retrogradely labelled (red) by
the tracer injected into POm. EYFP (green) reporting ChR2 expression is marked with yellow arrowheads. ChR2 and retrograde tracer from POm
co-localize thus demonstrating that ChR2 expressing neurons in L5 project to POm.
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Figure S3. Transition alignment for cortical Up states.

(A) L5B LFP showing a cortical Up state. Black line indicating region shown in (B).
(B) Higher temporal resolution of Up state transition shown in A), demonstrating calculation of 50% transition from
LFP1 value before Up transition and LFP2 value after the transition.
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Figure S4. Muscimol abolishes cortical Up states in BC

LFP measured in BC before and approximately 10 minutes after muscimol injection into BC.

54



P(spike) per trial

Laser power = 100 mW/mm?
0.5¢
O I I I I
-10 0 10 20 30
1r
05| Laser power = 400 mW/mm?
0 " " " J
-10 0 10 20 30
1 -
Laser power = 500 mW/mm?
0.5¢
O n (] n n )
-10 0 10 20 30
1r
Laser power = 600 mW/mm?
0.5¢
0 1 . .
-10 0 10 20 30
1 -
Laser power = 700 mW/mm?
0.5¢ ﬂL
o " " " "
-10 0 10 20 30

Figure S5. Responses of cortex layer 6 to
photostimulation of L5B.

Juxtasomatic recordings of spike responses in L6 neurons (n=18) in
thy1-Chr2 mice (n=>5) to photostimuli (5 ms) of high power
(100-1000 mW/mm2) delivered to the BC. The majority of L6
neurons could not be activated by photostimulation (n=8) or
responded only to the maximum laser power (1000 mW/mm2,
n=4). The remaining L6 neurons (n=6) had different activation
thresholds with an average of 633 + 308 mW/mm2 (For testing
corticothalamic drive, L5B-ChR2 neurons were activated with
maximal intensities of 32mW/mm2)

(A) PSTH for a L6 neuron stimulated with photostimuli (5 ms, onset
at 0 ms) at different intensities.

(B) Scatter plot of six L6 neurons that could be activated, with
varying power thresholds. The average intensity threshold for
spiking for these neurons was 633 + 308 mW/mm2. The probability
of spiking (P(response)) for each photostimulation power was
calculated for 100 ms windows immediately following each
photostimulus (typically > 50 pulses per data point). Black dots
were significantly greater than spontaneous activity (measured in a
100 ms window preceding the stimulus), grey were not (X2 test, p<
0.05), black line shows averaged values binned in 250 mW/mm?2
increments. The laser power used to activate L5B-ChR2 neurons
(blue region) was <32mW/mm2.
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Figure S6. Interactions between evoked and spontaneous POm spikes

Example raster plot of POm spike responses elicited by L5B photostimulation and spontaneous POm spikes, sorted into failure (top,
open marker) and successful (bottom, solid marker) trials. Recent spontaneous spiking had an effect on subsequent photo-evoked
spiking, in that POm spiking probability in response to photostimulation decreased with the occurrence of spontaneous POm spikes
preceding the photostimulus. This observation suggests that the same subthreshold input triggered spontaneous and photo-evoked
POm spikes. On average (n=9, POm juxacellular recordings), failure trials were preceded by four times as many spontaneous spikes
than successful trials (0.2 + 0.05 vs. 0.05 + 0.02 spikes) in a 100 ms window before photostimulation. These data suggest that POm
spontaneous spikes are driven by the same inputs which are active during photostimulation of L5B.
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Figure S7: Spontaneous EPSP quantification.
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Figure S7. Spontaneous EPSP quantification.

(A) Population cumulative histogram of “unadapted” (IEI>500 ms, black, n=4572) and “adapted” (IEI<=500 ms, gray, n= 38914) EPSPs pooled from 38 POm
neurons

(B) Median and interquartile ranges of “unadapted” (IEI>500 ms) EPSP amplitudes by POm neuron. “Single input” (circles) and “multiple input” (squares) were split
by correlation coefficients (threshold of r=0.6). Bimodal EPSP distributions were split into two distributions, and the the median of the second peak is shown in
gray. This bimodality may represent additional independent inputs, or populations of EPSPs which did and did not trigger low threshold spikes, respectively.
(C) Distribution of median EPSP amplitudes from B.

(D) Pooled (n=8 recordings) mean + SD spontaneous POm EPSP amplitude as a function of IEl and membrane potential at EPSP onset: control (solid black
markers) or depolarized (gray open markers, > approximately -60 mV). Depolarized EPSPs had significantly smaller amplitude (p<0.05, rank sum) than control
EPSPs for IEls > 10 ms (asterisks); this population plot recapitulates was observed in each single recording. Depolarized and control data plots are slightly offset
for visual clarity. The larger depolarization-dependent decrease for long IEI EPSPs is consistent with a T-type calcium “low-threshold spike” contribution to these
large, temporally isolated events.
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Figure S8. Predicted EPSP and spiking response to single and paired L5B spike trains

(A) Spontaneous EPSP amplitude versus inter EPSP interval (IEl) serves as an predictive curve for EPSP adaptation (Methods). Pooled data for spontane-
ous EPSPs from five “single input” POm neurons, EPSPs normalized by dividing individual EPSP amplitudes by the mean unadapted amplitude for each
recorded neuron. Dashed line shows double exponential fit, Tfast=127 ms, 1slow = 550ms, as in in vitro EPSC data from (Groh et al. 2008), overplotted as
solid line for comparison. The fast component was identical to that previously reported for EPSC depression; however, the slow component shows a
~25% slower recovery compared to the in vitro slow component of 1= 423 ms.

(B) Predicted EPSPs for two simultaneous juxtacellular recordings of L5B spontaneous spiking patterns (red and green show separate L5B spike trains).
Threshold line indicates the degree of depolarization over which POm spiking is expected. Spikes preceded by a large interval trigger EPSP over
threshold, while high-frequency L5B bursts also increase EPSP size. Lower: sum of individual predicted EPSP trains, showing enhanced POm spiking
(bold black) via coincidence.

(C) Mean * SD predicted POm event rate for single (black) and summed (red) inputs. Juxtacellularly measured POm spike rates (gray) shown for
comparison.
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Supplementary Methods

Cell reconstructions

After the experiments, mice were euthanized with an overdose of ketamine/xylazine and
transcardially perfused with 4% PFA in phosphate buffered saline. Four hours after
fixation, the brain was cut into 100 um coronal slices and stained for cytochrome C to
reveal the VPM/POm border and with DAB to reveal the soma and dendrite of the
recorded neuron; both protocols are found in (Groh 2011).

Dendritic parameters were first analysed with Neurolucida (Microbrightfield Bioscience,
Williston, VT, USA). Dendritic profiles along the pia to white matter axis were
constructed as described in (Meyer et al. 2010), using custom software developed in the
M. Helmstaedter group at the Max Planck Institute for Medical Research, Heidelberg,
Germany. In brief 1) after obtaining a Neurolucida reconstruction, the
Neuronregistrator3d program was used to scale dendrite measurements to the
population mean pia to white matter distance; 2) Rembrandt3d was used to collapse the
three-dimensional morphology into a depth-resolved (pia to white matter) histogram of
summed dendritic length (50 pym bin size in all dimensions); 3) the Rothko program was
used to smooth and visualize the resulting histogram. These software packages were
programmed in Matlab, MathWorks, Natick, USA).

6 POm neurons and 12 Chr2-L5B neurons were recovered and all showed dendritic
morphology and parameters (Figs. 1A, $1, Supplementary Tables 1,2) consistent with
previously published descriptions of these neurons (de Kock et al. 2007; Meyer et al.
2010).
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Supplementary Tables

Total No. Apical | Total No. No. Total No. No.
apical tuft | Nodes in tuft | basal | nodes primary | oblique | nodes in | oblique
length apical tuft | width | length | in basal basal length | oblique | dendrites
(pum) (excluding | (um) | (um) | dendrite | dendrites | (um) | dendrites
(excluding | obliques)
obliques)
3751+ |326+6.6|464.8 | 3126 | 192+ | 71+1.9 | 2324+ |79+49 | 143+
981 + * 8.7 846 4.8
177.5 | 1368

Supplementary Table 1: L5B-ChR2 dendrite data, n=12. Data shown as population
mean = SD. Fluorescently labelled neurons were filled in acute slices obtained from 18-
to 24-day-old mice. Biocytin was revealed by DAB stains and reconstructions were done
with Neurolucida. Dendritic parameters were measured with Neuronexplorer.

Total dendritic length | No. Nodes | No. Mean Mean No. of
(um) primary dendritic | nodes per
dendrites | length dendrite
(Wm)
9195 + 2618 70.2+15.2 102 951 £+ 330 7.3+2.1

Supplementary Table 2: POm dendrite data, n=6. Data shown as population mean +
SD. Animal preparation and recordings were done with 6-8 week old thy1-ChR2. POm
neurons that could be driven by photostimulation of BC were filled with biocytin, stained
and reconstructed using Neurolucida. Dendritic parameters were obtained using
Neuronexplorer.
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Supplementary Text

The Thy1-ChR2 line contains a subset of thick-tufted L5B neurons which
project to POm and express ChR2

First we determined the anatomical profile of ChR2-expressing neurons in L5 to test the
consistency with the anatomy and location of thick tufted neurons in L5B, which are
known to form giant synapses in POm (Hoogland et al. 1987; Bourassa et al. 1995;
Killackey and Sherman 2003; Groh et al. 2010). Fluorescently-labelled neurons were
filled with biocytin via whole-cell recordings in acute brain slices (Fig. S1A-D); 12
dendritic morphologies were then visualized and reconstructed. All but two dendritic
morphologies indicated thick-tufted L5B neurons. Fig. S1E shows 6 of these ChR2-
expressing neurons from BC. The somata of ChR2-expressing neurons were located at
an average depth of 768+83 um, n=12 (Fig. S1F), which corresponds to L5B (Groh et
al. 2010). Morphological quantification further showed three dendritic compartments,
typical for thick-tufted L5B neurons: (1) basal dendrites which extend mostly within L5B,
(2) oblique dendrites in L5A and lower L4, and (3) extensive apical dendritic tufts (thick-
tufted) in upper L2 and L1 (Fig. S1G, Supplementary Table 1). Based on this distinct
dendritic morphology and soma locatio, these neurons can be classified as thick-tufted
pyramidal neurons.

CT projections of L5B-ChR2 neurons were verified by depositing retrograde tracer
(fluorescent cholera toxin) into POm. We found back-labelled neurons in L6 and L5B,
consistent with earlier reports which showed that both layers project to POm (Hoogland
et al. 1987; Bourassa et al. 1995; Killackey and Sherman 2003). L5B-ChR2 neurons
were also back-labelled, demonstrating that these genetically-identified neurons form
synaptic contacts in POm (Fig. S2, see also (Groh et al. 2014)). All retrogradely labeled
neurons were ChR2 positive and only a fraction of ChR2 neurons were retrogradely
labeled. A quantitative analysis beyond this proved difficult, mainly because retrograde
labelling will not specifically label the entire POm. Therefore, the fraction of POm
projecting L5B neurons in barrel cortex could not be accurately determined with this
approach. Based on these limitations we can only estimate, that ChR2 neurons include
a number of L5B populations with one population projecting to POm.

