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My doctoral research is dedicated to add to the growing body of research that features the
thalamus beyond a passive messenger role. It is highlighted as a dynamic gateway where various
afferents and physiological factors can alter adaptive thalamic communication with telencephalic
structures, thus, ultimately learning, and behavioral plasticity itself.

My studies hereby focused on a primary thalamic mechanism, sleep spindle generation in the
ventral posteromedial (VPM), and on a non-primary, affective sensory function in the posterior

intralaminar (PIL) and suprageniculate (SG) thalamic nuclei.

PART 1 Study of temperature-coupled dynamics of sleep spindles

1.1. Motivation and aims of the study

Whereas sleep propensity and quality are highly dependent on thermal conditions, and sleep
regulation is coupled to thermoregulation (Krauchi & Deboer, 2010), the temperature dependence
of the underlying neuronal network activity of sleep is sporadically addressed.

Studies in mammalian species have shown that there are multiple changes in body and brain
temperature even during a single sleep session. NREM (non-rapid eye movement) sleep is
associated with decreased brain and body temperature, but during REM, brain temperature shows
a paradoxical increase in many terrestrial species (Kawamura & Sawyer, 1965; Kovalzon, 1973;
Lyamin et al., 2018). Furthermore, core body temperature can vary across individuals (Sund-
Levander et al., 2002) or with changes in ambient temperature (Alfldi et al., 1990).

It is well-known that temperature affects the rate of biological processes; despite constant
redistribution of cerebral heat, neuronal activity is also a function of temperature. Changes in body
temperature have the potential to entrain brain state fluctuations (Whitten et al., 2009); a brain
temperature change of 1 °C is sufficient to shift EEG frequencies above 10 Hz by 1 Hz (Deboer &
Tobler, 1995). Temperature-dependent changes in brain oscillations that reflect the activity of
synchronized neural populations, point towards deeper consequences of thermal change in
network function.

Amongst thalamocortical oscillations, sleep spindles (7-15 Hz frequency, 1-3 s length) are
transient rhythmic activities during the early stages of sleep. They are generated by the mutual
rhythmic interaction of excitatory thalamocortical (TC) projection neurons and inhibitory thalamic
reticular (Rt) neurons, that in turn entrains cortical network activity (Steriade et al., 1985). Spindles
have been the subject of many studies on sleep quality, memory encoding and mental health. At
the same time, these transient oscillations are very susceptible to thermal changes of the
mammalian body. Frequency of spindle oscillations strongly co-varies with physiological body
temperature changes reoccurring across the menstrual cycle (Driver et al., 1996). Spindle activity

also shows circadian modulation with a peak density at habitual sleep onset, time-locked to the



maximal decrease in core temperature (Dijk & Czeisler, 1995). Thus, it is essential to further study
how spindle dynamics are affected by body and brain temperature variations.

Several poikilothermic animals employ compensatory mechanisms to make their neural
oscillators robust to thermally challenging environments (Tang et al., 2012). Whether a similar
mechanism exists in the mammalian thalamocortical system remains to be elucidated.

In this part of my studies, | sought to examine the relationship between sleep spindle
oscillations and changing core/brain temperatures.

o | investigated the changes in spindle oscillations while manipulating and measuring core as

well as selectively brain temperature (Aim |a);

o | studied how this rhythmic neuronal activity relates to the microarchitecture of baseline brain

temperature variations (Aim 1b).

1.2. Experimental approaches

la. The first aim was to investigate the temperature dependence of spindle oscillations in mice
with minimal interference from global thermoregulation. To this end, we employed urethane
anesthesia, which is known to impair thermoregulatory processes (Malkinson et al., 1988), yet it
closely mimics natural sleep (Clement et al.,, 2008). This way, core body temperature can be
manipulated by external heating within quasi-physiological boundaries.

Linear 16-channel NeuroNexus (Ann Arbor, MI, USA) silicon probes were used to record
broadband activity from the ventral posteromedial thalamic nucleus (VPM) and the primary
somatosensory cortex of anesthetized C57BL/6 male mice (n=8) (Figure 1.3.1.1./a). The animals’
core body temperature was varied between 34 and 39 °C (Figure 1.3.1.1./b). To simultaneously
measure brain temperature and ongoing VPM activity, we used the thermoelectrode developed in
a collaboration with our lab (Fekete et al., 2017). This probe has regular recording sites for unit
activity, as well as a temperature sensitive meander, capable of measuring the temperature of the
surrounding tissue with an absolute precision of <0.2 °C (relative precision <0.002 °C). Recordings
were made with 16-channel Intan RHD2132 amplifiers, connected to an RHD2000 evaluation
board (Intan Technologies Llc.). Brain temperature was measured upon calibration and
measurement of the resistance of the platinum filament in the thermoelectrode (Fekete et al., 2017)
with a Keithley 6221 precision current generator and a Keithley 2000MM multimeter (Keithley
Instruments Inc). All signals were sampled at 20 kHz, except for brain temperature, sampled at 5
Hz. The electrocardiogram (ECG) as well as rectal and brain temperature were simultaneously
recorded with the local field potential (LFP) by using the analog inputs of the RHD2000 system.

Sleep spindles were detected semi-automatically form the smoothed and filtered (8-20 Hz),
downsampled (1 kHz) multi-unit activity (MUA) from both the thalamus and the cortex. The

frequency of spindles was calculated from the average interval between the detected cycle peaks.



Spindle prevalence was calculated in 2-minute time bins. Temperature value measured at the start
of the respective spindle was considered for analysis. To give the common measure for the
temperature dependence of spindle frequency, Qiowas calculated.

