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Introduction

The way we perceive andteract with the world around us is highly dependent on our
emotions. Virtually every situation in our lives ekdbme emotiont if nothing else, boredom.

In turn, the emotion elicited by an event or situation shapes how we react or behave. Some
behavors and actions hauétle significance in our lives, but sometimes they highly affect our
well-being, mental and physichkalth,or our most important social relationships.

Considering their enormous significance, it is not surprisingtti@atvayemotions are
formed and regulated in the brain has been extensively investigated in the previous century.
Up to this point psychologists, neuroscientists andysiciandescribed the very foundations
of the neurobiology of emotions, but there are still a mwitle of unanswered questions in
this regard.

In this doctoral thesis, | will briefly summarize our current knowledge on the
neurobiology of emotion regulation, with special focus on feslated processesuch as fear
learning, -expression and -extinction. | will present a detailednatomical and functional
characterization of the neuronal networks involved in these processes, especially the
amygdalar circuitry. Furthermore, | witticorporate the experimental data from our research
group into this fieldof research with the intention of answering some open guestions and

resolving certain contradictions present in the current literature.

Principles of emotion regulation in the brain

What are emotions and feelings? It is not an easy and straightforward task to answer
this question. From the biological perspectiyeemotional statesemerge in reaction to
different situations andare usually accompanied by characteristic bodily reactions (e.g.,
sweating, elevated heart rateggs well asa consciousinternal experience interpreting the
given emotional state as happiness, for exam@eme scholars refer to the bodily reactions
with the wordemotion anddescribethe conscious experience &eling(Kandekt al,, 2000)
Although thigdistinction helps understanding different aspectgtué topicin some situations
it has also beersubject of debateby leading researchers in the fie{deDoux, 2014, 2017;
Fanselow and Pennington, 2018; Zych and Gogolla, 2B@fthermore, from a more practical
point of view,it is difficult to reliably measure subjectivieelingsin an experimental setting

especally i the experiment is carried out in animal modéleDoux, 2014)rherefore, for the



most part of this thesis, | will use the teremotion collectively, unless the distinction is
essential in a given context.

Prominent psychologist, Paul Ekmaroposedthe existence okevenso-called basic
emotions- namely fear, anger, sadness, surprise, disgustfempt,and happines¢Ekman &
Cordaro, 2011)Ekmararguesthat these basic emotions are stable and universally expressed
across different cultures and are accompanied by similar bodily reactionsher wordsthe
expression of basic emotions is not learned and carried out consciously, rather itis the product
of automatic neuronal processedt is important to stress that not the subject of a given
emotion (i.e., what one fears)but the way one expresses distinct emotions are inherited in
this model.This postulates the existence of a biologically fixed meigma that regulates the
expression ofemotions Accordingly, there are several stereotypical motor, somatic and
endocrine responses that are highly similar across species, especially vertelmateding
the most commonly used experimental model orgarssand humans as wélych & Gogolla,
2021)

By the end of the previous century, Joseph E. LeDoux proposed such a model of
biologically stable emotion regulatiofriefly, this model states that external and internal
stimuli¢ a sound and pain, for exargx reach the amygdala and the cerebral cortex through
the thalamus In other words, these pathways drive the formation of fearful associations and
the expression of prewired behavioral respong€ésgyure 1) According to this theorythe
cortex isresponsible for higheorder processingféeling and the amygdala governs basic
bodily reactions€émotion) such asnusclecontractionsor changes in heart ratgeDoux, 2000,
2017)

Considering that this approach dominated the research of emotipra least in
neuroscience; in the previous decades, and the fact that most of this research focused on
Pavlovian or associativefear conditioning(LeDoux, 2014)I will also, for the most part,
concentrate on fearelated results in this thesis.

Although he unpleasant nature of fear is unquestionable, surviving withbwutould
have been essentially impossible in a natural environngead it is still impossible today. Fear
enables animalg including humang to avoid dangerous and harmful situations and actors,
thus helsto preserve physical and mental wlking.Fearis usually accompanied Ispecific

physiological reactions thareparesanimalsto face orescapethe source of the given threat.



These include elevated heart rateyperventilation,and an increased level of blood sugar,
among othergCannon, 1915)

It is important to distinguish between innate and learned fear. The former means that
there are certain agents that can elicit fear without being exposed to them before and learning
their possible negative effects. Such agecas vary, but they are usuallyfixed for a given
species. For example, mice express fear when encounteriny éat odor(Fanselow, 2018)
while humans are naturally afraid of heigl{tdenzies & Clarke, 1995%s well as snakes and
spiders(Hoehlet al., 2017)

On the other hand, mosfear-eliciting agents are learned through direat indirect
association. This means that a previously neutrat even positive; agentcan gaimegative
valence when encountered in a situation that involves something harmfuireatening or
even witnessing others in an aversive situatighmet al,, 2012; Keyserst al,, 2022) For
example, travelling in a car is usually considered a pleasant experience by most, but it can
easily become aversive afterbeing involved ina sefous traffic accidentDetails of fear
learning, and pathologies associated with fear will be further discussed in the following

chapter.

Fear regulation and fear -related pathologies

The simple acquisition of an associative fear memuorytself,would not influence the
life of an animal. Imagine being frightendég a rare animal on an exotic holiday, but then
never seeing this animal again. So, after forming the associations of a fearful event, these
associations must be recalled inasimiladgit i A 2y G2 I FFSOG 2ySQa AT
is no longer relevant, these memorislouldbe vanished so theunnecessaryear response
diminishes

Considering thigsemporal dynamics o&ssociative fear memories can be divided into
three majorstages: acquisitiongtrieval,andextinction(Tovoteet al., 2015) In the following
subchapters| will describe these stages in detail. Since the vast majority of fear studies use
Pavlovian fear conditioning, | will also use this paradigm as an d&amp

It is important to note that additional nonassociative processes, such as habituation
and sensitization can also contribute to fear acquisition, retrieval and extinfitiamprath &
Wotjak, 2004) Habituation refers to thedecreasein responsiveness after the repeated
presentation of a stimulus or context. In fact, deliberate habituation to the fear conditioning
context usually precedes the conditioning itself in most experimental protocols to avoid
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unwanted fear reactions given ta new environment. On the other hand, sensitization
describes the process when the responsiveness to a given siimondaseslue to anintensive
harmful stimulus For example, if a too strong electric shock is used in a fear conditioning
protocol, animaé can showan elevated conditioned response that can distort experimental
data. Therefore, careful experimental protocol designs take nonassociative processes into
account are needed to gain reliable experimental results.
Fear acquisition

During thefirst stage of fear memory formation, a previously neutral stimulus (NS),
becomes associated with a naturally aversivigen painfulstimulus, called the unconditioned
stimulus (US)Therefore, the NS turns into a conditioned stimulus (CS) that canfebeful

behavior, called a conditioned respon$€R)LeDoux, 200Q)igure 1).