The target cells of L5B neurons in POm were identified by reconstructions of their
soma-dendritic morphology and their location in POm after juxtasomally filling of cells
that responded to photostimulation of BC. L5B photostimulation evoked spikes in 35 out
of 46 POm neurons. We confirmed the location of 13 neurons in POm and
reconstructed six dendritic morphologies (Fig. 1A) of POm neurons that responded with
spikes to L5B photostimulation; Supplementary Table 2 summarizes dendritic
parameters of our POm sample.
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Abstract

Cortical layer 5B (L5B) thick-tufted pyramidal neurons have reliable responses to whisker stimulation in anesthetized rodents.
These cells drive a corticothalamic pathway that evokes spikes in thalamic posterior medial nucleus (POm). While a subset of
POm has been shown to integrate both cortical L5B and paralemniscal signals, the majority of POm neurons are suggested to
receive driving input from L5B only. Here, we test this possibility by investigating the origin of whisker-evoked responses in POm
and specifically the contribution of the L5B-POm pathway. We compare L5B spiking with POm spiking and subthreshold
responses to whisker deflections in urethane anesthetized mice. We find that a subset of recorded POm neurons shows early
(<50 ms) spike responses and early large EPSPs. In these neurons, the early large EPSPs matched L5B input criteria, were blocked
by cortical inhibition, and also interacted with spontaneous Up state coupled large EPSPs. This result supports the view of POm
subdivisions, one of which receives whisker signals predominantly via L5B neurons.

Key words: barrel cortex, cortex layer 5, corticothalamic feedback, higher order thalamus, somatosensory

Introduction may act as drivers of POm spiking (Reichova and Sherman 2004;

Cortical layer 5B (L5B) thick-tufted pyramidal neurons project to Groh et al. 2008, 2014).

posterior medial thalamus (POm), forming large “giant” synap- Despite these various inputs from whisker-sensitive regions,
ses. However, POm receives input from additional sources, and POm has been reported to only weakly respond to whisker deflec-
it is unclear how these different inputs contribute to spiking in tions (Diamond et al. 1992; Sosnik et al. 2001) and was recently
POm. Three projections establish anatomically “giant” synapses shown to be only weakly modulated by whisker movements
with proximal POm dendrites: that from the nucleus interpolaris (Moore et al. 2015; Urbain et al. 2015). Inhibitory input to POm
(SpVi) and nucleus principalis in the brainstem (Jacquin et al. from zona incerta (Bartho et al. 2002) and the anterior pretectum
1989; Veinante and Deschenes 1999; Veinante, Jacquin, et al. (Bokor et al. 2005) was suggested to suppress whisker responses
2000; Lavallee et al. 2005), and those from Layer 5 neurons in bar- (Trageser and Keller 2004; Lavallee et al. 2005) via shunting inhib-
rel cortex (BC) (Hoogland et al. 1987; Bourassa et al. 1995; Killackey ition. Furthermore, approximately one-third of POm neurons
and Sherman 2003; Groh et al. 2014) and secondary somatosen- located in anterior POm “convergence zones” have been shown
sory cortex (Liao et al. 2010). It has been shown that in POm, to receive both SpVi and L5B input and thus may be driven by

giant synapses formed by L5B axons can evoke giant EPSPs and coincident L5B and SpVi activity (Groh et al. 2014). However, the
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remaining majority of POm neurons receive only cortical driving
input.

Given the established effective pathway between cortical L5B
and POm (Reichova and Sherman 2004; Groh et al. 2008, 2014; Seol
and Kuner 2015) and the robust L5B responses to whisker deflec-
tions (de Kock et al. 2007) directly via thalamocortical activation
(Constantinople and Bruno 2013), one would expect to observe
large whisker-evoked POm EPSPs and spikes of L5B origin with
a delay of <50 ms (here referred to as “early responses”). We
find indeed that a subset of recorded POm neurons respond
with small or large whisker-evoked EPSPs. These EPSPs and
early spiking are suppressed by optogenetic inhibition of S1 cor-
tex. In contrast, spiking of neurons in the ventral posterior medial
nucleus (VPM) is only slightly affected, consistent with the lack of
L5B afferents to VPM (Veinante, Lavallee, et al. 2000). This result,
together with previous studies (Trageser and Keller 2004; Ohno
et al. 2012; Groh et al. 2014), strengthens the emerging view that
the input-output structure is not homogeneous throughout the
POm nucleus and that the L5B-POm pathway can be the major
driving input for whisker responses in a subset of POm neurons.

Methods
Ethical Approval

All experiments were done according to the guidelines of German
animal welfare and were approved by the respective ethical
committees.

In Vivo Electrophysiology

Animal preparation and recordings were done with 6- to 8-week-
old thy1-ChR2 (line 18) or VGAT-ChR2-YFP mice anesthetized
with 1% isofluorane in O, (SurgiVet Vaporizer) for the photosti-
mulation experiments or urethane (1.3 pg/gbody weight) for sim-
ultaneous LFP and juxtacellular recordings. Typically one or 2
experiments (simultaneous L5B/POm recordings, simultaneous
L5B/L5B recordings, single L5B, or POm recordings) were done
per animal. Recordings were made from a total of 56 mice: 20 an-
imals for intracellular POm recordings, 8 animals for simultan-
eous POm/L5B juxtasomal recordings, 10 animals for L5B
juxtasomal recordings, 10 animals for single juxtasomal POm re-
cordings, 5 animals for VGAT juxtasomal recordings (3 for POm, 2
for VPM), and 3 animals for VGAT POm intracellular recordings.

Depth of anesthesia was continuously monitored by eyelid re-
flex, respiration rate, and cortical LFP, and additional urethane
(10% of the initial dose) was given when necessary. Respiration
rates were usually between 100 and 140 breaths per minute. In
the case of isoflurane anesthesia, concentration of anesthetic
was adjusted to reach steady respiration rates around 100 breaths
per minute. The skull was exposed, and small craniotomies
above BC and thalamus were made (dura intact). For VGAT photo-
stimulation experiments, the skull above BC was additionally
thinned to permit better light penetration into the tissue. The
head was stereotaxically aligned (Wimmer et al. 2004) for precise
targeting of POm. Target coordinates relative to bregma were (lat-
eral/posterior/depth, in mm) as follows: BC L5B: 3.0/1.1/0.7; POm:
1.25/1.7/2.8-3.0; VPM: 1.7/1.5/3.0-3.2). Juxtasomal electrodes were
inserted with an angle of 30° from the vertical.

In vivo juxtasomal recordings and biocytin fillings were made
as described in Pinault (1996). Biocytin-labelled neurons are
shown in Mease, Sumser, et al. (2016). In brief, 4.5-5.5 MQ patch
pipettes were pulled from borosilicate filamented glass (Hilgen-
berg, Germany) on a DMZ Universal puller (Zeitz Instruments,
Germany). Pipettes were filled with (mM) 135 NacCl, 5.4 KCl, 1.8

CaCl,, 1 MgCl,, and 5 HEPES, pH adjusted to 7.2 with NaOH,
with 20 mg/mL biocytin added. Bath solution was identical,
except for biocytin. Single units were found by the increase of
pipette resistance (2-2.5 times of the initial resistance) measured
in voltage clamp mode. A L5B and a POm cell were recorded sim-
ultaneously with an ELC-01X amplifier (NPI Electronics,
Germany) for POm and an Axoclamp 2B (Molecular Devices,
USA) for L5B. Unfiltered and bandpass-filtered signals (high
pass: 300 Hz, low pass: 9000 Hz) were digitized at 20 kHz with
CED Micro 1401 mkII board and acquired using Spike2 software
(both CED, Cambridge, UK). Typically, recordings consisted of 1
single unit that was filled at the end of the experiment with bio-
cytin using current pulses (Pinault 1996). Whole-cell single neu-
ron current clamp recordings in POm were done using the “blind
patching” approach as described in Margrie et al. (2002). Pipette
solution was (in mM) 130 K-gluconate, 10 HEPES, 10 Na-phospho-
creatine, 10 Na-gluconate, 4 ATP-Mg?*, 4 NaCl, 0.3 GTP, 0.1 EGTA,
2 mg biocytin, osmolarity approximately 300, and adjusted to pH
7.2 with KOH.

Cell Selection Criteria and Cell Reconstructions

For all L5B recordings, we used a combined photo- and sensory
stimulation protocol to validate neurons’ locations: L5B neurons
were accepted for analysis if 1) photostimuli applied to the cor-
tical surface resulted in rapid, unadapting spiking responses
which persisted for the duration of a long photostimulus (3 s)
(Mease, Sumser, et al. 2016) and 2) each neuron responded within
100 ms to whisker stimulation, as the majority of L5B neurons in
BC respond to whisker stimulation within this time period
(de Kock et al. 2007). Whisker responses were categorized as sig-
nificant using a y? test (P> 0.05) comparing matched number of
trials of spike counts within 100 ms after whisker stimulation
to 100 ms of spontaneous spiking before the whisker stimulus
onset. This protocol ensured that each putative L5B neuron was
both in L5B (photostimulation) and in BC (sensory response). In
addition to these physiological parameters, L5B and POm neu-
rons were also filled with biocytin for reconstruction of the loca-
tions and morphologies (Mease, Sumser, et al. 2016).

After the experiments, mice were euthanized with an over-
dose of ketamine/xylazine and transcardially perfused with 4%
PFA in phosphate-buffered saline. Four hours after fixation, the
brain was cut into 100-pm coronal slices and stained for cyto-
chrome C to reveal the VPM/POm border and with DAB to reveal
the soma and dendrite of the recorded neuron; both protocols are
found in Groh and Krieger (2013).

In Vivo Photostimulation Setup

The stimulation of ChR2-L5B or VGAT neurons was achieved by a
custom-built laser setup consisting of a solid state laser (Sap-
phire, Coherent, Dieburg, Germany) with a wavelength of
488 nm and a maximal output power of 20 mW. The sub-millisec-
ond control of laser pulses was achieved by an ultrafast shutter
(Uniblitz, Rochester, NY, USA). The laser beam was focused
with a collimator into 1 end of a multimode fiber (Thorlabs, Griin-
berg, Germany; numerical aperture = 0.48, inner diameter = 125
pm). For ChR2-L5B neuron activation, the maximal output
power at the end of the fiber was 1 mW, resulting in a maximal
power density of approximately 32 mW/mm? on the brain sur-
face. Shutter control was implemented with Spike2 software
(CED, Cambridge, UK). The optical fiber was positioned at an
angle of approximately 86° (from the horizontal plane) and at a
distance of approximately 100 pm to the cortical surface. For
each neuron, we recorded an average of 60 + 41 photostimulation
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trials. For BC VGAT photostimulation, the optical fiber was posi-
tioned at the same angle, but at a distance of approximately
2.5 mm to increase the stimulated area to a disk with a diameter
of approximately 800 pm, measured on the skull above BC. For ro-
bust cortical inhibition, we used a 40 Hz series of laser pulses
(12.5 ms on, 12.5 ms off) for 1 s with an approximate power dens-
ity at the pia of 8.4 mW/mm? based on Zhao et al. (2011).