Sigma power was determined from the multi-unit activity (filtered for 6-18 Hz). Heart rate was
calculated from the detected R-waves of the ECG signal. In the case of the infraslow oscillations,
all respective signals were smoothed with a 10 s window and then downsampled while brain

temperature was interpolated to 10 Hz. Sigma band and MUA were normalized to their means.

Ib. Brain temperature closely followed changes in core temperature across all animals (Figure
1.3.1.1./c), brain temperature being lower by 2-3 °C, as expected in small animals under
anesthesia (LaManna et al., 1989). However, we used the platinum filament in the thermoelectrode
to selectively heat up adjacent brain tissue by increasing the current in the 4-wire resistance
measurement setup (Fekete et al., 2017).

In these experiments, the thermoelectrode was inserted into the VPM (n=7), while the animals’
core temperature was kept constant at ~36 °C. In addition, a linear electrode was placed in the
contralateral VPM for control recording (Figure 1.3.1.2./a). We employed cycles of 2 minutes of
measurement current (1 mA) and 2 minutes of heating current (4, 6, 8 mA) (Figure 1.3.1.2./b). The
latter increased tissue temperature in a gradual fashion up to 3 °C, and this heating effect
remained relatively local. The direct current passing the probe did not stimulate the unit activity
electrically (Fekete et al., 2017), did not disrupt the recurrence of spindling epochs, and did not
impair spindles (Figure 1.3.1.2./c).

All analysis was done with custom-written MATLAB (MathWorks) codes.

1.3. New scientific contributions

1.3.1. Thesis la

With combined extracellular electrophysiological, core body and brain temperature
recordings, | showed in urethane-anesthetized mice that sleep spindle frequency
increases, length decreases with core and consequently with brain temperature. Local
tissue warming reproduces the effects only on the heated spot, suggesting a local
biophysical mechanism.

Related journal publication: [J1]

| participated in the conception, design and methodological foundation of the experiments,
the acquisition, analysis and interpretation of the acute electrophysiological and temperature
data. | took part in the drafting and revision of the related section of the manuscript.

Related conference presentations: [C1]-[C6]

Though temperature dependence of EEG rhythms has been described before, this is the first in
vivo study to integrate LFP and MUA recordings with brain temperature measurements on a single

device, as well as use local heating to explore the underlying mechanism.



Spindle frequency and duration were consistently and inversely modulated by both core and
brain temperature in the majority of animals, both in the thalamus and the cortex (Figure
1.3.1.1./d-e). Since brain temperature changes followed body temperature, the examined
parameters also correlated with core body temperature (Figure 1.3.1.1./f). The modulation of
spindle frequency was given as Qio, Which expresses the rate of change when the temperature
increases by 10 °C. We measured a median value of 2.44 for the thalamic spindles (Figure
1.3.1.1./g). This fits in the range given for the temperature dependence of neural oscillations, 2.3-
2.7 (Deboer & Tobler, 1995), suggesting that this rate may be a general phenomenon in the central

nervous system.
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Figure 1.3.1.1. Sleep spindle frequency and length correlate with brain and core body
temperature.

a/ Recording of LFP, MUA and temperature from the VPM thalamic nucleus with a linear 16-channel
probe, and with our custom-designed thermoelectrode (left Dil tracks). Temperature was measured by
four-wire resistance measurement of the platinum filament in the thermoelectrode calibrated to 1mA
current (inset). Control LFP recordings (right) with a linear 16-channel probe from the contralateral
primary somatosensory cortex (shown) or VPM. b/ Example of core body and brain temperature under
warming and cooling protocols. Spindle frequency is modulated by both core and brain temperature
both in the thalamus and the cortex. ¢/ Both under warming and cooling protocols, core body
temperature correlates with brain temperature across multiple animals (n=8 mice). d/ Both thalamic
and cortical spindle frequency (left) correlates with brain temperature in the example experiment
shown in b. Length of spindles has an inverse correlation with brain temperature (right). e/ Pooled
correlation coefficients show that temperature dependence of spindle frequency is a significant effect
across animals. Spindle duration is negatively modulated, while the number of spindle cycles and
spindle prevalence do not depend on brain temperature. t-test, ***p<0.005, **p<0.01, *p<0.05). f/
Modulation of spindle frequency is consistent across core and brain temperature (dotted line is unity).
g/ Median Q10 value of spindle frequency perfectly fits the biological range of 2-3.

Published in (Csernai & Borbély & Kocsis et al., 2019) Figure 1./A, D-H.




As seen in Figure 1.3.1.2./d, local application of increasing heating currents (4, 6 and 8 mA)
produced a progressive increase in local spindle frequency as compared to the control periods.
Notably, there was an adverse effect on the contralateral side, which might arise from increased
hypothalamic temperature sensation or an altered blood perfusion, but it was a magnitude smaller
and non-significant in the pooled data compared to the ipsilateral effect of tissue heating. Duration
of the spindles also decreased significantly by 25.7+/-3.8 % in the case of 8 mA heating. These
results imply that the temperature dependence of spindle frequency is largely due to local
biophysical processes instead of global modulatory mechanisms.