Technically, most researchers use an
[ i clortex i J auditory fear conditioningWotjak, 2018)in
/ e which an acoustic stimulus, usually a tone
e (NS) is presented together with a painful
e Lov-road” stimulation (US), usually an electrioot
shock. After an appropriat amount of
Al T repetition, the tone becomes aversive in
Beliavior Stimuli itself (CS) and elicits fearful behavior from

the animals (CR). Obviously, other forms of

Modified from J.E.LeDoux  faar conditioning are also used on some

Figure 1.Classical model of amygdal occasions. For example, iIS can be a
related fear conditioningiAccording to the

model, CS and US signals reach
amygdala either directly through th air puffs(Vander Weelet al,, 2018)or bitter
3 ilgf lé; ﬁié?ﬁfz%gﬁ)i ;JFS[A taste(Beyelert al,, 2016)can be used as US,
the lateral and basolateral nuclei recei among others.

thalamic and cortical axons converi
providing the basis of signal associatic
Finally, axons from the Ilateral ar conditioning paradigm is the context in
basolateral nuclei drive neurons in tt
central amygdala, which innervate

subcortical brain regions directly involved condtioning, the animal associates the

motor, somatic and endocrine response hol . t with the US I
Modified fromJ. E. LeDoux. whole environment wi € as well,

visualcue(LeDoux, Iwata, etl., 1986) while

Another important element of a fear

which it is carried out. During the fear

hence it will show fear response not only if
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the CS is presented, but also if it encounters the same environment again, even without the
CS(Tovoteet al,, 2015) Since contextuadnd cued fear conditioningre mediated bypartly
overlapping(Study 2, butslightly different brain circuitéHallet al., 2001; Mareret al,, 2013)
researchers usually use different contexts for the conditioning and for the retrieval of the fear
memory, so they can measure the effect of (C8e)and contextpresentationseparately
Practically this usually means visually differechambers one used during the conditioning

and the other during retrievdlTovoteet al.,, 2015) Of course, not oyl the visual components,
0dzi 2R2NEX o6F O13aINRdzyR y2AaS 2N S@Sy GKS | yA
conditioning contex(Marenet al,, 2013; Wotjak, 2018)

Fear retrieval

After the acquisition of the fear association took placemes the next stage, retrieval.
Under experimental conditions this usually means the repeated presentation of {her @@
contextwithout the US. Retrieval can take place at various time points after the acquisition
(Do Monteet al., 2016) For examle, DeMonte and colleague015)tested fear retrieval 6
h, 24 h and 7 days after the conditioning and revealed differénmte dependenunderlying
mechanisms.

Parallel to the presentation of the CS during retrieval, the objective and quantifiable
measurement of the evoked fear response is necessary. Although a wide variety of biologically
relevant parameters were associated with the level of fear in rodents, the most commonly
used unit to measure fear is the immobile stat@led freezingRoelofs2017; Wotjak, 2018)
normallycalculated as a percentage of time (i.e., for how long was the animal immobile after
the presentation of the CS). Other units of measure incltlie suppression of normal
behavioral activities (e.g., drinking, exploratighg¢ Doux, Sakaguchi, et al., 1988®vation of
arterial pressurgRomanski & LeDoux, 1992ahanges in blood hormone levélan De Kar
et al, 1991)and even facial expressiofidolenselet al., 2020) among others.

It is important to notethat responses to the US and CS are not necessarily the same:
rats tend to jump and vocalize to the presentation of theduSshow freezing behavior when
the CS is presented. Current theories state that animals possess different innate behavioral
patternsfor different threatening situations, for example jumping, vocalization or freezing. In
a given situation proximity, probability, timing and even the nature of the threat influence the

selection of the appropriate behavioral respong€éanselow, 2018)Indeed, Laxmi and



colleagues(2003) demonstrated that different elements of defensive responges., risk
assessment, freezing, flighgppear with increasing US intensities.
Fear extinction

If the CSor the context,s repeatedly presented without the US the magnitude of the
CR gradually decreases or even completely disappdéasenet al., 2013; Dunsmooet al.,
2015) This process is called extinction amdjuires an acquisition phase during which a new
associaibn, as Maren and colleagug®013)( S N S R-iio- {  W/S{$@pidssing the
original fear memorys formed(Nabaviet al., 2014; Wotjak, 201850, extinction is not simple
forgetting, but a new memory formation procegsccording to Kamprath and djak (2004)
associative elements of extinction learniage accompanied by a nonassociative component
as well, namely habituation.

Since the original memory trace is not erased during extinaiidebaviet al, 2014)

CR can be elicited again pyesenting the CS in a new contestr{ewa) or by exposing the
animal to the US again the original contex{reinstatemenj, andit can reappear by chance
with the passage of timespontaneous recoveyy{Myers & Davis, 2007; Wotjak, 2018)
notable exception is when the extinction training happens before the original memory trace
is properly consolidated.

Fear generalization | fear states and related disorders

As we have seen, normal fear learning is vital to survival. However, healthy regulation
of fear can be disrupted by genetic or environmental factors. In this subchapter | will briefly
summarize aspects of fear regulation that can, if malfunctioning, lead to various mental
disorders.

While under experimental conditions thgS, theCS and the context where the fear
conditioning happens are strictly controlled, thisusuallynot true in a natural environment.
Therefore, it is evolutionary advantageotms an animalto flexibly transfer acauired fear
responses to similazues or contextsa process called fear generalizatiéior example, if one
is bitten by a stray dog, it wiseto be cautious around other unknown dogs in the future.
However, starting to feaall dogs, including tame, faitrar ones might be an exaggeration,
while fearing all animals with four legs, for example, would be irrational.

| OO2NRAy3At & AT '{ AyGSyarde NBIFOKSa I+ OS
elicited not only to the presentation of the CS,tlmther nonconditioned stimuli of similar
modality as well (i.e., fear generalizatioftjaxmiet al., 2003) In fact, overtrained animals

10



showed elevated postonditioning anxiety levels in a light/dark exploration test which can be
interpreted as the generalization of the fearful memoAfthough £ar generalization is not a
mental disorderper seg it can contribute to varioupathologicalconditions such as general
anxiety disorder or postraumatic stress disorder (PTSD).