Whisker Stimulation

Whisker stimulation consisted of 50 ms (30 ms for all juxtasomal
and 1 whole cell recordings in VGAT animals) air puffs (50 mbar)
delivered via a plastic tube with a tube opening of approximately
1 mm. The opening was positioned 0.5-2 cm anterior of the sti-
mulated whiskers which were deflected in caudal direction.
The puff stimulus targeted the C row and deflected whiskers in
at least rows B-D. The latency from command to whisker deflec-
tion was measured using 2 methods: First, the air puff was ap-
plied to a microphone positioned at the same distance as the
whiskers, and the potential change was read from an oscillo-
scope. Secondly, a small magnetic probe (0.5 mg) was glued to a
whisker, and the time of deflection was measured with a cus-
tom-built magnetic field detector. Data analysis was corrected
for this delay (20 ms). For each neuron, we collected an average
of 69 +48 and 60 + 41 trials for intracellular and juxtasomal re-
cordings, respectively. In experiments with simultaneous VGAT
photostimulation, we acquired responses to 52 + 30 and 189 + 72
trials for intracellular and juxtasomal recordings, respectively.
In a minority of cases, we also used a piezo wafer to stimulate
single whiskers; this procedure is described in Mease et al. (2014).
In these cases, no delay correction was done. A comparison of
puff and piezo responses is shown in Supplementary Figure 1.

Cortical LFP Recordings

To monitor cortical state, we acquired L5 local field potentials
(LFPs) simultaneously with single neuron recordings. Depth-
resolved LFPs were recorded with a 16-channel probe (Neuronexus
probe model: A1X16-3mm-100-177, Neuronexus, MI, USA). The
probe was inserted into BC as close as possible to the juxtacellular
recording site and inserted at an angle of approximately 45° from
the vertical to a tip depth of 1.5 mm from the pia. Because the
location of the probe varied slightly between experiments and
was not aligned with the deflected whiskers, the LFP transients
triggered by whisker stimulation varied between experiments.
A chlorided Teflon-coated silver wire in the bath solution above
the craniotomy served as reference. Signals were amplified and fil-
tered with an extracellular amplifier (EXT-16DX, NPI Elektronics,
Tamm Germany). LFPs were bandpass filtered with 0.01 or 0.1 Hz
and 500 Hz corner frequencies and amplified 1000-2000 times.
All signals were digitized at 20 kHz with CED Micro 1401 mkII
board and acquired using Spike2 software (both CED, Cambridge,
UK). Only LFPs recorded at a depth of 750 pm, corresponding to
L5B, were used for analysis.

Data Analysis

Electrophysiology data were acquired using Spike2 software and
then exported for analysis in Matlab version 9 (MathWorks,
Natick, USA) using custom written software. Spike times were
extracted by finding local maxima in the temporal derivative
of recorded voltage traces (dV/dt) above a variable threshold
(typically 40-50% of maximum dV/dt). Reported values are mean
+standard deviation, unless otherwise noted. Statistical

significance indicates P <0.05. Unless otherwise stated, means
and medians are calculated across neurons, not from pooled data.

EPSP Extraction

EPSP times and maxima were extracted by finding crossings in
the first derivative of the membrane potential, and validated
and/or corrected by hand.

Identification of Up States

Up states were selected by hand as large deflections in the LFP. To
further standardize transition points across recordings and Up
transitions with different rates of change, each individual LFP
transition trace was normalized to a height of 1 and the transition
point was then set to be the time at which the trace reached 50%
of this maximum. For the display figures, the LFP signal was con-
verted to a dimensionless z-score and then inverted so that posi-
tive deflections correspond to “Up states” (Hahn et al. 2006).

Results
Whisker-Evoked Spiking Responses in POm

In vitro and in vivo works (Diamond et al. 1992; Reichova and
Sherman 2004; Groh et al. 2008, 2014) predict that L5B inputs to
POm during whisker stimulation could generate excitatory syn-
aptic inputs sufficient to trigger spikes. We initially measured
L5B and POm spike responses to whisker stimulation on short
and long time scales. Whiskers were stimulated by the
application of an air puff, deflecting 2-3 whisker rows. We
recorded juxtacellularly from Layer 5B neurons in BC and POm
neurons in somatosensory thalamus in urethane anesthetized
thy-1 ChR2 mice (Arenkiel et al. 2007). This mouse line expresses
channelrhodopsin-2 in L5, including POm-projecting L5B neu-
rons, allowing us to photostimulate the L5B-POm pathway and
record from photo-responsive neurons in L5B and neurons in
POm (2.9-3.0 mm from the pia).

First, L5B neuron recordings were accepted for further ana-
lysis if they showed 1) responses to whisker stimulation (within
a 100 ms time period) and 2) short latency (4-6 ms, see Arenkiel
et al. (2007)) responses to photostimulation of the surface of BC
(Mease, Sumser, et al. 2016). These 2 criteria ensured that neu-
rons were located both in the BC and in the L5B, respectively.
POm neurons were recorded simultaneously with a L5B neuron
and were accepted for analysis when 1) the paired L5B neuron re-
sponded to whisker stimulation, and 2) if the POm neuron re-
sponded with short latency (~12 ms) to photostimulation of BC.
Recordings in POm were directed by stereotaxic coordinates
and confirmed post hoc for a subset (n=6) of POm recordings
with recovered dendritic morphologies (Mease, Sumser, et al.
2016).

Examining the L5B and POm spiking responses (Fig. 1) in more
detail, we found that we could categorize spike responses based on
the “early” and “late” spiking components; Supplementary Figure
2 illustrates the population probability of response per trial.
Figure 1A shows 2 example spike recordings from L5B neurons, 1
example with both early and late spikes (upper) and 1 example
with only late spikes (lower). Figure 1B shows corresponding
POm spike responses, including 1 cell that had an early response.
Figure 1C shows a summary of L5B spiking relative to whisker
stimulation. The majority of L5B neurons (19/31) had a bimodal
whisker response with early and late components: in most neu-
rons (16/31), the early response was sharp and within 50 ms,
while the following late response (>50 ms) was gradual and
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Figure 1. Two categories of L5B and POm spiking. (A) Two example L5B responses
after whisker stimulation (3 trials, gray bar) showing a neuron with an early and late
response (upper) and neuron with a late response only (lower). Voltage scale bars
for upper and lower panel: 1 mV, 2 mV, respectively. (B) Two example POm
recordings, as in A. Voltage scale bars for upper and lower panel: 1 mV. (C)
Population PSTHS for L5B neurons with an early spike response (upper, n=19/31)
with a bin size of 5 ms. The dotted line indicates SEM of the population. Most
early responders (16/19) had a response significantly greater than spontaneous
activity within 50 ms of air puff onset; however, 3 neurons with a slightly
delayed initial response (within 100 ms) were included in this distribution, due to
a clearly bimodal response profile. The remaining neurons had only a late
response (n=12, lower). Significance was assessed with y° test between
spontaneous and evoked spike count, before and after the whisker stimulus,
respectively. (D) Population PSTHS for POm neurons with an early spike response
(n=4 within 50 ms, n=1 within 100 ms, upper) and only a late response (n=38,
lower). Plot conventions and significance assessed as in (C). (E) Simultaneous
recording of cortical L5 LFP (upper), juxtacellular L5B spikes (gray, middle), and
POm spikes (lower). Cortical Up states were triggered by whisker deflection (gray
bars). L5B and POm spiking were correlated during cortical Up states.

less precise. We included 3 outlier neurons with slightly delayed
(60-80 ms) initial early responses in this “early” group, due to
clear bimodal responses with early and late components. The
remaining “late” neurons showed only a late, gradual whisker re-
sponse (12/31) occurring after 50 ms. In comparison, about a third
of POm neurons (5/13) exhibited a comparable 2-component
“early” response onset spiking response (Fig. 1D), and the remain-
der a “late” response only.

To examine the coupling of L5B and POm spikes during cor-
tical Up and Down states evoked by whisker stimulation, in a
subset of recordings we simultaneously recorded LFP in BC as
well as L5B and POm spike during whisker stimulation (Fig. 1E).

The majority of whisker stimulation trials (mean across neurons
of 73 £15%) evoked cortical Up states within 400 ms following
whisker stimulation onset. Average L5B and POm spiking rates
during such evoked Up states were 2.7+1.4 and 0.8+0.4 Hz,
respectively (L5B, n=19; POm, n = 10; 12-181 whisker-evoked Up
states per recording, mean of 60 + 54; more details are given in
Mease, Sumser, et al. (2016)). Our interpretation is that late POm
spike responses are most likely a consequence of cortical Up
states evoked by whisker deflections.

Block of Early POm Spiking by Cortical Inhibition via
Photostimulation

To test the contribution of cortical input to whisker-evoked spike
responses in POm, we inactivated S1 barrel cortex reversibly by
cortical inactivation via photostimulation of channelrhodopsin-
2-expressing VGAT inhibitory interneurons (Zhao et al. 2011). In
cortical inactivation experiments, we recorded only from neu-
rons with clear early whisker-evoked spike responses. Inactiva-
tion of BC robustly abolished whisker-evoked POm spiking
(mean response probability reduction of 99 + 1%; n=6) (Fig. 24,
C,E). In contrast, inhibition of cortex had comparatively little
and variable effect on the whisker-evoked spiking of ventropos-
teriomedial (VPM) neurons (average response probability in-
crease of 2 +24%; n=>5) (Fig. 2B,D,E). This lack of a strong effect
on VPM is consistent with the lack of driving cortical L5B input
to VPM (Veinante, Lavallee, et al. 2000); the remaining modest ef-
fects of cortical inactivation may be due to the block of cortical L6
inputs, which modulate VPM whisker responses in a dynamic
and complex fashion (Mease et al. 2014). In combination, these
results confirm the earlier report (Diamond et al. 1992) that cor-
tical inputs are necessary for whisker-evoked spikes in POm,
but not in VPM.

Whole-Cell POm Recordings In Vivo Show 3 Categories
of Subthreshold Whisker Responses

To investigate the subthreshold origin of the different POm spik-
ing patterns in response to whisker stimulation, we recorded
from POm neurons in whole-cell configuration (n=30) while de-
flecting whiskers. Figure 3 shows 2 example whole-cell record-
ings at different time resolutions. POm membrane potentials
were not riddled with IPSPs as previously described for POm neu-
rons that receive input from SpVi and ZI (Lavallee et al. 2005). As
the neurons from which we recorded receive their driving input
from L5B and do not show tonic and large IPSP patterns, it is pos-
sible that nonconvergence POm neurons in general do not receive
this ZI input.

As in the juxtacellular experiments (Fig. 1E), whisker stimula-
tion typically led to whisker-evoked Up states in the LFP (upper
traces), and concomitant POm EPSPs and action potentials (APs)
(lower traces). We found EPSP response times matching the laten-
cies of the early and late POm spike responses shown in Fig-
ure. 1D. About half of the recordings (18/30) showed “early”
short latency (<50 ms) whisker EPSPs (Fig. 3A,B) which led to
whisker-triggered APs in a minority of POm neurons (5/30). In
the remaining “late” (12/30) POm whole-cell recordings, EPSP tim-
ing was locked to whisker-evoked Up states rather than the tim-
ing of the whisker stimulation (example in Fig. 3C,D).