The frequency range of spindles is suited for inducing LTP in cortical circuits (Rosanova &
Ulrich, 2005), so any change in the frequency of this oscillation is likely to affect synaptic
potentiation. In case spindles contribute to temporal binding, creating a temporal window for
synchronous firing, spindle frequency also has a crucial role in it. An alternative would be that the
information carried by spindles is determined by the different cohorts of neurons involved in each
cycle. Here, the increase in spindle frequency was compensated by a smaller decrease in spindle
duration, which may reflect the robustness of information encoding in spindles with regard to brain
temperature.
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Figure 1.3.1.2: Temperature influences sleep spindles by a local mechanism.

a/ In one hemisphere, the VPM/VPL thalamus was locally heated with the thermoelectrode, while
neural activity was recorded both locally and in the contralateral thalamus (n=7 mice). Temperature of
the ipsilateral surrounding tissue was also monitored with a thermistor. b/ The ipsilateral thalamus was
heated in 2 min on / 2 min off cycles. ¢/ Representative examples of thalamic spindles without and
during heating (black trace: high-pass filtered recording, dots: detected multi-unit, triangles: detected
spindle cycles above the smoothed MUA). Note that unit activity and spindle structure are undisturbed.
d/ Pooled results of 4 animals show a gradual effect in thalamic spindle frequencies with an increasing
heating current (open circles: non-significant effect, filled circles: significant effect with two-sample t-
tests at p<0.01; pooled significance: Mann-Whitney-Wilcoxon test).

Published in (Csernai & Borbély & Kocsis et al., 2019) Figure 2./A, C, D, F.




1.3.2. Thesis Ib

| showed in urethane-anesthetized mice that baseline microfluctuations in brain
temperature are associated with sleep spindle oscillations. Besides the larger, REM-
like periodic elevation of brain temperature, smaller temperature variations
correspond to the infraslow oscillation (~0.02 Hz).

Related journal publication: [J1]

| performed the first analyses and gathered the preliminary evidence for the baseline
microfluctuations in brain temperature, which are marked by the comodulation of brain
temperature and sleep spindles. | took part in the methodological foundation of the analysis,
as well as the interpretation of the acute electrophysiological and temperature data. | took
part in the drafting and revision of the related section of the manuscript.

Related conference presentations: [C1], [C2], [C5], [C6]

Besides brain temperature influencing neural oscillations, spontaneous alterations of brain
states may alter brain temperature, too. Beyond the gross changes induced by heating and
cooling, brain temperature also shows periodic baseline fluctuations on a scale smaller by an order
of magnitude (Figure 1.3.2./a). These fluctuations are superimposed on, and appear irrespectively
of the absolute brain temperature, and spindling periods are associated with these elevated brain
temperature epochs (see also in (Fekete et al., 2017).

Larger elevations (Type ., order of 10 °C) can correspond to REM activity, observed in certain
mammals (Hayward & Baker, 1969), as REM might serve a transient recovery from a reduced
metabolism and brain temperature brought about by bihemispheric NREM sleep (Lyamin et al.,
2018). On a smaller scale (Type Il., order of 102 °C), brain temperature fluctuates in synchrony
with the infraslow oscillation (0.02 Hz) (Figure 1.3.2./b) that involves sigma power, individual
spindle events as well as heart rate. Importantly, thalamic spindling is shown to forego brain
temperature fluctuation (Figure 1.3.2./c).

The latter finding has been reviewed by (Fernandez & Lithi, 2020), highlighting the clustering of
sleep spindles on the 0.02 Hz infraslow time scale, which follows the alternation of fragile and
continuous NREM periods. The infraslow oscillation has been previously observed in rodents,
carnivores and humans (Steriade et al., 1993; Lérincz et al., 2009; Lecci et al., 2017), modulating
LFP sigma band as well as heart rate (Lecci et al., 2017), pupil size (Blasiak et al., 2013), and fMRI
BOLD signal (Mantini et al., 2007). Its expression in TC population activity can originate from local
astrocytes (L6rincz et al., 2009), a subpopulation of which has been shown to generate pacemaker
calcium oscillations at ~0.019 Hz (Parri & Crunelli, 2001).

What can be the cause of the temperature microfluctuations? Physiological and pathological
temperature changes of the brain can be directly derived from the changes of local metabolism,
cerebral blood perfusion, and blood temperature (Hayward & Baker, 1969; Wang et al., 2014). In

our case, temperature elevations were correlated with increased multi-unit activity, which, together



with local astrocyte signaling, may increase temperature directly, or via enhancing the local blood
flow.
Overall, these oscillatory phenomena point to a tight temporal coupling of metabolic and

hemodynamic changes with neuronal network mechanisms, which are co-modulated on multiple

time scales.
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Figure 1.3.2. Microfluctuations in brain temperature accompany spindling epochs under
urethane anesthesia.

a/ Example recording where microfluctuations of brain temperature, heart rate and spindle (sigma)
power appear to be in synchrony. On a finer time scale (zoom-in), sigma power, heart rate and brain
temperature can be seen to oscillate together with an apparent temporal order between them. b/
Averaged autocorrelograms of pooled urethane data show that these microfluctuations are in the
infraslow frequency range (~0.02 Hz). ¢/ Pooled cross-correlations (brain temperature vs. other) show
that spindling and heart rate forego brain temperature fluctuation, while general thalamic MUA lags
behind. Values on b and c are normalized.

Published in (Csernai & Borbély & Kocsis et al., 2019) Figure 4./A-D.




1.3.3. Outlook: potential for the study

Robustness in neuronal rhythm generation and sleep can be highly dependent on external and
internal thermal conditions. This is an adaptive challenge for many wild species exposed to a
changing climate, but also for humans whose behavioral thermoregulation is impaired, such as the
disabled and the elder (Collins et al., 1981) as well as those suffering from neurological illnesses.