Aside from the intensity of the aversive stimulus, anothey to dividefear-related
statesis consideringhe spatial, temporal and probabilistic distance of a thesahg agent,
calledthreat imminence(Perusini & Fanselow, 2015; Fanselow & Pennington, 20¥Bgn
threats are not immediately presen¢g., being in a place where predators are often present
G LISI O 2 dypfnd $dldubject of fear is not well defidéhe state ofanxietycan emerge.

On the other handfear is elicited, and appropriate behavioral responses are carriedifoait

threat is directly encountere¢e.g., a predator appears in sight a-8J¢ © 8 dyHovgeMet,

if behavioralresponses are not sufficient to cope with or avoid the given threat, and threat
imminence further increases (e.g., a predator comes closer and &losed -@ Ai NyRahdS £
extreme state of feapanicdevelopsThese states can be characterized by diffeyeglatively
ALISOAFAO FTSIGdNBasz IftGK2dzaK + aaz2t AR 02NRSNE

Anxiety is characterized by a heightened level of arousatlessnesgsjsk assessment
0 & ¢ 2 NMNaRdApyfySidlogiical changédblational Institute ofMental Health (USA), 2022a)
Thesesymptomsall serve the purpose of being prepared if an encounter with a threat actually
occurs.Fom this point of view, anxiety itself is not necessarily a pathological condition.
However, there are several anxiety aliders, such as generalized anxiety disorder, or social
anxiety disorder that involve being frightened in situations that pose no real danger, or
irrationally high levels of anxiethat interfere with normal functioningNational Institute of
Mental Health (USA), 2022alfor example, it would be normal to worry before giving a
presentation at a scientific conference for the fitshe, but being worried about just visiting
such a conference would not.

Accordingly, Heim and colleagug00)investigated the stress reactions of women
with history of childhood abuse. According to their results, elfdyaversive experience led
to increased anxiety in a stressful situation as measured by blood -cortisol and
adrenocorticotropic hormone levelsompared to women without such abusive experience.
These results demonstrate that individual fearful experience can alter anxious behavior in a
different situation even after a long period of timeven without the presence of anything

similar to the orignal threat
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The state of fear, on the other hand, normally has a relatively-defihed, exact
subject that can easily cause real, direct harm (e.g., a vicious dog). Typical behaviors
accompanying fear are aimed to avoid direct contact with the subjétteeby trying to hide
(e.g., freezing)or, if possible, escape the situation. Obviously, there is nothing pathological in
avoiding harmful situations or agents, so fear, in itself is not a pathology elfwsvever, in
some cases the regulation of norhfaar can be disturbed that can lead to various feslated
conditions, for example different phobias BT SD

Phobias are characterized by a very intense fear of specific objects or situations, that
can lead to irrationahvoidancebehavior or excessive feeling of fear and anxiety if the subject
of the phobia is unavoidabi@ational Institute of Mental Health (USA), 20224pst phobias
' NB F OljdzA NBER 0 af S| (NdfdBaR Bealth Retxicdsy(UK), ZDR2BIeiRr 2 2 R
can be viewed as incorrect fear associatiohg€ommonly used remedy for phobias is exposure
therapy when the patient is gradually exposed to the subject of their phobia in a clinically
controlled environment until the fear association is sufficiently dasexl or completely
diminished. From the neurobiological perspective, exposure therapy can be viewed as
clinically controlled fear extinctio(Myers & Davis, 2007)

Another prominent featrelated disorderis PTSPwith a lifetime prevalence of 6%
accordirg to a large epidemiological study carried out in the (Sddsteiret al., 2016) PTSD
is characterized by unwanted and distressing remembering, or even the reexperiencing of
traumatic event outside of the original context of the given evéMaren et al., 2013;
Goldsteinet al., 2016) PTSD patients usually try to avoid situations that can trigger intrusive
memory recollection, but still can experience {debilitating effects, such as sleep problems
or anger outburstg¢National Institute of Mental Health (USA), 2022W¢urobiologtally, PTSD
can be traced back to deficient fear context and extinction processidgan be treated using
exposure therapy (extinction) in some cagbkarenet al,, 2013; National Institute of Mental
Health (USA), 2022b)

Finally, panic disorder carlsa be viewed as disturbed regulation of fear. Affected
patients report sudden appearance of debilitating physical symptoms normally accompanying
acute fear (elevated heartrate, sweating, loss of breadth, etc.) and intense feelings of terror
(National Heah Services (UK), 2022b; National Institute of Mental Health (USA), 2022c)
¢tKSaS aLIyAO FGOGFO14a¢ FNB 2FGSy GNARIISNBR
minutes up to an hour. This can lead to a constant anxious state, because the patlesatyis a

12



worried about a possible attack at any timglthough the exact cause of panic disorder is
currently unknown, some researchers suggest that it might originate in the misplaced
appearance of fearelated physical symptoms that is, in turn, misinteri@@ as real danger
causing further escalatiofNational Institute of Mental Health (USA), 202Z)me estimates
that panic disorders affect 1.6.2% of people at some point in their livéBandelow &
Michaelis, 2015)

According to the Global Burden Disease 2019 studivoset al., 2020)published by
the Institute for Health Metrics and Evaluation anxiety disorders (including all disorders
mentioned above) affected more than 300 million peoffeluding almost 6@nillion children
and adolescentdh that given yearwhich is approximately 4% of the global populatidhe
lifetime prevalence of anxiety disordessowsan even more horrifying pictureccording to
epidemiological studies carried out in the USA &idope, 28.83.7%%6 of the total poplation
will be affected at some point during their livsessler et al., 2005; Bandelow and Michaelis,
2015) Understanding the neurobiology of these diseases might help develop new remedies
and therapies that can affect the wdilking of, as we haveesn, hundreds of millions of

people worldwide.