About half (10/18) of early responder neurons had EPSPs with
large amplitudes (Fig. 4A, median =7.7 mV, interquartile range =
3mV), while the remaining early responder neurons (8/18)
had small EPSPs (Fig. 4B, median = 0.8 mV, interquartile range =
0.3 mV). The EPSPs from the late responder group had the largest
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respectively; Wilcoxon signed rank test).

amplitudes of all 3 categories (Fig. 4C, median 10.9 mV, interquar-
tile range = 4.6 mV), likely due to the contribution of low thresh-
old spikes from T-type calcium channel activation (Jahnsen and
Llinas 1984; Landisman and Connors 2007; Groh et al. 2008; Seol
and Kuner 2015). Small early responses were additionally distin-
guished from both large response categories by a slower rate of
rise but a slightly faster onset; see Supplementary Table 1 for a
comparison of EPSP delay, rise time, and amplitude between
the 3 categories. Given these slightly different parameters,
these small early EPSPs may also come from trigeminal nuclei,
suggesting that these neurons were in convergence zones of
L5B and brainstem input.

Thus, the population of whisker-responsive POm neurons
could be categorized into the following groups using the ampli-
tude, rise time, and timing (see Supplementary Table 1) of the
first post-whisker stimulus EPSP as grouping criteria: 1) early
large responses followed by late large responses (10/30), 2) early
small responses followed by late large responses (8/30), or 3) late
large responses only (12/30). These 3 distinct categories are illu-
strated in Figure 4D, which shows EPSP amplitude as a function
of EPSP latency for each cell.

The early large EPSPs could elicit APs in 5 out of 10 recordings
(Fig. SA), with a mean AP probability of 0.25+0.19 per whisker
stimulus. Successful trials were interspersed with failures that re-
vealed hyperpolarizing potentials in 4 out of the 10 recordings
(Fig. 5B). While whisker responses in these 4 recordings were none-
theless still dominated by large EPSPs (mean across neurons of
68 + 26% of trials), IPSPs with an average amplitude of 2.8 + 1.6 mV
were observed in an average of 29 + 27% of trials. For a quantifica-
tion of whisker-evoked IPSPs, see Supplementary Table 2. In
contrast to whisker-evoked IPSPs, spontaneous IPSPs at high fre-
quencies as described by Lavallee et al. (2005) were not measurable

using a 0.2 mV threshold, which is about one-tenth of the ampli-
tude of the whisker-evoked IPSPs. Although relatively scarce,
whisker-evoked IPSPs are a possible cause for smaller early
EPSPs in comparison to late EPSPs in L5B-targeted POm neurons
described here (Fig. 4D).

Figure 6 summarizes the average population time course of
EPSP arrival after a whisker stimulus for these 3 categories, in-
cluding early and late response components. Regardless of the
presence of an early response, all POm neurons showed a late re-
sponse, occurring during the sensory-evoked Up state. However,
the origin of the observed early whisker-evoked EPSPs in POm is
less clear. The majority of L5B neurons typically show short la-
tency responses to whisker stimulation as shown before (Arm-
strong-James et al. 1992; de Kock et al. 2007), so in a subset of
POm cells, early large whisker-evoked EPSPs may reflect L5B
input from a fraction of POm-projecting L5B neurons that briskly
respond to whisker deflection and project to the POm cells from
which we recorded.

Interaction Between Early and Late Responses Suggests a
Common Synaptic Origin for Early and Late Whisker-
Evoked L5B Responses

The majority of POm has been suggested to receive driver input
only from cortical L5B neurons (Groh et al. 2014). As a conse-
quence, both spontaneous and whisker-evoked giant EPSPs
should originate from the same L5B inputs in these “nonconver-
gence” zones, and interactions between these EPSPs are ex-
pected. In this case, the L5B whisker-evoked spikes following
shortly after spontaneous Up state spiking would drive smaller
EPSPs in POm due to the pathway’s incomplete recovery from
synaptic depression (Groh et al. 2008).
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Figure 3. Example EPSPs during whisker-evoked Up states. (A) Example of
simultaneously recorded cortical L5 LFP and POm membrane voltage during
whisker deflection (gray bars), showing evoked cortical Up state and associated
POm EPSPs. (B) Single early and late response from A at higher time resolution
shows early large EPSP (delay ~20 ms) and late EPSPs during evoked Up state.
This neuron was somewhat atypical in that the early response was sufficient to
trigger APs (5 of 30 intracellular recordings had whisker-triggered APs). Resting
membrane potential (RMP) = —65 mV. (C) As in A but for a POm neuron with late
EPSPs only. RMP = —67 mV. (D) As in C at higher time resolution, note the lack of
early POm EPSPs during the early LFP deflection.

To test this possibility, we investigated how the early large
whisker responses interacted with spontaneous EPSPs (Fig. 7).
For example, in the POm recording shown in Figure 7A, whisker-
evoked EPSPs that closely followed spontaneous EPSPs showed a
marked (often up to 5 mV, Fig. 7B) decrease in amplitude. Similarly,
EPSPs in the late response component were typically smaller in
amplitude than the preceding early whisker-evoked EPSP. Overall,
we found statistically significant interaction in half of the neurons
(5/10): 4/10 neurons showed a significant decrease in EPSP ampli-
tude and a significant increase was observed in 1/10 neurons
(mean decrease for subsequent EPSPs, 18 +12% Fig. 7C). The mo-
dest average decrease in EPSP amplitudes suggests that the path-
way responsible for early whisker-evoked EPSPs may be depressed
by spontaneous EPSPs, consistent with a common origin of these
inputs. While synaptic depression of the L5B-POm pathway is well
established (Reichova and Sherman 2004; Groh et al. 2008; Seol and
Kuner 2015; Mease, Sumser, et al. 2016), it should be noted that
adaptation of subsequent EPSPs is also caused by postsynaptic
(intrinsic) mechanisms, such as the depolarization-dependent
inactivation of T-type calcium channels characteristic of thalamic
neurons (Jahnsen and Llinas 1984). In Mease, Sumser, et al. (2016),
we present a more in-depth analysis of spontaneous EPSPs and
discuss the possible contribution of postsynaptic factors to EPSP
adaptation. The amplitude reduction (Fig. 7) may reflect these
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Figure 4. Early whisker-evoked EPSPs in POm. Three single neuron examples of
different types of early responses to whisker stimulation (gray bar). Large EPSPs
triggering low threshold spikes (*). (A) Large early EPSPs (10/30). RMP = —64 mV.
(B) Small (~1.5 mV) early EPSPs (8/30). RMP =-67 mV. (C) Late only EPSPs (12/30).
RMP =-66 mV. (D) Whisker-evoked EPSP amplitude versus response delay
showing the 3 groupings. Values shown are median and interquartile ranges,
with a different marker style for each neuron. Colors show response category:
early small (green), early large (red), or late only (black). All neurons with a
unimodal amplitude distribution are shown as solid circles. For some neurons
(open markers), bimodal amplitude distributions were seen; individual peaks
are shown using the same style marker. See Supplementary Table 1 for EPSP
population amplitudes, delays, and slopes.

postsynaptic factors to some extent, and therefore, a more direct
approach was used in the following to investigate the cortical
dependence of large EPSPs in POm.

Cortex Inhibition via Photostimulation Blocks Evoked
Large EPSPs

To further test the cortical dependence of the early large whisker-
evoked EPSPs in our sample, we recorded the membrane potential
in POm neurons while reversibly inactivating BC by VGAT-Chr2
photostimulation as in Figure 2 but in whole-cell configuration.
We recorded only from neurons with clear early whisker-evoked
responses, and large EPSPs were included in this analysis. Fig-
ure 8A,C shows an example POm neuron with early large EPSPs
evoked by whisker stimulation. Whisker stimulation during cor-
tical inactivation failed to elicit large EPSPs in the same cell
(Fig. 8B,D). We observed similar results in all (n =4) whole-cell ex-
periments with cortical inactivation (Fig. 8E, right). Spontaneous
EPSPs were also abolished by cortical inactivation (Fig. 8E, left).
These data suggest that both whisker-evoked and spontaneous
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Figure 5. Early large EPSPs elicit APs in POm. An example whole-cell POm recording
during whisker stimulation that evokes large early EPSPs (A), interspersed with
failure trials showing small (1.5+0.4 mV) IPSPs. RMP=-62 mV. (B) IPSP trials
shown at greater magnification to show details of response. Mean responses for
both successes and failures (C) and failures at higher magnification (D).
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Figure 6. Population whisker-evoked EPSP times. Population means PSTHs
relative to whisker deflection for (A) early large and late responders, (B) early
small and late components, and (C) late responders bin size in A-C is 5 ms.
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Figure 7. Interaction between early and late whisker-evoked EPSPs. (A) Example
raw recording in which early and late whisker responses interact; note that
previous spontaneous EPSPs also depress whisker-triggered EPSPs, and whisker
EPSPs depress later EPSPs, suggesting a common origin of EPSPs. Evoked and
spontaneous EPSP amplitudes were measured from initial inflection point to
maximum voltage. RMP = —64 mV. Asterisks (*) mark failure trials in which
whisker stimuli did not evoke giant EPSPs. (B) Summary of EPSP interaction for
POm neuron shown in A. Histogram shows the distribution of amplitude
difference (A) between a first EPSP (either a whisker-evoked EPSP or
spontaneous EPSP preceding whisker stimulation within a 100 ms window) and
a subsequent second EPSP (either spontaneous EPSP following whisker
stimulation within a 250 ms window, or the whisker EPSP itself). Negative
values show adaptation from EPSP 1 to EPSP 2; this neuron shows strong
interaction between whisker and spontaneous EPSPs. (C) Population summary:
median and interquartile 1st-2nd EPSP amplitude A for 10 POm “early large
responders,” sorted by median amplitude A value. Distributions calculated for
each neuron as in B and only trials with a successful whisker response were
included. Significance was assessed by the Wilcoxon signed rank test for zero
median, P<0.05. Asterisks (*) mark significant interactions. Four neurons
showed significant EPSP adaptation, while 1 neuron had second EPSPs
significantly larger than the first.

EPSPs were driven by L5B input and that these recordings were
from POm nonconvergence zones that receive whisker input ex-
clusively via L5B.

Discussion
Early Spike and EPSP Responses in POm

When comparing response types in juxtasomal and whole-cell
recordings, we found that out of 13 POm juxtasomal recordings
with late spikes, 38% (5/13) also showed early spiking. Out of 30
whole-cell recordings with large EPSPs, 33% (10/30) responded
with early large EPSPS. In 5 cases, early large EPSPs were capable
of evoking APs (Fig. 5). Thus, the percentage of recorded cells that
show early spikes and the percentage of cells with early large
EPSPs are comparable.