Peak density of spindles was measured during the maximal decrease in core temperature (Dijk
& Czeisler, 1995), and | also observed increased spindle activity in the decaying phase of core and
brain temperature modulation, with the oscillations becoming sparse with a rising temperature (see
Figure 1.3.1.1./b). This observation also suggests that higher body temperatures (e.g., fever) can
disrupt neural oscillations.

There is an epidemic of sleep disturbances, which are often diagnosed as comorbidity in many
diseases and psychiatric disorders. Studying the interdependence of core/peripheral body
temperature, neuronal network activity and blood perfusion can further our understanding on many
debilitating conditions and on their possible treatments. Interventions which target the intensity,
area, duration and timing of body and brain temperature fluctuations can be crucial in improving

sleep quality in a large population (Van Someren, 2000, 2004; Raymann et al., 2008).

1.4. Relevant publications
1.4.1. Peer-reviewed articles
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*shared first authorship
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PART 2 Study of aversive cue discrimination in the thalamus

2.1. Motivation and aims of the study

There are many burning questions regarding how affective interpretation of environmental
stimuli is established. One of them is how precortical neural processing channels aversive signals
in order to achieve rapid discrimination under threat, ultimately promoting survival. Subcortical
evaluation of external cues often precedes the extensive and fine processing of their physical
properties, helping to elaborate adaptive behavior.

Auditory fear conditioning is a Pavlovian (classical) behavioral paradigm used to establish
robust aversive learning. It drives lab rodents to associate a previously neutral cue (conditioned
stimulus, CS; e.g., a sine wave) to an aversive (unconditioned) stimulus (US; e.g., electric foot
shock). According to a vast literature, this multisensory integration and memory formation can be
tracked by synaptic changes in the lateral amygdala (LA) (Nabavi et al., 2014). Consequently, the
future presentation of the CS reliably elicits defensive responses, such as freezing or escaping.
Nevertheless, the question arises about the nature of this plasticity regarding the inputs arriving to
amygdala territory.

The monosynaptic, subcortical connections between the thalamus and the amygdala, two
evolutionarily conserved brain structures, have been proposed as key routes in fast (<20 ms) cue
association. Studies in the 80s revealed a shortcut to the amygdala, formed by cell populations in
the posterior region of the medial geniculate nucleus (MGN), the primary thalamic station of
auditory processing. These lateral thalamic regions, including the posterior intralaminar (PIL) and
suprageniculate (SG) thalamic nuclei as well as the medial and dorsal part of the MGN (MGM and
MGD, respectively) form monosynaptic connections with the LA (LeDoux et al., 1990). In particular,
the MGM is traditionally accepted as the major source of the auditory CS (LeDoux et al., 1984).

The source of US information in the LA, which can temporally match the CS signal is rather
debated despite the fact that the possibility of an associative auditory-nociceptive CS-US
convergence and response facilitation in the lateral thalamus has been shown (see (Weinberger,
2011)). The diversity of lateral thalamic nuclei, an ever-changing anatomical delineation and
inconsistent terminology across species and studies as well as the focus on sole and purely
sensory modalities in the thalamus derailed the tendencies that highlighted the integrative and
operative thalamic role in learned threat-evoked behaviors.

Based on the above-noted, the need arises for the functional dissection of the thalamic cohort
that projects to the amygdala setting the basis for robust and preconscious affective processing in
threatening experiences. In this part of my studies, | was driven to provide new insight into the

lateral thalamic role in aversive learning.



o | studied the responsivity of cells in the non-canonical auditory thalamic region to neutral as
well as to single and associated aversive (threat-derived) cues in urethane-anesthetized and
freely behaving mice (Aim lla);

o | intended to elucidate whether lateral thalamic neurons can directly convey single and
associated aversive cues to the lateral region of the amygdala (Aim IIb);

o | investigated the possible collicular underpinnings for the time-course of activation and cue-

responsivity of the direct lateral thalamo-amygdala route (Aim lic).

2.2. Experimental approaches

Our group cell-specifically classified the LA-projecting thalamic neurons with retrograde labelling
technique (cholera toxin B subunit injection): they are principally located in the vicinity of the
primary auditory thalamus (MGN), in the PIL and the SG, and the majority (~94%) of them express
calretinin (CR) (Barsy & Kocsis et al., 2020). | collectively refer to them as CR+ lateral thalamic
(CR+LT) ensemble, and | hereby probed calretinin as a marker to functionally dissect the direct

lateral thalamo-amygdala route.

Acute extracellular neural data acquisition was performed in urethane-anesthetized, male and
female mice (>3 months old) in order to study whether the direct lateral thalamo-amygdala route
can encode and possibly integrate neutral and innately aversive sensory cues. Thalamic (n=16
mice) activity was monitored with Buzsaki32 silicon probes, amygdala (n=25 mice) recordings were
done with Buzsaki32, 64, or 256 probes (NeuroNexus Technologies). Wideband neural data (0.1-
7500 Hz) were amplified (gain: 192 or 400 V/V), and digitized at 20 kHz (RHD2132 or RHD2164,
Intan Technologies or Amplipex). Orthodromic and antidromic optogenetic activations consisted of
473 nm blue light pulses (Laserglow Technologies) and served the identification of virally
transduced neurons. The stimulation protocols were executed with custom-written MATLAB codes.
All analog trigger pulses were delivered to the evaluation board for synchronization purposes.