Brain regions involved in fear regulation

One of the first studieso identify the neurobiological basis of fear regulation was
carried out by Heinrich Kluver and Paul C. Bu®a9)more than eighty yeargsgo. In this
fundamental work the temporal lobes of rhesus monk¢ycaca mulattgd were removed
bilaterally (Dolenselet al., 2020)which produced a characteristic behavioral phenotype that
the authors calledpsychic blindness(Seelenblindhejt Among other symptoms, monkeys
approached animate and inanimate objects without hesitation, regardless of any (positive or
negative) emotionh value that had been associated with these objects previously.
Furthermore, most monkeys exhibited strongly reduced or completely absent, faad
sometimes angebehavior in almost every situation.

These observations paved the way for further investmaiaimed to identify the brain
region(s) controlling fear. During the past decadesjeral differenheuronal structurefhave
been associated with different aspects of fear behay®alhoon & Tye, 2015; Tovote et al.,
2015) In the center of theseircuits usually stands a prominent region of the tempdodle,

the amygdalaLeDoux, 2007; Orsini & Maren, 2012)
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In this part, | will review thamygdalarelated brain regiongvolved in fear regulation,
with special focus on their anatomy and connections veéith other andbther parts of the
brain.| also intend to highlight the most important unanswered questions and contradictions
still abundant in the literatureAlthoughmost experiments reviewed here were carried out in
rodents, relevant human and nemuman primate studies will also be included.

Amygdala

The amygdaldalso known ashe amygdaloid complexan almondshaped group of
nuclei in the temporal lobe was firdtlentified as early as the T9century by German
physiologisKarl Friedrich Burdaqi?abba, 2013From the evolutionary perspective, there is
ageneral consensus about the relatively conserved nature of this brain region across species,
including micerats, catsnon-humanprimates and humanabba, 2013; Janak & Tye, 2Q15)
which makes it a good target for translational studidswever | will mainly focus on findings
made in rodents, since these studies dominate the amygdala literature, especially in the last
decadeqJanak & Tye, 2015)

As mentioned earlier, Kliver and Bu@p39)lesioned the temporal lobes including
the amygdé#a - of rhesus monkeys that led tsampered regulation of emotional behavior,
especially fear and angdrater, more focused lesioning studies identified the amygdala as the
sourceof this altered regulation but not necessarily the simple reduction of felaehavior
(Weiskrantz, 1956; Thompsen al., 1969; Horeét al,, 1975) Similar observations were made
in rodents(Blanchard & Blanchard, 1972; LeDoux, Cicchetti, et al., 1990; LaBar & LeDoukx,
1996) cats(Bradyet al., 1954)and humangAdolphset al., 1994, 2002; LaBat al., 1995;
Tranelet al., 2006) among other specieglacing the amygdala in the focus of fear research
by the turn of the centuryMaren & Fanselow, 1996)

Nevertheless, it is important to note th&ar regulation is not the only function of the
amygdalar circuitry. Numerous studies described the involvement of the amygdala in
appetitive functionsand reward learning(Morrison & Salzman, 2010; Janak & Tye, 2015;
Wassum & Izquierdo, 201,5)hile human studies demonstrated amygdala abnormalities in
schizophrenia(Hu et al, 2022) among others Indeed, LeDoux stated that calling the
amygdalar circuitry théear systema g & | YA aidl 1S GKIF G (Kebaux,f SR
2014) However, to keep this dissertation in scope, | will mainly focus on amygdalar
involvement in featrelated processesAccordingly the medial part of the amygdala, which is

mostly involved in innate (e.g., predator avoidance) and social behaviors (e.g., mating,
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parental behavior), as well as chemosensory
processegPetrulis, 2020)vill not be detailed
in this thesis.

Anatomically the amygdala consists
of two major parts divided into at least 112
additional subnuclei (Turner & Zimmer,
1984, Maren & Fanselow, 1996; Orsini &
Maren, 2012) One is the saalled
basolateral amygdalar complegometimes
referred to as cortical amygdalawhich
(LA),

basolateral

and

BLP,

anterior

(BLA,

includes the lateral
posterior
respectively) and anterior and posterior
basomedial or accessory basé8MA, BMP,
respectively) subnucleiF{gure 2 in the
rodent amygdalalmportantly,this regionis

not to be onfused with theolfactorycortical
amygdalgMartinezMarcos, 2009)norwith

the cortexamygdala transition zon€Céadiz
Moretti et al,, 2016)

Medial to the cortical amygdala lies
the socalled central amygdala (CeA) which
mostly consists of GABAergic inhibitory
neurons resembling the striaturfKrettek &
Price, 1978a; McDonald, 1982; Turner &
Zimmer, 1984; Sun & Cassell, 1993; Davis et
al., 1994 Orsini & Maren, 2012; Fadok et al.,
2018) The CeA is traditionally divided into a
lateral (CeL) and a medial (CeM) subdivision
(Fadoket al., 2018)(Figure 2)and is usually
considered as the output region of the

amygdalgLeDoux, 2007)
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Another driatal region closely connected to the amygdala is the-caled
amygdalostriatal transition area (As{ijigure 2) Although most studies do not consider this
relatively understudied region as a part of the amygdala, its role as a sensory interfaage withi
the amygdala, together with the LA, was suggested in earlier stytd&Boux, Farb, et al.,
1990; Jolkkonen et al., 200Mherefore, | will discuss Astr together with the central amygdala
in the present thesis.

Basolateral amygdalar complex

The basolateral amygdalar complecontains mostly excitatory pyramidal neurons
6dy w2z /£ &a& LU 0 Saminébltyic dcid (GABERNbcslidR 2B 2 F
(~20%, Class lljMcDonald, 1984, 1992)Class Il neurons also express a variety of
neuropeptides, such as somatostatin (SOM), neuropeptide Y (NPY), cholecystokinin (CCK), and
vasoactive intestinal polypeptide (VifMicDonald & Pearson, 1988sembling the cerebral
cortex(Turner & Zimmer, 1984; Alheid & Heimer, 1988)