Early large EPSPs were somewhat smaller than late EPSPs
(Fig. 4D), which could be the result of adaptation of the L5B-POm
synapse. Because whisker deflections occasionally coincided with
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Figure 8. Elimination of early whisker EPSPs in POm during cortical inactivation by VGAT photostimulation. (A) Example intracellular whisker responses in POm (gray bar,
8 trials). RMP = —59 mV. (B) Same as in A but during cortical inactivation (gray bar, 8 trials). (C) Scatter plot of EPSP amplitudes over time after air puff, same recordingasin A
and B. (D) As in C, but during cortical inactivation. (E) Population (n = 4) EPSP response probability drop during cortical inactivation in spontaneous (left; 50 ms preceding
whisker stimulation) and evoked conditions (right; 50 ms post-whisker stimulation). During cortical inactivation, 2 of 4 neurons receive a significantly lower EPSP
probability without whisker stimulation, while all neurons have a significantly reduced EPSP probability following whisker stimulation ( z? test). Individual neurons

are shown in gray, population mean and SEM in black.

spontaneous Up states, early EPSPs may have been partially de-
pressed by previous activity. Alternatively, smaller early EPSPs
could be due to feed-forward shunting inhibition in which whis-
ker-evoked EPSPs are partially shunted by whisker-evoked inhibition
(Trageser and Keller 2004; Lavallee et al. 2005). Whisker-evoked IPSPs
in POm may arise from the L5B to zona incerta pathway (Bartho et al.
2002, 2007) or from the L6-reticular nucleus pathway (Bourassa et al.
1995; Pinault et al. 1995). Indeed, we observed whisker-evoked IPSPs
in a subgroup of POm recordings (Fig. 5B); such IPSPs were not ob-
served when cortex was inhibited (Fig. 8). It should be noted that
the continuous “riddling” of the membrane potential by spontan-
eous IPSPs described for POm neurons targeted by zona incerta
(Lavallee et al. 2005) was not observed in our recordings, suggesting
a different inhibitory control of POm neurons in nonconvergence
zones. Thus, disinhibition of the zona incerta by motor cortex stimu-
lation (Urbain and Deschenes 2007) may not have the same sensory
gating effect in POm nonconvergence zones.

Excitatory Input to POm From Different Origins

In agreement with earlier studies (Diamond et al. 1992), POm
whisker-evoked responses disappeared after cortical inhibition
(Figs 2 and 8), while VPM responses are only slightly modulated.
Both spontaneous and evoked large EPSPs in POm were blocked
by cortical inhibition, suggesting that they originate from L5B

neurons in barrel cortex. The interpolar region of the spinal tri-
geminal nucleus (SpVi) is whisker responsive during anesthesia
(Sosnik et al. 2001) and also projects to POm (Jacquin et al. 1989;
Chiaia et al. 1991; Veinante and Deschenes 1999). About one-
third of POm neurons receive both SpVi and L5B input (Groh
et al. 2014), while the majority of POm neurons receive driver
input only from cortical L5B. These nonconvergence zones—con-
stituting two-third of POm—may receive whisker signals exclu-
sively via cortical L5B neurons (Trageser and Keller 2004; Groh
et al. 2014). The abolishment of large whisker-evoked EPSPs dur-
ing our cortical inhibition experiments (Fig. 8) suggests that re-
corded neurons were located in nonconvergence zones. The
electrophysiological signature of our sample revealed marked
differences from neurons in Lavallee et al. (2005) which were con-
tinuously riddled with IPSPs. Together, these results strengthen
the accumulating evidence for the subdivision model of POm
(Trageser and Keller 2004; Ohno et al. 2012; Groh et al. 2014) and
raise the possibility that convergence and nonconvergence zones
are under different inhibitory control.

Spiking Budgets in L5B and POm Under Different
Stimulation Conditions

Upon initial consideration, when it is assumed that POm early re-
sponses are predominantly evoked via the L5B-POm pathway, the
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relative paucity of POm recordings with whisker-evoked early
spikes and early large EPSPs stands in apparent contrast to
L5B’s relatively robust spike responses to single whisker deflec-
tion (Armstrong-James et al. 1992; de Kock et al. 2007), or puff
stimulation involving only a fraction of all whiskers, as used
here. However, taking into account anatomical data as well as dif-
ferences in the time course of cortical column activation (early
and late), the early spike responses in POm are expected to be
much sparser.

First, only about 25% of all L5B cells project to POm (Rojas-Pi-
loni et al. 2014); thus, a difference between early spiking in L5B
and POm recordings is expected. Second, the late spike response
of L5B is caused by Up state activation that travels across the en-
tire barrel field (Wu et al. 2008; Stroh et al. 2013) and activates all
columns sequentially. As a result, these travelling wave fronts
may activate POm with a delay, in particular when none of the
deflected whiskers are in the receptive field of the L5B neurons in-
nervating the recorded POm neuron.

In conclusion, these considerations are in agreement with the
view that in POm nonconvergence zones (Groh et al. 2014), early
large EPSPs and early spike responses upon whisker deflection
are due to the activation of the L5B-POm pathway in the anesthe-
tized animal. Furthermore, the lower probability of recording
early large EPSPs in relation to the later responses may be due
to the experimental conditions of puff stimulation.

What is expected in the awake animal? The puzzling role of
POm in the whisker system is exemplified by recent independent
demonstrations that whisker self-motion is poorly encoded in
POm (Moore et al. 2015; Urbain et al. 2015), although activation
of POm inputs to L5 can enhance cortical whisker responses
(Mease, Metz, et al. 2016). A recent study of POm sensory re-
sponses in awake rats concludes that the input/output modes
of POm are state dependent, and thalamocortical transmission
occurs only under the conditions of alertness (Sobolewski et al.
2015). Given the proposed function of L5B neurons in encoding
passive and active whisker touch rather than whisking move-
ment (de Kock and Sakmann 2009; Oberlaender et al. 2011,
2012), we expect that L5B cells spike only in those columns that
receive input from the few whiskers that touch an object.
Whether this focal activation in L5B is maintained across the
L5B-POm pathway is not clear. It will strongly depend on the top-
ography of the L5B axons projecting to POm. Projection somatoto-
py from BC to POm has been suggested (Alloway et al. 2003), but to
answer this question conclusively, the anatomical distribution of
BC L5B boutons in POm needs to be measured quantitatively.

Supplementary Material

Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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Supplementary Figure 1. L5B activation during different whisker stimulation protocols. 3/5 neurons showed
greater spike output for piezo stimulation (example shown in A-C, whereas 2/5 showed greater spike output for
puff stimulation (example shown in D-F), however, for these neurons, the slowly rising responses to piezo stimula-
tion are consistent with stimulation of surround rather than principal whiskers.

(A,D) Example L5B spiking responses recorded in juxtacellular configuration, with spike responses to piezo deflec-
tion of single whiskers (upper, dark green), or puff deflection of multiple whiskers (lower, light green).

(B,E) Cumulative spike counts as a function of time post whisker stimulation.

(C,F) Cumulative response probability for the same neuron.
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Supplementary Figure 2. Whisker responses in POm are sparser than those in L5B. Popu-
lation cumulative histograms for juxtacellular recorded L5B (n=31) and POm (n=12).
Responses within 50 ms and 100 ms shown in dark and light red, respectively.
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Supplementary Table

Whisker response

Amplitude [mV]

Latency [ms]

Slope [mV/ms]

Early large (n=10) 6.3 7.7 93 16.1 17.8 20.2 23 3.0 6.3
Early small (n=8) 0.7 0.8 1.0 53 84 158 03 04 0.7
Late (n=12) 8.6 10.9 13.2 80.7 93.4 100.4 33 49 75

Supplemental Table 1: Three classes of fast whisker responses in POm, population

whisker-evoked EPSP characteristics. Values shown are first quartile, median, and

third quartile. All three categories were significantly different based on delay; small

early had significantly smaller slope and amplitude than late large or early large

(p<0.05, Wilcoxon rank sum). Reported values are based on an average + SD of

69+48 trials per neuron, excluding failure trials.

Cell Prob- Prob- Latency Latency Rise time | Rise Amplitude | Amplitude
ability | ability | IPSP [ms] EPSP [ms] | IPSP time IPSP [mV] EPSP [mV]
IPSP EPSP [ms] EPSP
[ms]
1 0.15 0.73 175%1.6 18717 21.4%8.5 20+ 3617 94 +17
0.8
2 0.68 0.31 175+21 203+ 29 | 16.9+6.7 | 1.9+ 15+04 20.3+ 0.7
(Fig. 5) 0.8
3 0.24 0.76 15.7+15 169+15 9.3+6.7 10+ 47+27 93+ 15
0.2
4 0.08 0.91 59+15 16.3+1.7 21.3+36 | 19% 15+0.6 74+ 13
1.2
N=4 029+ | 068+ |142+56 18.0+0.5 17257 | 1.7+ 28+1.6 116+ 5.9
Mean 0.27 0.26 0.5
+ SD

Supplemental Table 2: Quantification of PSP characteristics for the four POm

intracellular recordings with whisker-evoked IPSPs (example shown in Fig. 5, main

text). Values are mean + standard deviation. Probability of EPSPs and IPSPs was

measured during 50 ms after whisker deflection, as the number of successful trials

with an observed PSP divided by the number of total trials.
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Discussion

The posterior group nuclei and POm lateral in particular are in a central hub position of whisker
processing. Its function however is unclear and contradictory theories are abundant. While PO
receive input from many sources in brainstem, midbrain and cortex, we show in the presented
manuscripts that the major input (at least to POm lateral) originates from barrel cortex L5B neurons
over giant boutons [Manuscript (MS) 1], both during spontaneous slow oscillations [MS2] and
whisker stimulation [MS3]. Cortical drive of higher-order thalamic nuclei is a common pattern in
many sensory systems, therefore the obtained results may be applicable to other modalities
(Sherman 2016). We also demonstrate that L5B neurons target 4 separate regions in PO with specific
projection parameters, supporting the division of PO into functionally different nuclei [MS1]. Sparse
and powerful synapses drive POm lateral neurons, however the transmission strength is under strong
dynamic control due to paired pulse depression (adaptation) [MS2]. We show that L5B neurons have
only few (~40 [MS1]) synapses in a somatotopic map organization in POm lateral [MS1]. This sparse
and mapped innervation leads to an estimate of only 1-3 [MS2] functional L5B neurons contacting an
individual L5B neuron making the pathway very parallelized, with low divergence. Consequently,
POm lateral neurons would broadcast a low-pass filtered signal from a few L5B neurons back to BC

and to many other areas.

Structure of PO relating to corticothalamic projections

The posterior group nuclei span a large area in the mouse brain (approximately 1x1x1 mm) and it is
unclear if it is one large nucleus, or if it actually comprises multiple distinct nuclei. The most
straightforward definition of a nucleus would be that it is, first, structurally homogenous and,
second, its neurons have identical input and output regions. In MS1, using anterograde tract tracing
and full reconstructions of thalamic bouton locations, we show that L5B projections in dorsal
thalamus have four separate foci: an anterior, medial, lateral and posterior region, together forming
a ring in the horizontal plane. Histological markers (Nissl and Cytochrome C Oxidase) suggest that at
least three of these areas belong to PO, therefore we call them POa, POm medial, POm lateral.
However, some authors suggest that the anterior region is actually the ventral lateral nucleus, which
is associated with motor functions and basal ganglia (Zakiewicz et al. 2014, 2015). The medial region
is sometimes referred to as angular nucleus (Bourassa et al. 1995; Lévesque et al. 1996; Deschénes et
al. 1998; Zliang and Deschénes 1998), however to my knowledge no functional studies have been
published in this area. The lateral area of PO, next to the border to VPM is the best studied and is
commonly referred to as POm. Here cortical input dominates thalamic activity [MS2,3; (Groh et al.