lla-b. Auditory and foot shock-evoked responses were tested in the thalamus and the amygdala
subnuclei of Cre-dependent virus (AAV-DIO-ChR2-eYFP or AAV-DIO-NpHR3.0-eYFP) injected
Calb2(CR)-Cre mice (Figures 2.3.1.1./a and 2.3.2./a, c). In the case of acoustic stimulations, the
animal's head was fixed with a head plate in the stereotaxic frame. The auditory signal was a 7.5
kHz pure tone (1 s or 30 s, 75-85 dB). Foot shock was achieved by bipolar electric stimulation
(50/100 ms or 1 s, 1 mA) of a paw, which resulted in pain reflex. The lasers and the speaker as
well as the current generator (Medicor or BioStim Bipolar Stimulus Isolator BSE-4x, Supertech
Instruments or STG4008-1.6mA, Multi Channel Systems) were triggered by a National Instruments
acquisition board (NI USB-6353).



lla. To clarify whether CR+LT cells show experience-dependent activity throughout aversive
learning, Calb2-Cre mice (n=33) were unilaterally injected with AAV-DIO-ChR2-eYFP into the
amygdala or the thalamus (Figure 2.3.1.2./a). 4-6 weeks after AAV injection, four custom
fabricated tungsten tetrodes (d=12.5 ym, California Fine Wire) were chronically implanted into the
lateral thalamus (LT) and also into the amygdala in additional cases. They were inserted along with
a multimode optic fiber (105 um core diameter, Thorlabs), all tunneled in a polyimide tube (203 um
internal diameter, Neuralynx). The tetrode wires were attached to an electrode interface board
(EIB-16 and EIB-36 Narrow, Neuralynx). During the behavioral protocol, the EIB was connected to
the Intan RHD2000 recording system via an RHD2132 preamplifier. | monitored unit activity during
aversive conditioning and cued memory retrieval, besides ortho- and antidromic optogenetic
identifications (473 nm). Delivery of the 1 s foot shocks (lonflow Bipolar or BioStim Bipolar
Stimulus Isolator BSE-4x, Supertech Instruments) and auditory stimulations was triggered by
analog signals (NI USB-6343) and registered in parallel with the neural data. Auditory stimuli (75
dB) were composed of 30 s (additionally also 3 and 10 s) long 7.5 kHz sine waves (CS+) and
Gaussian white noises (CS-). Aversive mouse behavior was manually annotated and quantified by
the time percentage of freezing with the H77 recorder software (courtesy of Prof. Dr. Jozsef
Haller), or in the additional cases, with a custom-written locomotion analysis pipeline in Bonsai
(Lopes et al., 2015).

lIb. To test the functional impact of the CR+LT innervation on the lateral amygdala region
including the LA and the amygdalostriatal transition area (Astr), CR+LT neurons were transduced
with halorhodopsin (NpHR3.0) expressing AAV, and in vivo extracellular recordings (n=11) were
performed in the amygdala (Figure 2.3.2./c). | investigated the contribution of the direct CR+LT
projections to sensory activations in the amygdala by silencing CR+ axons (532 nm) during cue

delivery.

Broadband electrophysiological recordings were filtered (>500 Hz). Spike detection and
automatic clustering were performed with SpikeDetekt and KlustaKwik, respectively (Rossant et
al., 2016). Cell grouping was refined manually with KlustaViewa. | carried out all further data
analysis with custom-built MATLAB codes. In the case of amygdala neurons, putative principal
(PN) and interneurons (IN) were distinguished based on the bimodal distribution of trough-to-peak
and half-amplitude spike width of their mean action potential waveform.

Light-evoked spiking within 10 ms (z>3.3) was considered reliable to indicate direct and
monosynaptic somatic or axonal activation. Significant sensory evoked responses were defined by
setting a Poisson-distribution based confidence interval (p<0.05) for a 1 s long baseline before
stimulations, and a signal-to-noise ratio (u/0>0.5) criterion in the case of short-latency (<50 ms)
responses. Response latencies (in 2.5/5 ms bins) were estimated from the first bin value larger
than 3 in the z-scored peristimulus time histogram (PSTH). Enhancement in multimodal responses

was defined as the increase compared to the sum of average tone and shock-evoked firing rates.



lic. | identified the distribution of collicular inputs in the CR+LT region with anterograde viral
tracing. To test both glutamatergic (excitatory, vGluT2+) and GABAergic (inhibitory, VGAT+)
midbrain innervation of the CR+LT, | injected Cre-dependent enhanced Yellow Fluorescent Protein
(eYFP) expressing AAV into the inferior (IC) and superior (SC) colliculus of vGIuT2-Cre (n=3-3,
Figure 2.3.3./a-b and j-k, respectively) and vGAT-Cre mice (n=2-2, Figure 2.3.3./q-r and t-u,
respectively). In order to amplify virally expressed fluorophore signals (eYFP), fluorescent
immunohistochemistry was performed. Synaptic contacts formed by the collicular inputs on CR+LT

neurons (n=3-3) were visualized with electron microscopy.

2.3. New scientific contributions
2.3.1. Thesis lla

| showed with extracellular electrophysiological recordings in urethane-anesthetized
and freely behaving mice that lateral thalamic calretinin-positive (CR+LT) neurons
process both neutral auditory and aversive (nociceptive or threat-related auditory)
cues. They exhibit multisensory and associative enhancement on a single neuronal
level.

Related journal publication: [J4]

| participated in the conception, design and methodological foundation of the
electrophysiological and behavioral experiments. | carried out surgeries, viral injections and
implantations, | carried out the behavioral tests. | performed the acquisition, analysis and
interpretation of the acute and chronic electrophysiological data. | took part in the drafting
and revision of the related section of the manuscript.