It is importart to stress that there is great inconsistency in the nomenclature and the
most commonly used abbreviations of amygdala subnuclei even in the most recent
publications. For example, some studies refer to blasolateral nuclewith the abbreviation
0B/ (Hery et al, 2008; Polepalkt al., 2020)or éBLE (Amanoet al., 2011) while others use
the a A¢ abbreviation forthe dbasal amygdakcollectively referring tothe anterior and
posterior basolateral and basomedial nuglangladaFigueroa & Quirk, 2005; Amano et al.,
2011; Manassero et al., 2018; Kim & Cho, 20R0gontrast, other authors refer tilne lateral
andbasolateral nucletollectively a®BLA (Tyeet al,, 2011; Adhikaret al., 2015; Namburéet
al., 2015; Bgeleret al,, 2018; Terburgt al,, 2018; Asedet al.,, 2022)or BLE (Chaayat al.,
2019) while others include all the abowwentioned cortical amygdala nuclei in the
basolateral complex also abbreviated@l A (Orsini & Maren, 2012Griindemann & Lthi,
2015; Rajbhandari et al., 2021; Li et al., 2022uch inconsistencies make the correct
interpretation of results harder and hamper the comparability and reproducibility of different
studies. Therefore, from here on | will keep usithgg nomenclature and abbreviations
presented inFigure 2

In the following paragraphs | will briefly summarize the afferemid efferent
connections of the aboweentioned cortexlike amygdala nuclei with special focus on
thalamicg neocorticaland intraamygdalarconnections For a summary of the most important

connections in the context of this thesis see Figuse 3
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LATERAL AMYGD®ID NUCLEUS he LA is the dorsalmost, wizard sitaped region of the
cortical amygdala. It is generally considered as thennegtry point of informationin the
amygdala(Janak & Tye, 2015)a its densennervationfrom lateral thalamic(LT)(Clugnet et
al., 1990; LeDoux, Farb, et al., 1990; Turner & Herkenham, 1991; Yasui et al., 1991; Bordi &
LeDoux, 1994; Doron &eDoux, 1999; Linke et al., 2000; Kang et al., 28@8d)Ytemporal
cortical regiongdMascagni et al., 1993; Romanski and LeDoux, 1993a; Mcintyre et al., 1996;
Shi and Cassell, 1997, 1999; McDonald, 1998; Dalmay et al., 2019; Hintiryan et al., 2021)
Ealtier reports(Sesaclet al., 1989; McDonale@t al., 1996)described prefrontal inputs to the
LA as well, howevemore recent studies demonstrated the la@Watyaset al., 2014; Bukalo
et al,, 2015)or marginal naturgHintiryanet al., 2021)of these connectionsSimilarly, some
report relatively strong midline thalamic afferentation to the (Mertes & Hoover, 2008;
Vertes et al., 2012)while othersdescribe these connections as waakogaet al., 1995; Van
der Werfet al,, 2002) Furthermae, imited input from the insular cortexMcDonald et al.,
1996; Shi and Cassell, 1998; Matyas et al., 2014; Hintiryan et al.,&21he hippocampus
(Kishiet al,, 2006)has also been reported to the LA.

Aside from the thalamus, LA receives relatively low subcortical input. These originate
in the dorsal raphe nucleus (DRJertes, 1991and the hypothalamugHT)(Canteraset al,,

1994; Vertest al.,, 1995)

Interestingly pesides a strong output to #temporal(McDonald & Jackson, 198)d
ventral entorhinal cortice¢Pikkaraineret al., 1999)the LA has very limited ext@mygdalar
efferent connectionsincludingoutput to the insularpiriform and perirhinal corticegKrettek
& Price,1978a; McDonald & Jackson, 1987; Shaminatmnado et al., 1999Furthermore,
some studies reported projections to the striatuand theinterstitial nucleus of the posterior
limb of the anterior commissure (IPA&) well(Kelleyet al,, 1982; Shammahagradoet al,,

1999)

Most reviewarticlesconsiderthe LA the main source of intramygdalar connections
innervating virtually all other amygdala nuclésah et al., 2003)However, thorough
investigation of the literature leaves us with only a few tbhese connections actually
confirmed with careful anatomical precision. One of these is a majatirectionalpathway
from the LA to theAstr (Stefanacci et al., 1992; Pitkanen et al., 1995; Shardoagimado et
al., 1999; Jolkkonen et al., 2001; Wang et 2001, 2002)Similarly strong projection was
described to the BMA/BMKrettek & Price, 1978a; Stefanacci et al., 1992; Pitkanen et al.,
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1995)with moderate reciprocityPetrovichet al., 1996; Savandest al., 1997) Although the
BLA/BLP is oftetited as a major target of the LA, qualitative and sgoantitative anatomical
data(Pitkaneret al.,, 1995)indicate that these projections are substantially weaker than those
targeting the Astr or BMA/BMP and possibly include a significant numbérevgfof passage
(seeFig. 8in Stefanaccet al, 1999. Projections from the BLA/BLP back to the LA also seem
relatively weak and mostly confined to the ventral/lateral division of the LA, immediately
adjacent to the BLA/BL{Savandeet al., 1995, 1997)

TheCeA especiallythe Celis also often cited as a major target of the LA. In fact, this
connection is generally considered as a central element of the fear cir¢@iteyni & Maren,

2012; Janak & Tye, 2015; Do Monte et al., 2016; Asedeé,€2022) However, some original
research articles that support the existence of this projection provide indirect evidence only
(Roberts et al., 1982; Nitecka & Frotscher, 1989¢ttekand Prince(1978b)presened one
relatively extensive injgéon ofthe anterograde tracetH-amino acid into the LA of a cat which
resulted in weak labelling in the CeA. Other sources, however, clearly demonstrate the lack or
marginal nature of a direct L8eA pathway(Stefanaccet al., 1992; Pitkaneret al., 19%;
Jolkkoneret al,, 2001) a notion further supported by electrophysiologi¢&fang et al., 2001,
2002; De Armentia and Sah, 20@4)d even behavioral studi€Killcrosset al., 1997)

Despite these anatomical inconsistencies, the LA has been in the focus of fear research
in the past decades. It was demonstrated that lesions prior to, or after learnirdisrupt
auditory fear conditioningLeDoux, Cicchetti, et al., 1990; ManasserolgtZ918) including
active avoidancéAmorapanthet al., 2000; Choet al., 2010; Lazardlufiozet al., 2010) an
effect attributed to the fact that LA receives converging auditory and somatosensory, input
most notablyfrom the LT(Bordi et al., 1993Romanski et al., 1993; Bordi and LeDoux, 1994;
Quirk et al., 1995; Uwano et al., 199B)pwever, it is important to note that most lesions in
these early studies involved the adjacent BLA/BLP, and sometimes even the BMA/BMP, so the
interpretation of these results needs careful consideration. Neverthelesss also revealed
that fear conditioning is accompanied by neuronal plasticity in the(Qéirk et al., 1995;
McKernan & Shinnietsallagher, 1997; Hennevin et al., 199&iBet al., 2006; Nabavi et al.,
2014)