2008)]. As sometimes the whole PO area is termed POm, it is not always clear if different laboratories
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targeted the same lateral region. If the posterior area still belongs to PO or constitutes a separate
posterior triangular nucleus (PoT,(Franklin and Paxinos 2008)) is inconclusive. We decided to retain

the published nomenclature, calling the posterior region getting L5B afferents PoT.

Each area has specific projection input parameters. POm lateral for example receives twice as many
boutons as the other three PO areas respectively [MS1]. In contrast, bouton clouds in PoT are spread
over larger volumes than POm medial, lateral and POa. Consequently, bouton density is highest in
POm lateral, low in PoT and POm medial and POa range in between. Interestingly, even though dual
injections always were non-overlapping, bouton clouds in PO did overlap to different degrees. Both
POm medial and POm lateral have low target area overlap (<25%) from dual injections, while the
overlap in POa and PoT was variable and on average higher (>40%). Considering that L5B neurons
have wide receptive fields including multiple whiskers, column-specific somatotopic precision would
be surprising. PoT has been associated with nociceptive processing (Gauriau 2004) and the detection
of noxious stimuli conceptually does not need high spatial resolution, fitting to higher overlap in this
area. Interestingly, concerning whisker map organization, the four areas together generate a
complete picture with a particular organization: The projections from columns in the same row were
stacked on top of each other in all areas, with arc 1 on top of arc 2. Projections from columns in the
same arc, however were oriented inwards, so row A projections were lateral of row B in POm lateral

and opposite in POm medial.

| reviewed literature to check if the different areas receive different inputs or project to different
areas and thereby constitute different nuclei according to the nucleus definition. Hereby it becomes
evident that most areas targeting dorsal thalamus innervate only parts of the PO volume. However it
is not always clear if that is a result of only partial labeling of the afferents or indeed (sub) nucleus
specific innervation. BC L6 projects mostly to POm lateral (Bourassa et al. 1995; Zliang and Deschénes
1998), which is also visible in MS1. All four PO regions project to BC in approximately equal
measures, PoT however less strongly (Fabri and Burton 1991; Gauriau 2004). Reciprocal connectivity
to motor cortex seems to be established mostly with POm medial and lateral and less with POa and
PoT (Cicirata et al. 1986; Urbain and Deschénes 2007b). S2 targets all of PO (Bokor et al. 2008) but
seems to be slightly biased to posterior PoT (Lévesque et al. 1996), which is reported to only project
to S2 and not BC (Gauriau 2004). PoT, POm medial and POm lateral project to the dorsolateral
striatum (DLS), in contrast to POa (Smith et al. 2012). Axons from thalamic reticular nucleus (Rt) seem
to be restricted to the POm lateral area (Lam and Sherman 2007). The zona incerta has been
reported to innervate the majority of PO, however with bouton densities lowest in PoT and highest in
POm lateral (Barthd et al. 2002). The anterior pretectum inhibits mostly anterior and lateral PO

(Bokor et al. 2005). Brainstem SpVi afferents are only present in a third of PO, however the pattern
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does not colocalize with the areas reported here (Groh et al. 2014). SpVo afferents however are
exclusively found in PoT. Multi-whisker responsive cells in PrV project mostly to POm lateral

(Veinante and Deschénes 1999).

POm POm
Connectivity in respect to PO subnuclei POa PoT
lateral medial

Barrel Cortex L5B afferents + +++ ++ +
Barrel Cortex L6 afferents + +++ +/- +
Barrel Cortex efferents ++ +++ +++ +
Motor Cortex reciprocal +/- ++ ++ +/-
Secondary Somatosensory Cortex reciprocal + ++ ++ +++
Dorsolateral Striatum efferents - ++ ++ ++
Thalamic Reticular Nucleus afferents - +++ - =
Zona Incerta afferents ++ +++ ++ +
Anterior Pretectum afferents ++ +++ +/- +/-
Trigeminal PrV afferents + ++ + -
Trigeminal SpVo afferents = - - +
Trigeminal SpVi afferents ++ ++ ++ ++

Table 1: Estimated connection strengths to the four areas in PO, synthesized from published literature and
MS1

The number of (+) symbols indicates estimated connection strengths between putative subnuclei; (+/-)
indicates inconclusive results; (-) shows lack of connection.

Next to overall connectivity, PO regions can also be different in finer details of axonal morphologies.
Thalamocortical projection neurons can be classified into two not sharply segregated types: one
mostly projecting to a single cortical area with focal axon arborizations in mainly L5A; The other
projecting to two or more cortical areas, with more widespread axonal arbors, predominantly in L1
(Clasca et al. 2012). Using these criteria, one review summarizes that focally projecting type neurons
are located in the lateral PO and multi-area projecting type neurons in medial PO (Clasca et al. 2012).
Another study reports a division in the anterior-posterior direction, showing focal projecting neurons
predominantly in a region comprising POa ad POm lateral and medial, multi-area projection neurons
however predominantly in posterior PO (Ohno et al. 2012). Table 1 illustrates estimated connectivity
differences between the regions in PO. In summary, only a few connections discriminate sharply
between putative subnuclei, but most are biased to parts of PO. PoT stands out, having the most
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differing projection patterns compared to the others. Consequently, it can be hypothesized that the
different input-output organizations lead to functional differences. Functional studies so far
concentrated on POm lateral. Therefore it is currently unknown if the other areas show deviating
functional characteristics. Consequently, when discussing PO physiology | will retain established
nomenclature and refer to just POm, even so most laboratories apparently target their recordings to

POm lateral.

Properties and importance of L5B corticothalamic projections to POm in
vivo

Most cortical neurons innervate their postsynaptic partners by numerous but individually small and
weak synapses (Sherman 2016). Subcortical projections from L5B in primary sensory cortices are
unique in that they instead contact their target neurons with sparse, huge and strong synapses, best
understood in the BC L5B to POm (lateral) innervation (Hoogland et al. 1991; Bourassa et al. 1995;
Groh et al. 2008). The huge size of these synaptic boutons (Hoogland et al. 1991) allowed for
electrical stimulation of individual boutons and measuring their physiological impact on POm
neurons in vitro (Groh et al. 2008). There it became evident, that although a single synapse in
principle can elicit postsynaptic action potentials on its own, it is also strongly adapting and would be
mostly depressed during typical firing rates of L5B neurons under anesthesia (Groh et al. 2008). It
was therefore unclear, if the strength of the L5B to POm synapse is diminished in vivo. We
approached this by using dual juxtasomal recordings in BC L5B and POm as well as whole-cell
intracellular recordings in POm during spontaneous slow oscillatory activity of anesthetized mice
[MS2]. We observed that L5B neurons fired throughout phases of elevated cortical activity (‘up
states’), POm neurons in contrast spiked predominately at the transitions from down to up-state.
Through whole-cell recordings it was possible to isolate individual EPSPs during such transitions,
showing that EPSP amplitude decreased over the duration of up states, fitting to similar adaptation
principles as reported in vitro. We show that barrel cortical activity is necessary for POm sub- and
suprathreshold activity, evidenced by a near complete lack of major membrane voltage fluctuations
during pharmacological or optogenetic inactivation of BC. Furthermore, by optogenetically
stimulating L5B neurons in BC we demonstrate that L5B spiking monosynaptically causes giant EPSPs
and spikes in POm and therefore are sufficient for driving POm in vivo. Necessity and sufficiency of
functional L5B inputs to elicit responses in POm are strong arguments that L5B drives POm in

anesthetized animals.

However, as expected from in vitro (Groh et al. 2008), the corticothalamic drive is under strong
dynamic control. While L5B neurons can follow optogenetic stimulations up to 50 Hz, the

transmission gain to POm diminishes strongly at rates over 5 Hz. The dynamic attenuation of the
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spike transmission gain is likely caused by smaller EPSP amplitudes at short presynaptic inter-spike-
intervals. Interestingly, a simple threshold model that uses L5B activity and the measured adaptation
function of the L5B to POm synapse can reconstruct most of the up state triggered activation shape
in POm. In summary, L5B neurons drive POm neurons in spontaneous slow oscillations following
periods of relative inactivity in anesthetized animals in vivo. Through adaptation, transmission gain
decreases during sustained cortical activity. Consequently POm neurons send a high pass filtered
version of L5B activity, e.g. the onset of up states, to its respective targets. Other inputs to POm

seem not to play a decisive role in this condition.

L5B corticothalamic innervation in sensory processing

So far it remained unclear, if similar principles hold during sensory stimulation. A part of PO receives
direct innervation from SpVi in the brainstem (Erzurumlu et al. 1980; Veinante, Jacquin, et al. 2000;
Groh et al. 2014) and therefore POm is considered to be part of the ascending paralemniscal
pathway to cortex (Bosman et al. 2011). However, whisker deflection responses in POm have been
demonstrated to be quite late (peak response latency approximately 25 ms) and unreliable (spike
responses in less than 50% of stimulation trials) (Diamond, Armstrong-James, and Ebner 1992). The
poor excitability of POm by whisker deflections can be partly explained by possible state dependent
continuous inhibition or stimulus related feedforward inhibition via zona incerta or anterior
pretectum (Trageser and Keller 2004; Bokor et al. 2005; Lavallée et al. 2005; Trageser et al. 2006;
Urbain and Deschénes 2007a). However, already nearly 20 years ago, it has been demonstrated that
POm whisker responses depend on a functional cortex (Diamond, Armstrong-James, Budway, et al.
1992) and activation of POm via cortex fits to the reported latencies. Furthermore, whisker
stimulation, paired with optogenetic L5B activation has been shown to supralinearly boost POm

responses (Groh et al. 2014).