Related conference presentations: [C10]-[C16], [C21]

Foot shock (FS) and foot shock-paired tone stimuli activated more LT cells than tone alone.
Short-latency (<50 ms) nociceptive cue responses were primarily characteristic to the CR+ PIL
populations, which is in concordance with the aversive activition previously shown in this region
(Bordi & LeDoux, 1994; Lipshetz et al., 2018). Overall, a higher proportion of CR+ PIL neurons
were receptive to foot shock and associative stimuli than CR- PIL cells. However, SG units showed
late aversive activation (50-500 ms) in a higher proportion, with no significant difference between
the CR+ and the non-tagged cohort (Figure 2.3.1.1./b-d).

Aversive uni- and multimodal response latencies of the CR+ PIL were shorter than the ones
evoked by single tone presentations. Moreover, paired signals drove the strongest short-latency
activation (~17 ms on average, Figure 2.3.1.1./e-f) in this population. Their phasic activations
underwent multisensory enhancement even in the absence (83%) of unimodal acoustic responses
(Figure 2.3.1.1./g), suggesting that auditory stimulation may evoke subthreshold activation. Yet it

can potentiate nociceptive signaling in these cells.
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Figure 2.3.1.1. Selective and fast aversive sensory signaling by the CR+LT.

a/ Left: scheme for acute in vivo electrophysiological recordings from LT cells (n=10 mice) with
delivery of tone, foot shock and joint tone+foot shock signals as well as of ortho- and antidromic
optogenetic stimuli for identification purposes. Right: a coronal section with AAV-DIO-ChR2-eYFP-
transduced CR+ cells (green) and the trace of the four-shank Buzsaki32 probe (B32, red). b/
Antidromic optogenetic tagging (blue shade) of a CR+LT—AMY cell. Bin size of the PSTH is 1 ms. ¢/
A CR+LT—AMY unit showing short-latency tone (gray shade), foot shock (FS; red arrowhead) and
enhanced paired tone+foot shock activation. Right: zoom-in of the traces on the left. Bin size is 10 ms.
d/ Graphs showing the proportions of short-latency (<50 ms, dotted area) and long-latency (50-500
ms, striped area) tone- (gray), foot shock- (FS; red) and paired tone+foot shock-evoked (black)
responses within the CR+LT—AMY and the total CR+LT (blue framed boxes) as well as within the
non-tagged LT cell populations (black framed boxes), all divided into PIL and SG units. Note that the
CR+ PIL unit responses are mostly short-latency (<50 ms). x? test. e/ Boxplots showing the estimated
latencies of early sensory activations in the CR+ PIL cells within a 50 ms poststimulus time window.
Filled circles represent the mean + SEM. f/ Average z-scores of short-latency (<50 ms) unit firing rates
upon sensory stimulations in the case of CR+ PIL neurons with short-latency associated responses
(N=27 cells). Mean+SEM. Friedman’'s ANOVA with Wilcoxon signed-rank test (two-sided). g/
Proportion of multisensory enhancement (augmented tone + foot shock signaling) among the CR+ PIL
cellsin f.

Published in (Barsy & Kocsis et al., 2020) Figure 2., supplemented with SG/MGN recordings.




CR+LT in freely behaving mice also showed short-latency (<50 ms) auditory response
modulation in parallel with the formation of an aversive memory (Figure 2.3.1.2./b-c). Threat
learning recruited CR+LT—AMY neurons to respond to the aversive CS+. This indicates that the
CR+LT—AMY pathway can transfer associated signals in behaving animals, as its sensory activity
can change with an aversive association.

| have provided evidence that the association of tone and foot shock can take place at the level
of the thalamus, prior to the amygdala, and this feature can be captured by studying the CR+ PIL
population. This does not simply manifest in the recruitment of active neurons, but also on a single
cellular level. These associated activations can then be conveyed to the amygdala, which supports
fast defensive responses. These observations further challenge the widely accepted concept that
the LA is the first site of CS-US association. My findings have been reviewed by (Grindemann,
2021), raising awareness to a distributed subcortical neuronal network function in defensive
behavior.
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Figure 2.3.1.2. Discriminative auditory aversive learning induces changes in the activity pattern
of CR+LT cells.

a/ A coronal section showing retrogradely labeled CR+LT—AMY cells (green) and the location of the
ensemble of optic fiber and tetrodes (white scheme). b/ Optogenetic tagging (blue) of a
CR+PIL—AMY cell, also shown as Cell 1 in c. Bin size is 1 ms. ¢/ Auditory evoked activities (CS-:
green, CS+ orange shaded areas) of two CR+LT—AMY cells before conditioning (Pre-Cond) and
during cued fear retrieval (Retr). Note the elevated onset (cell 1 and cell 2) and offset (cell 1)
responses to CS+ upon threat learning. Autocorrelograms (ACC; left) and waveforms (WF; right) of
the units from the respective tetrode channels are shown below. Horizontal line on the ACC indicates
the asymptote line, vertical dotted line shows the center. Bin size is 1 s.

Published in (Barsy & Kocsis et al., 2020) Figure 7./h,j,k and Supplementary Figure 8./c-€.




2.3.2. Thesis lIb

I found in urethane-anesthetized mice with extracellular electrophysiological
recordings that calretinin-positive lateral thalamic (CR+LT) neurons can directly
convey aversive uni- and multimodal cues to the lateral region of the amygdala where
their signaling recruits narrow-spiking neurons.