Subsequently it was demonstrated mice that LA is selectively activated to the
presentation of an auditory CS, while the BLA, BMA and CeA were deactivated, as measured

by cerebral blood flow changé€klolschneideet al., 2006) It was also shown by another study
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that optogenetic stimulation of LA pyramidal cells alone proddceszing andcan serve as

US when paired with an auditory CS in the absence of nociceptive s{irobanseret al,

2010) More recently, itwas also revealed thabptogenetic stimulation of thalamic and
cortical terminals in the LA can serve as CS during fear conditioning and that this leads to long
term potentiation (LTP) in the L(Nlabaviet al,, 2014) However, this LTP can be reversed b

an optical longgerm depression (LTD) protocol eliminating previously acquired CR, but this
can be reversed again with a subsequent optical LTP protocol.

Taken together, LA has been proved to be a critical element of the network that
regulates associative fear learning. During acquisition, thalamic and cortical synapses on LA
principal neurons undergo long lasting potentiation providing the cellular basiear
memory formation. Upon the presentation of the CS, LA neurons increase their activity and
drive appropriate behavioral responses. However, details of thecircuitry downstream of
the LA driving conditioned responses are still elusive.

BASOLATERMMYGDARID NUCLEUSANTERIOR AND POSTERIOR. PRREse nuclei are also
considered asnajorinput regions of the amygdala together with the (L&Doux, 2007Most
studies report strong midline thalamies well agprefrontal, orbital (McDonald,1987; Su &
Bentivoglio, 1990; Turner & Herkenham, 1991; Moga et al., 1995; Vertes, 2004; Li & Kirouac,
2008; Vertes & Hoover, 2008; Hoover & Vertes, 2011; Matyas et al., 2014; Bukalo et al., 2015;
Amir et al., 2019; Hintiryan et al., 2024nd relativelyweak insulaMcDonald, 1998; Shi and
Cassell, 1998; Hintiryan et al., 202hy perirhinal cortical afferent@vicintyre et al., 1996; Shi
& Cassell, 199%) these subnucleFurthermore, afferents from the entorhinal cortex and the
hippocampal form&on were also describefCanteras & Swanson, 1992; Shi & Cassell, 1999;
Kishi et al., 2006)

Besides these cortical and thalamgsources, BLABLP also receives moderate
afferentation from the bed nucleus of the stria terminals (BN@®DOng & Swanson, P6a,
2006b) HT(Verteset al,, 1995) and DRVertes, 1991as well.Furthermore, BLP but not BLA
receives innervation from thparabrachial nucleu@B as well(Bernardet al., 1989, 1993)

The most prominent extramygdalar targets of thebasolateral nuclei are the
prefrontal, orbital andinsularcortices(McDonald, 1987, 1991; Bourgeais et al., 2001; Matyas
et al., 2014)and alsahe peri-/entorhinal cortex and the hippocampisubiculum(Krettek &

Price, 1978a; Pikkarainen et dl1999) At the subcortical levehe nucleus accumben@NAC)

as well aother parts of the striatumthe olfactory tubercule, the substantianominata (Sl)
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the BNS, the lateralHT, the lateral nucleus of olfactory tract (LOTRpave been reported to
receive innervation from the basolateral nuc(&rettek & Price, 1978a, 1978b; Kelley et al.,
1982; Kita & Kitai, 1990; Mcdonald, 1991; Shamibapnado et al., 1999; Dong et al., 2001)
However, SI, BNST and HT innervation wastouesd by Bourgeais and colleagu@ourgeais

et al., 2001) Furthermore, innervation the IPAC from the BLP was also described earlier
(ShammaH_agnadcet al., 1999)

Interestingly, earlier studiefKrettek & Price, 1978a; McDonald, 198Fported weak
amygdalethalamic connections from the BLA/BLP to the midligeespeciallyto the
mediodorsalg thalamus, but more recentesultsquestioned the existence of this pathway
(Matyéaset al., 2014)

Within the amygdala, most sources, particularly revaaticles(Orsini & Maren, 2012;
Janak & Tye, 2015; Tovote et al., 2015; Fadok et al., 2018; Asede et alm20#dhn strong
projection from the BLA/BLP to the CeA. However, original research articles demonstrated
that these projections are almost exslvely confined to the CeM, and the majority of them
originate in the BLEKelley et al., 1982; Savander et al., 1995; Sharnagimado et al., 1999;
Bourgeais et al., 2001Accordingly, a recent studKimet al., 2016)demonstrated thatthe
vast maprity of CelL/CeM projecting cells are located in the BLP, where the expression of the
protein DARPRB2 (encoded by the genepplrll) is high, which was also indicatedather
publicatiors (McCullough et al., 2016; Beyeler et al., 2018; Massi e2@23) Nevertheless,
most of these studies refer to this posterior region @LA. A more recent article
(McCulloughet al,, 2016)specifically investigating Thgkpressing neurons in the BLA also
showed direct, but relatively wealprojections to theCeA,and another study by the same
research grou@lsodemonstrated that optical stimulation of these Thpasitive neurons can
elicit excitatory and inhibitory responses in the CéBasnowet al., 2013)

Although the basolateral nuclei were also impted in the regulation of fear
conditioning, studies investigating its role separately from the LA were laggui¢er and
colleagueg1997)pharmacologically blocked LA and BLA/BLP activity before fear conditioning
or before recall testing and found that this disrupted conditioned responding to the cue and
context in both conditions at both locationas later reinforced by othelSierraMercadoet
al., 2011) indicating that these nuclei are involved in mostly overlapping processes.
contrast, while LA lesiongprior to training)blocked both passive and active CRs, BLA/BLP

lesions only interfered with active avoidance, but not freezfAgnorapanthet al, 2000)
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although overtraining can compensate for this defjftézaraMufiozet al., 2010) Accordingly,
lesions to the basolateral and basomedial nuclei before training did not interfere with fear
conditioning but disrupted CRs if ohaafter the learning phase, as reported in another study
(AngladaFigueroa & Quirk, 2005However, another study could not find a significant
difference between LA and BLA/BLP lesionsshightly differentactive avoidance paradigm,
showing that both disrupd this particular behaviofChoiet al., 2010)

Subsequently it washownthat active avoidance behavior elicited by a previously
acquired CS is mediated via the projections from the BLA/BLP tohtlersgions of the
nucleus accumbens, and pharmacological inactivation of this pathway increased freezing
responses in this active avoidance paradigm, but not during simple Pavlovian fear conditioning
(Ramirezet al, 2015) These results suggest that B/BLP neurons, or at least a subset of
them, are indeed involved in the regulation of active responses duringrétared behavior.