We investigated the origin of whisker stimulus related POm (lateral) activation, by recording in a
similar setup as before [MS2], but additionally applied whisker deflections by brief air puffs targeting
2-3 whisker rows [MS3]. We observed that out of the recorded population approximately two thirds
of L5B neurons and one third of POm neurons responded to whisker stimulation with ‘early’ (<50 ms)
spike responses. Responses in only a subset of neurons, following stimulation of a subset of whiskers
fits to the model of somatotopic innervation in POm [MS1]. Whisker stimulation typically resulted in
an evoked up state, consequently all recorded neurons in both L5B and POm showed (additional)
gradual and late activation following the stimulus. We further demonstrated that optogenetic
cortical inactivation all but abolishes spike responses to whisker stimulation in POm, further
supporting a cortical origin of evoked responses. In confirmation that VPM, the primary whisker-
related thalamic nucleus, is largely independent of cortex we show that VPM spike responses to
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whisker stimulation are largely unaffected by optogenetic cortical inactivation. At the subthreshold
level, a subset of approximately 1/3 of the recorded neurons responded with early and large EPSPs to
whisker stimulation, nearly half of the neurons had only late large EPSPs. Interestingly, in a subset of
neurons, whisker stimulation trials that did not succeed in evoking a large EPSP revealed small
whisker evoked inhibitory potentials (IPSPs). However, we did not observe continuous barrages of
IPSPs, that could gate POm responses as was suggested before (Lavallée et al. 2005). In a similar
approach as in MS2, we investigated if the early large whisker evoked EPSPs have cortical origin. We,
first, observed that whisker evoked early EPSP amplitude often interacted with spontaneously
occurring previous EPSPs as well as with late EPSPs (presumably related to evoked up states). If
whisker stimulation was preceded by a spontaneous EPSP, the evoked early EPSP amplitude was
smaller than in cases of previous inactivity. In parallel whisker evoked late EPSPs were typically
smaller than early EPSPs. The monotonous rule of adaptation suggests a common origin. Secondly,
optogenetic cortical inactivation during whisker stimulation abolished any detectable EPSPs in

neurons that normally respond with early EPSPs.

Together, these results strongly suggest that whisker evoked activity in POm (lateral) comes from L5B
in cortex and not from trigeminal brainstem, at least in anesthesia. The whisker-evoked L5B
innervation might be influenced by stimulus related feedforward inhibition. The dynamic properties
of the L5B to POm synapse further suggest that whisker signal transmission to POm and onwards
depends on cortical state. Already high cortical activity could for example reduce the transmission

efficacy of whisker related signals to POm.

Corticothalamic divergence and convergence

Using the anatomical and physiological data presented here, we can make first estimates about
corticothalamic convergence (i.e. how many L5B neurons innervate a single POm neuron) and
divergence (i.e. how many POm neurons are innervated by a single L5B neuron) on a neuron and
bouton basis. Such calculations are not directly possible by counting neurons in the respective areas,
because PO/POm borders are not well defined and because it is dependent on axonal arborizations.
But using the number of labeled L5B neurons, the number of boutons in the target area, as well as
bouton cloud volume and soma density we can approximate corticothalamic convergence. We found
that on average a single L5B neuron sends approximately 40 boutons into POm lateral [MS1], fitting
to previous single neuron reconstructions (Veinante, Lavallee, et al. 2000) and equaling the
theoretical maximum of POm lateral neurons a single L5B neuron could innervate on average.
Dividing the bouton density by soma density results in the number of boutons an average target
neuron has available, approximately 9 in POm lateral. Depending on the number of contacts between
individual neurons, the average number of L5B neurons innervating a single POm lateral neuron can
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be maximally 9. As a caveat, we did not label the whole barrel cortex and densities typically
decreased towards the edges of the bouton clouds, therefore the real average of innervated POm
lateral neurons is probably slightly larger. Taken together, the average number of contacted POm
lateral neurons by a single L5B neuron should be larger than 4.4 (40 boutons per L5B divided by 9 per
target). The exact values of these estimations depend on the number of contacts between individual
neurons and the axonal spread of L5B neurons. We can however further approximate the

convergence factor by using parameters inferred from physiological measures.

Remarkably, in nearly half of the recordings of MS2, EPSP amplitude was strongly correlated to inter-
EPSP-interval (IEl, equivalent to the inter-spike-interval of all functional inputs). This can be the case
if multiple inputs to the recorded neuron fire exactly synchronously (which is highly unlikely) or the
recorded cells get only a single functional input with a simple adaptation rule during spontaneous up
states. This result already suggested low functional convergence of the pathway. However, taking
this a step further, we predicted the correlation of IEl and EPSP amplitude depending on the number
of functional inputs. We used modeled EPSPs out of spike trains from up to 5 independent
converging functional inputs. Spike trains for up to 2 functional inputs were measured from
simultaneous recordings in L5B, 3-5 inputs were simulated by shuffling spike patterns. Matching the
resulting predicted correlation values to measured correlations, we concluded that the median of
functional L5B inputs in POm is between 2 and 3. Independently, by comparing average L5B spike
rates and average POm EPSP rates, we arrived at a similar value of on average 2.5 L5B neurons

innervating one POm neuron.

Taking anatomical and physiological results together, we can therefore conclude that on average 9
giant boutons from 2.5 L5B neurons innervate one POm lateral neuron. Consequently one L5B
neuron contacts one POm lateral neuron with approximately 3.5 (9/2.5) boutons. Finally, an average
L5B bouton sends 40 boutons to POm lateral. So if of those 40 boutons on average 3.5 contact one
POm neuron, a L5B neuron on average innervates 11 POm lateral neurons. Even though the
multiplicative error margins in these calculations are large and a certain variance in the projection is
to be expected, this is the first estimate of corticothalamic divergence and convergence to my

knowledge and serves as a starting point for more precise analyses.

Corticothalamic interactions with inhibitory nuclei

Next to PO, barrel cortex L5B neurons also contact inhibitory nuclei in ventral thalamus (zona incerta)
and anterior midbrain (anterior pretectum). As evidenced in MS1, both nuclei receive substantial L5B
innervation that varied across experiments. While APT is innervated by dense and compact bouton

clouds, ZI innervation from L5B is broader and less dense. Due to lower density of somata in ZI
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however, both nuclei have similar numbers of L5B boutons available per neuron (5-9). Somatotopic

precision of the projections is low in ZI (~60% overlap) and higher in APT (~35%).

The zona incerta is connected to nearly all regions in the brain (Mitrofanis 2005). Its functions are
uncertain, true to its name, and have been associated with visceral activity, arousal, attention,
posture and locomotion. Notably ZI predominantly targets higher-order thalamic nuclei like POm,
and the visual pulvinar (Mitrofanis 2005). It has been implied that ventral ZI tonically inhibits POm,
evidenced by high frequency IPSPs and enhanced responses in POm during ZI lesions (Lavallée et al.
2005). This inhibitory blockade of POm activity might also be relieved (gated) during motor cortex or
cholinergic input to locally inhibiting ZI neurons, thereby disinhibiting POm (Trageser and Keller 2004;
Trageser et al. 2006; Barthé et al. 2007; Urbain and Deschénes 2007a). If barrel cortex L5B input has
a net elevating or suppressing effect on ZI inhibitory output is as of yet unresolved. However we find
L5B boutons predominantly in dorsal ZI [MS1] while POm projecting ZI neurons are located in ventral
ZI (Bartho et al. 2002), speaking against a directly inhibiting effect of barrel cortex L5B on POm [MS1].
If barrel cortex L5B is involved in the proposed state dependent gating process, somatotopic

precision is probably not important, fitting to L5B innervation that is relatively map unspecific.

Similar to ZI, APT also innervates higher-order thalamic nuclei, i.e. POm, but not primary nuclei
(Bokor et al. 2005). Additionally APT innervates ZI neurons, in particular those neurons in turn
innervating POm (Giber et al. 2008). However ZI projections and POm projections do not come from
the same neurons but reflect two different APT populations, one with an inhibitory effect on POm,
the other disinhibitory (Giber et al. 2008). Through intense local connectivity between these
neuronal cell types differential inputs to those cell types can regulate the net effect on POm.
Lesioning APT however elevates POm rates. Stimulating APT has anti-nociceptive (pain relief) effects
and lesioning APT increases pain related behavior (Rees and Roberts 1993). It was therefore
concluded that POm activity correlates with noxious signals (Murray et al. 2010; Whitt et al. 2013), a
result awaiting causal evidence. From our dataset we cannot conclude if L5B neurons target specific
subpopulations of APT neurons. The relatively precise map organization of the cortical projections

however speaks for a spatially specific function of APT [MS1].

In summary, BC L5B innervates ZI and APT, both GABAergic nuclei that inhibit POm. Nevertheless, the
net effect of cortical innervation of those nuclei on POm is unclear. Through local connectivity,
functionally different cell types and connections between APT and ZI, cortex can have either a
disinhibitory or inhibitory effect. However, in the experiments for MS2 and MS3 we could not
reproduce the previous finding that POm receives continuous “riddles” of IPSPs (Lavallée et al. 2005).
However we did detect small yet robust whisker evoked IPSPs in a subset of recordings [MS3]. In

additional unpublished experiments, using small positive current injections in whole cell POm
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recordings | demonstrated reliable whisker deflection evoked IPSPs but spontaneously occurring IPSP
frequencies below 0.2 Hz. Consequently, the POm population targeted in our experiments did
receive whisker deflection triggered feed-forward inhibition but not substantial continuous
inhibition. Recently published recordings of Zlv activity in head-fixed rats demonstrated no significant
modulation during whisking behavior, but very precise responses to whisker air puffs (Moore et al.

2015), indicating a more specific feedforward inhibitory function of the ZI to POm projection.

POm as a transthalamic relay

In the manuscripts of this thesis | present that the corticothalamic driver pathway to POm is
topographic [MS1], the near exclusive input to POm during spontaneous [MS2] and sensory
stimulated situations [MS3] under anesthesia and dynamically regulated [MS2]. What do these

findings mean for the function of POm?

We find giant synapses, large EPSPs, driving capability and paired-pulse depression in the BC L5B to
POm projections, which perfectly matches characteristics of transthalamic driver pathways described
by the Sherman group (Sherman 2016). The basic idea is that while primary thalamic nuclei relay
information from the periphery to primary sensory cortex, higher-order thalamic nuclei relay
information from primary sensory cortical areas to higher sensory cortical areas (Theyel et al. 2010).
The transthalamic driver pathway would then additionally be supplemented by weaker modulatory
direct connections between the cortical areas (Chen et al. 2013). It was expected that the
transthalamic signal is influenced by other inputs into POm, especially since S2 and SpVi input to
POm also has driver properties (Liao and Yen 2008; Liao et al. 2010; Groh et al. 2014). However, in
our recording conditions sub- and suprathreshold activity in POm was nearly completely absent
during cortical inactivation [MS2, 3], suggesting that the recorded population of neurons had no
other functional inputs. In light of the high interconnectivity of BC and POm over a few synapses
(Bosman et al. 2011) it cannot be ruled out that cortical inactivation had effects on other POm input
structures. We deem it unlikely however, that other putative POm input areas are completely
contingent on cortical activity, in that no trace of their input remains during cortical inactivation.
Therefore we can assume that in anesthesia BC L5B comprises the only relevant input to POm.

Consequently POm neurons transmit a filtered L5B signal to their respective targets.