Related journal publication: [J4]

| participated in the conception, design and the methodological foundation of the
electrophysiological experiments. | carried out surgeries and viral injections, as well as the
acquisition, analysis and interpretation of the acute electrophysiological data. | took part in
the drafting and revision of the related section of the manuscript.

Related conference presentations: [C8], [C10]-[C14], [C20], [C21], [C27], [C28]

I confirmed that calretinin-positive (CR+) neurons in the lateral thalamus fulfill the prerequisites
for the function of direct thalamo-amygdala pathways in auditory threat conditioning: besides
auditory cues, they can directly convey short-latency nociceptive and integrated signals to the
subcortical region of aversive learning, the lateral region of the amygdala.

Both in the case of CR+LT—AMY optogenetic activation and foot shock stimuli, spatiotemporal
maps of the evoked activation placed the earliest amygdala activation in the lateral amygdala (LA)
and the adjacent amygdalostriatal transition area (AStr) (Figure 2.3.2./b). This confirms that these
areas together provide the sensory interface for the lateral thalamus (LeDoux et al., 1990) in threat
learning.

Nociceptive single and associated cue-evoked responses were the shortest latency (~20 ms)
and strongest activities in the recorded amygdala (LA/AStr) populations, similarly to CR+LT
neurons. The time course of aversive activation in the CR+ PIL and the amygdala (2-3 ms
difference in latency on average) also suggests that aversive short-latency amygdala activation
can be directly derived from the CR+LT.

Aversive cue responsivity was particularly abundant amongst narrow-spiking neurons.
Moreover, direct optogenetic CR+LT-mediated modulations, be they excitatory or inhibitory,
affected them to a larger extent (Figure 2.3.2./d-e). In addition to the suppressed responses, many
neurons enhanced their sensory evoked activation or only showed responses during
CR+LT—AMY optogenetic silencing, implying a thalamus-driven inhibitory/disinhibitory mechanism
in the lateral region of the amygdala.

Thus, thalamic inputs, fulfilling an imminent need to prioritize threatening cues, may directly
drive population selection by targeting amygdala interneurons: (1) establishing a window of phasic
elevation in firing rates (Pouille & Scanziani, 2001), as well as potential synchronization, (2)
suppressing the cohort activities which do not serve saliency detection, and (3) regulating plasticity

along the somatodendritic axis of principal neurons.
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Figure 2.3.2. CR+LT neurons directly control the sensory activation of amygdala cells.

a/ Scheme (left) for acute in vivo electrophysiological recordings from the amygdala with foot shock
stimulation and optogenetic excitation of AAV-DIO-ChR2-eYFP-transduced CR+LT—AMY inputs. A
coronal section (right) showing the incoming transduced CR+LT fibers (eYFP, green) and the
electrode insertion tracks in the amygdala. Scheme for the amygdala nuclei is overlayed. b/
Representative snapshots (in ms) of the mean evoked responses in broadband activity across the 256
probe channels (32 channels on 8 shanks) covering the amygdala. Optogenetic and shock-evoked
responses are shown in two rows, shifted with 5 ms for comparative purposes. ¢/ Scheme (left) for
acute in vivo electrophysiological recordings from the amygdala with sensory stimulations and
optogenetic inhibition of AAV-DIO-NpHR-eYFP-labeled CR+LT—AMY terminals. A representative
coronal section (right) showing the insertion tracks of the optic fiber (green) and a four-shank Dil-
stained Buzsaki32 probe (red) placed in the amygdala. d/ Sensory responses of a putative principal
(PN) and interneuron (IN) in control condition and during optogenetic inhibition (green) of CR+LT
inputs. Gray shadings represent tone delivery, red arrowheads mark the delivery of foot shock (FS)
stimuli. Bin size is 50 ms. Mean spike waveforms are shown above the PSTHs. e/ Population data for
tone-, foot shock- (FS) and tone+FS-evoked activities of amygdala neurons divided into putative
principal cells (PN) and interneurons (IN). Evoked responses in control conditions and response
modulations during NpHR-mediated CR+LT—AMY axonal inhibition (graphs with green frame) are
shown. x? test.

Panels c-d published in (Barsy & Kocsis et al., 2020) Figure 5./a,b.d.




2.3.3. Thesis lic

I confirmed with anterograde viral tracing in mice that the calretinin-positive lateral
thalamic (CR+LT) population relies on a non-primary and multimodal midbrain
innervation from the inferior (IC) and superior (SC) colliculi. The CR+LT region is
exclusively targeted by the superior colliculus.

Related journal publication: [J4]

| participated in the conception and design of the anatomical investigation. | carried out the
surgeries and viral injections, | participated in the anatomical processing and the
interpretation of the results. | took part in the drafting and revision of the related section of the
manuscript.

Related conference presentations: [C9]-[C13], [C21]

The above-stated theses added several lines of evidence for the multisensory aspect of the
CR+LT function, and highlighted the potential importance of collothalamic processing, which can
reach beyond parallel sensory transmissions, and perform cue integration / discrimination before
any amygdala computation. The functional anatomical basis for this is established by a midbrain
innervation with non-primary and multimodal character, also distinct from the one in the adjacent
primary auditory thalamus (MGN). | showed that CR+LT cells are targeted by sparse and small
(diameter(d)<1 um) excitatory (vGluT2+) terminals from the ipsilateral inferior colliculus (IC) in
contrast to the MGN with large (d~3-5 um) IC boutons (Figure 2.3.3./c-h); the superior colliculus
(SC) exclusively targets the CR+ PIL/SG region (Figure 2.3.3./I-m). Asymmetrical (excitatory)
synaptic contacts between IC / SC inputs and the CR+LT were confirmed with electron microscopy
(Figure 2.3.3./i, and n-p, respectively). VGAT+ (inhibitory) IC and SC neurons had a similar
projection pattern to excitatory ones (Figure 2.3.3./s, and v, respectively).