More recently a line of studiegevealed that different subsets of BLA/BLP neurons
projecting to different downstream igionsencode positive and negative valence differently
(Namburi et al., 2015; Beyeler et al.,, 2016; Kim et al., 2016, 28tApugh certain
contradictions emergedFor example, while Namburi et §2015)and Beyeler et ali2016)
concluded that Ce#vrojecting BLA/BLP neuromsnd to encode aversive valence, Kim et al.
(2016, 2017yeported that DARPB2-expressing BLA/BLP neurons innervating the CeA drive
appetitive responsesalthough the exact cause tifesediscrepanciesemans elusive.

Another line of studies investigated the role of BLA/BLP neurons in fear extinction
although early studies suggested that these nuclei are not involved in extin@ioglada
Figueroa & Quirk, 2005Herry and colleague$2008) proposed that distinct subsets of
BLA/BLP neurons are active during the acquisition and recall phasekiang extinction in
a discriminative fear conditioning experiment. Interestingly, they could not find extinction
activated neurons in the LA during the same experiments further strengthening the proposed
functional separation of these two regionShey ado demonstrated that fear neurons are
more strongly influenced by ventral hippocampal projections, while extinction neurons are
under stronger medial prefrontalmPFCYxontrol. Accordingly, cFos expression is increased
during the acquisitionbut notduring theexpressiorof extinction,specifically in the BLA/BLP
and not in the LA and Ceffurlonget al, 2016) On the other hand, prefrontaheurons

showed increased activityoth during acquisition and expressidtiowever, it is important to
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stress that cFos expression provides only indirect evidence for underlying behavioral
mechanisms.

Celttype-specific studies revealed that Thekpressing neurons in the BLA/BLP are
specifically involved in fear inhibition. Photoactivation of these nesraluring learning
disrupts conditioned freezing responses in the rephlise butenhances the consolidation of
extinction memory if applied during extinction acquisiti@isnowet al., 2013) In a followup
study, it was also demonstrated that theseunens are indeed selectively activated during
extinction acquisition and retentignalthough optogenetic silencing affected extinction
acquisition(McCulloughet al., 2016) These findings were further supported by subsequent

results from another reseahcgroup(Gilmanet al., 2018)
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Subcortical regions Subcortical regions

Figure 3. External connections of the amygdal@) Simplified diagram of the mo:
important thalamic (warm colors) and cortical (cold colors) connections of the basol
amygdalar complex. Dashed lines indicate debated connections. Subcortical conaeet
depicted in grey. (B) Simplified diagrafrthe most important thalamic (warm colors) ai
cortical (cold colors) connections of the central amygdala. Dashed lines indicate d
connections. Subcortical connections are depicted in greyc Astygdalostriatal transitior
zone; BLA, BLPbasoateral amygdaloid nucleus, anterior, posterior part; BMA, BV
basomedial amygdaloid nucleus, anterior, posterior part; Cadntrolateral amygdaloic
nucleus; CeM; centromedial amygdaloid nucleus; DN ™orsal midline thalamus; LA
lateral amygdaloiducleus; LT, lateral thalamus; mPRCmedial prefrontal cortex; Te&
temporal association cortex.
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Taken together, the basolateral nuclei shosubstantially different anatomical
connectivity compared to LAalthough several details need to be clarified in the future
Accordingly, BLA/BLP involvement in slightly different aspects of associative (fear)
conditioning was implicatedyhile discrepancies and contradictions are still abundant in the
literature. This might be attributed to the fact that this region is relaly loosely defined
anatomically, and most studies do not distinguisttweenBLA and BLP. Thighlighs the
necessity of a more precise, ideally ealid/or pathwayselective approach to reveBILA/BLP
functions reliably

BASOMEDIAL AMYGIADR NUCLEYSNTERIOR AND POSTERIOR kaRated just vetral to the
BLA and BLP, these relativédgs studiedsubnuclei are also considered to be part of the
cortical amygdalaThese nuclei receive thalamic innervation frdwoth the lateral (LeDoux,
Farb, etal., 1990; Turner & Herkenham, 1991; Linke et al., 2@8d) midline(Moga et al.,
1995; Li and Kirouac, 2008; Vertes and Hoover, 2008; Vertes et al., 2012; Hintiryan et al., 2021)
thalamus and cortical innervation from tmePFGMcDonald, 1998; Verte2004; Adhikaret
al., 2015; Hintiryaret al,, 2021) insular(McDonald, 1998; Shi and Cassell, 1998; Gehrlach et
al., 2020; Hintiryan et al., 202and perirhinal(Mcintyre et al., 1996; Shi & Cassell, 1999)
cortices and the hippocampus/subiculurfCanteras & Swanson, 1992; Kishi et al., 2006)
Furthermore, PEBernardet al., 1993; Kanget al, 2022) BNST(Dong & Swanson, 2006c,
2006b) HT (Verteset al, 1995)and olfactory cortical amygdaloifPetrovichet al., 1996)
inputs of moderate density were also reported in the BMA

The basomedial nuclei innervate several cortical regions, including the insular,
temporal, peri- and entahinal cortcesand the ventral hippocampus/subiculugiMicDonald &
Jackson, 1987; Petrovich et al., 1996; Pikkarainen et al., .1083he other hand, basomedial
efferents also target subcortical regions, such as the BNST, nmddgias well as certain
regions of the siatum, the olfactory tuberculeand Si(Krettek & Price, 1978b; Petrovich et
al., 1996; Bourgeais et al., 2001)

Interestingly,Petrovich and colleagug®etrovichet al., 1996)proposed the revision
of the classification odbasomedial, based on thestrong connections with olfactory regions,
especially the BMA. They argued that these nuclei share many characteristics with the
olfactory cortical amygdala, so their inclusion in the radfactory cortical amygdala group
might be outdated. However, theughors also noted that in some features, they are more

similar to the basolateral and lateral nuclei than to the olfactory nuclei. Since most studies still
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include both the BMA and BMP in the non

olfactory cortical amygdala group, | will
continue to handd them as a part of this group
in this thesis as well.