We find that corticothalamic spike transmission is under dynamic control [MS2, (Groh et al. 2008)], in
that transmission efficacy starts to drop above 3 Hz and dramatically so between 5 and 10 Hz
stimulation frequency. In parallel, repetitive whisker stimulation up to 10 Hz results in decreasing
POm responses (Ahissar et al. 2000; Masri et al. 2008b). Spontaneous activity has been reported to

be high in L5B neurons, up to 6 Hz in anesthesia (de Kock et al. 2007) and 3-10 Hz during wakefulness
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(de Kock and Sakmann 2009). From average rates we cannot deduce however that the synapse is in
a constantly depressed state, because L5B firing is strongly patterned: In anaesthetized animals,
during down states L5B neurons do not fire at all for seconds and awake animals undergo state
changes from idle, to engaged and behaving, which are paralleled by profound changes in
spontaneous activity (Poulet et al. 2012). Consequently, small changes in the physiological range of
L5B rates result in large changes of spike transmission efficacy. As a result POm spiking is biased to
the start of cortical activity after longer pauses, i.e. at the beginning of up states [MS2], acting as a
high-pass filter for cortical activity. Additionally, sensory signal transmission is affected by cortical
state, evidenced by smaller whisker evoked EPSPs following spontaneous activity [MS3]. Another
level of complexity is added when we consider the regular occurrence of L5B high-frequency action
potential bursts (Chagnacamital et al. 1990). Bursts can be transmitted to POm even over the
depressed synapse, bypassing the adaptation rule [MS2]. As of yet it is unclear, however, if L5B

bursts occur during specific sensory situations.

We found that the BC L5B projection is somatotopic [MS1]. Topographic projections are well
established in L6 modulatory corticothalamic projections, but less clear in driver pathways (Sherman
2016). Together with low signal convergence (2-3 L5B neurons give input to one POm neuron [MS2]),
it follows that POm transmits a possibly column specific L5B signal. A certain degree of overlap in the
corticothalamic projections mirrors the relatively wide receptive fields of L5B neurons (de Kock et al.
2007; Ramirez et al. 2014). However, it should be considered that receptive field measurements in
spontaneously active neurons are problematic and that the response magnitude is highest for the
principle whisker, diminishing rapidly for surrounding whiskers. Interestingly, L5B dendrites and
cortical axons are restricted to the home barrel column (Oberlaender et al. 2011), the multi-whisker
innervation presumably results from a population of horizontally projecting L6 neurons (Narayanan
et al. 2015). The wide receptive fields of L5B and POm neurons, together with the pronounced
synaptic depression opens the possibility for interactions between signals from different whiskers. In
a situation, where two whiskers in the receptive field of a L5B neuron are deflected consecutively,
the first deflection would deplete the synapse, attenuating the response to the second deflection of
the other whisker. Additionally, horizontal L6 projections and L5B receptive fields are often
asymmetric to one side (de Kock et al. 2007; Narayanan et al. 2015). Consequently, stimulation
strokes over multiple whiskers could elicit different responses, depending on the direction of the
apparent (global) stimulation direction and thereby the order of subsequently deflected whiskers. In
consequence, POm neuronal responses could be depending on the shape of the touched object. The
concept of global motion direction selectivity has been indicated to be a factor in VPM responses

(Ego-Stengel et al. 2012), but might be more pronounced in POm.
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A spike in POm has ambiguous meanings: It can, first, indicate a change of cortical state from low to
high activity. Secondly, it can be a response to deflections of a number of whiskers. And finally it
could also indicate L5B burst spiking. POm neurons are active spontaneously (up to 1 Hz during up
states in anesthesia [MS2]; up to 20 Hz in awake animals (Moore et al. 2015; Urbain et al. 2015)); it is
therefore likely that POm employs a rate or spike timing code, rather than an all-or-nothing signal. A
POm spike rate increase predominately indicates a change in cortical activity either of sensory or
non-sensory origin. It has been suggested that large portions of brain activity reflect internal states
and is only modulated by sensory input (Llinas and Pare 1991). Barrel cortex to POm signaling fits

into this picture.

POm function in sensorimotor signaling

One of the most heatedly debated putative functions of POm is its role in whisker motion coding
(Ahissar et al. 2000, 2008; Yu et al. 2006; Masri et al. 2008a, 2008b; Moore et al. 2015). For reliable
discrimination of object location, it is crucial for the animal to know the position of its moveable
whiskers at the moment of a touch. Whisker movement muscles, however, lack substantial
innervation from proprioceptive sensors (Moore et al. 2015), but barrel cortical neurons are
modulated by whisking phase (Curtis and Kleinfeld 2009). Consequently, the information of whisker
position is probably transmitted through channels containing mixed re-afferent (i.e. sensory signals
resulting from whisker bending by movement inertia) and ex-afferent (i.e. signals caused by whisker
contacts) signals. To separate these signals, the brain could either employ selective filters on the
signal structure or efference copy signals (also corollary discharge, i.e. an internal copy of motor

commands to sensory centers (Poulet and Hedwig 2007)).

Anatomically, POm is at a junction of sensory and motor signals, as it is next to its sensory affiliation
connected to motor cortex and striatum and was therefore hypothesized to play a role in whisker
motion coding. It has been repeatedly shown that POm neurons reliably encode whisker position
during “artificial whisking” (Ahissar et al. 2000; Yu et al. 2006). Hereby, the lightly anesthetized
animal exhibits whisker movements caused by electric rhythmic stimulations of the facial nerve and
that resemble voluntary whisking. POm activity during artificial whisking in air and artificial whisking
against an object is indiscernible, supporting the motion coding concept (Yu et al. 2006). However, in
awake head-fixed animals, POm activity correlates poorly to whisker motion parameters, in contrast
to a subset of VPM neurons that are significantly modulated both during whisking in air (“re-
afference”) and active touch (“ex-afference”) (Masri et al. 2008b; Moore et al. 2015; Urbain et al.
2015). In preliminary recordings in awake head-fixed mice | could confirm the same finding (not
shown). Two possible explanations could reconcile these seemingly contradicting results: First, the
group of Ehud Ahissar consistently might record in a different subnucleus of PO [MS1] than the other
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groups. Demonstrated anatomical reconstructions of recording locations however show lateral
positions in PO (Yu et al. 2006), similar to other published data. The second, more likely possibility is
that during voluntary whisker movements, motion signals are subtracted from afferent signals using
a central mechanism. As artificial whisking are naturally not paired to putative efference copy signals,
the subtrahend is lacking and the resulting signals include re-afferent signals. The subtraction of
efference copy from mixed re- and ex-afferent signals could happen in barrel cortex. The major
cortical input from L5B to POm [MS1-3] would then contain only ex-afferent signals, separated from
re-afferent self-motion signals. If that is the case, L5B activity should not be locked to whisker
motion. Publications on firing patterns of identified L5B neurons during awake whisking behavior are
surprisingly scarce; one study however reports weak modulation (de Kock and Sakmann 2009).
Alternatively, efference copy subtraction could happen in POm itself. POm excitatory input then
would be mixed ex- and re-afference signals, while inhibitory input would be the negative efference
copy, canceling re-afferent signals out. Inhibitory input to POm comes from the reticular nucleus,
zona incerta and anterior pretectum (Crabtree et al. 1998; Bokor et al. 2005; Urbain and Deschénes
2007a). The reticular nucleus however is not associated with motor centers, inhibits VPM in parallel
and is therefore an unlikely candidate (Guillery et al. 1998). This leaves ZI and APT, both receiving
input from motor and premotor areas as well as the somatosensory brainstem SpVi nucleus (Bosman
et al. 2011). Recently it has been shown however, that ZI neuron spiking does not lock to whisker
motion, but instead precisely respond to air puff whisker deflections (ex-afferent signals) in awake
rats (Moore et al. 2015). ZI hosts a very diverse population of neurons and is not clear if the recorded
neurons project to POm. APT physiology in awake animals has not been reported to my knowledge.
Independent of the origin of inhibition, efference copy correction in POm is only possible if POm
receives whisking phase-locked IPSPs. Conceptually, the combination of inhibition, large driver input
and T-type Ca channels could generate a very sensitive error detection mechanism: while exactly
coincident inhibitory and excitatory inputs would nullify each other, if the IPSP arrives slightly earlier
than the large EPSP, hyperpolarization could de-inactivate T-type Ca channels. The large EPSP then

could trigger a low-threshold Ca spike and actually boost POm output.

In our recordings in anaesthesia, we could not detect residual synaptic inputs in POm neurons of
neither excitatory nor inhibitory nature during cortex inactivation [MS2, 3], or spontaneously
occurring IPSPs during current injection (not shown). The phase locked efference copy inhibition
however is expected to be silent during anesthesia. In preliminary whole-cell recordings in POm of
awake head-fixed mice we see a massive increase in EPSP input and firing rate during whisking in air
(Figure 8A). Magnifying membrane voltage during whisking (Figure 8B) makes the variable size of
EPSPs visible (up to ~12 mV). Furthermore putative IPSPs are visible. EPSPs, IPSPs and spikes are not

evidently phase-locked to whisker movements however. Interestingly, cortex inactivation almost
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completely abolishes inputs and action potentials, indicating that also in awake animals, inputs to

POm are dependent on cortex. These preliminary results await quantification and repetition.
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Figure 8: POm membrane voltage in head-fixed awake behaving mice

A: Cortical local field potential (LFP, red, top), whisker angle (blue, middle) and POm membrane voltage
(black, bottom) during spontaneously occurring whisking behavior. Note a massive increase of EPSP and
spike rates during whisking and LFP state change. EPSP amplitude in contrast diminishes. Resting membrane
potential at -60 mV. B: Magnification of the area shown in A. Same conventions, action potentials clipped
and indicated with asterisks (*). Putative IPSPs visible (arrowheads). C: Same neuron and conventions as in
A, but with optogenetic inactivation of barrel cortex. Note that inputs and output appear completely silent
during cortex inactivation.
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Conclusions and outlook

The functions of higher order thalamic nuclei are a controversial subject, resulting from their
extensive connectivity and ambiguous response patterns. In the manuscripts of this thesis we were
able to directly confirm that the somatosensory higher-order thalamus, POm, is probably subdivided
into four different areas. We further show topographic corticothalamic projections from barrel
cortex layer 5 neurons and narrow convergence and divergence, demonstrating a high degree of
parallelization, especially, because thalamic relay neurons are not interconnected (Sherman 2016). In
anesthetized animals, cortical input dominates signaling below and above threshold. Signal
transmission however is under tight dynamic control introducing interesting functional hypotheses.
From this point onwards, a number of feasible follow-up projects could further advance our
understanding of this mysterious nucleus: Systematic functional studies of responses in the different
subnuclei of POm to sensory and cortical signals could clarify if the structural differences have
functional correlates. As these nuclei are all located in the same horizontal plane, even simultaneous
recordings, using multi-electrode array electrophysiology or Ca imaging with endoscopic lenses
should be possible. Secondly, corticothalamic signal convergence could be quantified in more detail
using transynaptic tracer techniques, e.g. employing modified pseudorabies (Callaway 2008). Due to
the receptive field structure of L5B neurons and the dynamic properties of the L5B to POm synapse,
responses to serial deflections of multiple whiskers in specific directions might be enhanced by POm
neurons. Construction of a whisker stimulator to that effect and recording in POm is an obvious next
step. Due to connectivity to motor control areas and interesting theories on efference copy
processing in POm, a conclusive picture of POm functions will only emerge when based on recordings
in awake behaving animals. There, it should be reevaluated if cortical dominance is still the rule or if
other inputs come into play. Additionally, using intracellular recordings we could confirm or rule out

efference copy processing, by testing the existence or absence of whisker motion locked inputs.
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