Such collicular innervation can promote CR+LT neurons to rapidly integrate cues upstream to
the amygdala and the neocortex, potentially both from neutral sensory and ethologically relevant
integrated information, which could provide a subcortical bypass from elaborated primary sensory
processes under threat. CR+LT-projecting brainstem regions have the potential to transfer short-
latency auditory (IC), visual (SC), nociceptive (SC) (Stein & Dixon, 1978) as well as multimodal
(SCI/IC) cues (Hayashi et al., 1984; Linke et al., 1999). Moreover, as the mouse thalamus typically
lacks local inhibitory control, the interplay between excitatory and inhibitory midbrain afferents can
further enhance the computational capacities of the thalamic population, in addition to reticular
inhibition, increasing the signal-to-noise ratio of aversive processing in the CR+LT (Figure
2.3.3./w).
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Figure 2.3.3. Collicular innervation of the CR+LT region is non-primary and multimodal.

a/ Scheme for AAV-DIO-eYFP injections into the inferior colliculus (IC) of vGluT2-Cre mice. b/ Injection
site in the IC. ¢/ vGIuT2+ IC inputs (eYFP, green) in the LT, which is co-stained for CR (red). White
framed areas are enlarged in d-e and f-h. d-e/ z-stack confocal images (7 ym total depth) from the
MGN (CR- area in d) showing large-sized IC axon terminals (white arrowheads in e). f-h/ z-stack
confocal image (7 um total depth) from the PIL (red CR-staining in g) illustrating small-sized IC axon
terminals (f; white arrowheads in h) in the vicinity of CR+ PIL cells. i/ Electron micrograph showing an
immunogold-labeled CR+ dendrite in the PIL (dCR+; covered by small black particles; shaded with
pink) receiving an asymmetrical synaptic contact (black arrowhead) formed by a DAB-labeled (diffuse
black precipitate) vGluT2+ IC axon terminal (ICvGluT2+; shaded with green). j/ Scheme for AAV-DIO-
eYFP injections into the superior colliculus (SC) of vGIluT2-Cre mice. k/ Injection site in the SC. |/
vGluT2+ SC inputs (eYFP, green) in the LT, which is co-stained for CR (red). m/ z-stack confocal
image (7 pym total depth) with vGluT2+ SC axon terminals (white arrowheads) in close proximity to
CR+ PIL neurons (red). n-p/ Electron micrographs showing immunogold-labeled CR+ dendrites (dCR+
in n-0) and a spine (SpCR+; p) in the PIL receiving asymmetrical synaptic contacts (black arrowheads)
from DAB-labeled, vGluT2+ SC axon terminals (SCvGluT2+). A non-stained axon terminal with dashed
outline (in n) also gives synaptic input onto the CR+ dendrite. g/ Scheme for AAV-DIO-eYFP injections
into the IC of vGAT-Cre mice. r/ Injection site in the IC. s/ vGAT+ IC inputs in the LT, which is co-
stained for CR. t/ Scheme for AAV-DIO-eYFP injections into the SC of vGAT-Cre mice. u/ Injection site
in the SC. v/ vGAT+ SC inputs (YFP, green) in the LT, which is co-stained for CR (red). w/ Schematic
drawing for the collicular inputs of CR+LT territories (PIL/SG) in contrast to those of the primary
auditory nucleus (MGN).

Panels a-p published in (Barsy & Kocsis et al., 2020) Figure 3./h-w.




2.3.4. Outlook: future directions and potential for the study

A fruitful follow-up could be the exploration of how CR+LT inputs orchestrate the amygdala
network to provide a robust processing of ethologically relevant signals by recruiting and/or
synchronizing cell ensembles. The CR+LT strongly shapes the activity of interneurons that are
able to determine the functional network configuration: they select the principal cells involved in
coding and they are linked to oscillation generation.

The LT has also got a unique connection to neuroendocrine networks. (Barsy & Kocsis et al.,
2020) showed that the CR+LT projects to the ventromedial hypothalamus. (Cservenak et al., 2017)
described a pathway from the PIL to the paraventricular hypothalamic nucleus in mice, which can
trigger oxytocin release in lactating mothers by processing the pups’ somatosensory cues.
Relatedly, (Tasaka et al., 2020) showed that the temporal associative cortex, a CR+LT target area
(Barsy & Kocsis et al., 2020), plays a key role in discriminating ultrasonic pup vocalizations by
mothers. These studies imply that behaviorally relevant cue processing of the CR+LT may
potentially drive hormonal changes that can further enhance stimulus selection in its target regions.
Moreover, as ‘belt’ LT regions integrate visual and reward cues (Komura et al., 2005), the CR+LT
population could also contribute to the extraction of affective content from movements (e.g.,
gestures) related to vocal behavior (Bartlett, 2013).

Overall, | point towards investigations with a focus on the CR+LT role in non-conscious affective
cue processing. This population can be a potential target of modulation or molecular genetic
characterization in affective disorders which involve enhanced or attenuated affective cue
processing. Therapeutic strategies aimed at treating implicit associative processes in affective

disorders might consider altering the cue integration of this neuronal group.

2.4. Relevant publications
2.4.1. Peer-reviewed articles
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