Within the amygdalahoth theBMAand

BMP sends the strongest afferentation to the

\\J .

BLA/BL

CeM while Astr is innervated from the BMP

almost exclusively(Petrovich et al, 1996;
ShammaH_agnadoet al., 1999; Jolkkoneret
al., 2001) Connections between LA, BLA/BLP
and the basomedial nuclei were detailed
above.

Functional investigations selectively

BMA/BMP

targeting the basomedial nuclei are sparse. In
fact, most studies, especially lesioning studies,

targeting the BLA/BLP also involved, to some

Figure 4 In.tra-amygdalar. CONNEmS. o tont at least, the BMA and BM®ne study
Schematic diagram showing the mc
important intraamygalar pathways reported that pretraining lesions of the

originating in different subnuclei of th
basolateral amygdaloid complex (shades
blue) and the central amygdala (orang
Dashed lines indicate debated connectio
Astr¢ amygdéostriatal transition zone; BL/
BLP ¢ basolateral amygdaloid nucleu
anterior, posterior part; BMA, BMR,
basomedial amygdaloid nucleus, anteri
posterior part; CelL ¢ centrolateral
amygdaloid nucleus; Cell centromedial
amygdaloid nucleus; lcAateralamygdaloid
nucleus.

basomedial and basolateral nuclei did not
interfere with fear acquisition or extinction,
while lesions made after conditioning
disrupted freezing during the recall phase,
although animals could form assatve
memories to a new C@&ngladaFigueroa &
Quirk, 2005) These results indicated that
these regions might be involved especially in

the recall of previously acquired memories.

Accordingly, combined pharmacological inhibiton of the basolateral andrbedial

nuclei right before the recall test blocked freezing and subsequent extinction to a conditioned
cue, but inhibiton of either of them alone did not, suggesting substantial functional overlap

between these nuclgiAmanoet al., 2011) Interestingly these results are in odds with other
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studies demonstrating a prominent role of the BLA/BLP in extinction (see above), alth@ugh th
cause of this contradiction is not clear.

In contrast, a recent studyAdhikariet al., 2015)specifically investigateche BMA/BMP
and reported that optical stimulation in this region has an anxiolytic effect, decreases
conditioned freezing responses during cued and contextual retrieval and promotes extinction.
The authors also demonstrated that these effects are mediatgdhe prefrontal cortex,
especially its ventromedial region. Furthermore, these experiments failed to detect the same
effects after the manipulation oflorsal mPFGo amygdala (BLA/BLP) pathwaslthough
extinction learning was disrupted. These resultscate that the basomedial nuclei regulate
distinct aspects of fear and anxiety.

These results were partly replicated in a subsequent study showing that optogenetic
stimulation of pituitary adenylate activatingpeptide (PACAP)ergic BMA/BMP neurons
innervating the dorsomedial intercalatedells (see details later) decreases conditioned
freezing responses and promote extinction in a contextual fear learning s€Riagphandari
et al, 2021)

A handful of other studiesnvestigated the BMA/BMP in relation to innate fear
responsegMartinezet al., 2011) social behaviofNumanet al., 2010; Mesquitat al.,, 2016)
and aversion (un)controllabilityineichenet al, 2022) implicating the complexity of this
region

In brief, the exact role of BMA/BMP in feeglated behavior is still elusive, although a
few studies indicated its involvement in fear extinction and anxiety suppression. Considering
that it is a major target of th&.A andinnervates prominent elements ohe broader limbic
network (BNST, HT, CeA), more BMA/B3dlective studies should be carried out in the future
to elucidate more details of emotion regulation.

Taken together, the five major cortical amygdala nuclei receive a wide rargghef-
order (but nor primary)sensory and associativafferentation from distinct thalamic and
neocorticalsources as well as a line of subcortical inpu#s the level of the thalamus, the
two major regions innervating these nuclei are thelline(BLABLP, BMA/BMP) and hiiclei
(LA, BMA/BMPR)From the neocortex, the most prominent sources of amygdala innervation
are the mPFC(BLA/BLP, BMA/BMP)emporal (LA), and, to some extent, insular cortical
regions (BLA/BLP, BMA/BMP).
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As a general rule, it can Istated that all these nuclei are in reciprocal connection with
their respective neocortical partner, but there is rediableevidence supporting the existence
of prominent amygdalghalamic pathwaysOn the other hand, the basal and basomedial
nuclei inrervate a wide variety of subcortical structures, such as the BNST, the hypothalamus
and different regions of the striatunwithin the amygdala the basolateral complespecially
the LAis generally considered as an input region, processing incoming iafmmmand
relaying it towards the central nuclei (see following chapter).

Nonetheless, there are numerous contradictions améccuraciesregarding the
cortical amygdala and itsiternal and externakonnections For examplegven relatively
recent review articlegMarek et al., 2013; Maren et al., 2013; Calhoon & Tye, 2015; Janak &
Tye, 2015; Perusini & Fanselow, 2015; Stujenske & Likhtik, 2017; Kim & Junpap@disihe
basolateral amygdalar compleas a functionally homgenous entity, despite the clear
differences in the connectivity profile of different subnudescribed aboveAccordingly, the
exact pathways from these nuclei towards the central amygdala are still not completely
characterized.

Furthermore, it is stilgenerally accepted that the amygdala receives primary sensory
information from the cortex and thalamuy&eDoux, 2007; Seymour & Dolan, 2008; Tovote et
al., 2015) although it was clearly demonstrategrly oni K1 § ¢ KS Y@ 3Rl f 2AR
notreceS |y Ay Llzi FNRY (GKS LINAYIFNE aSyaz2NE 2NJ
(Krettek & Price, 1977)

Another problematic matter ithat althoughthe anterior and posterior regions of the
basolateral and basomedial nuclei are clearly considered as anatomically distinct from each
other in rodent brain atlasegPaxinos & Franklin, 2012and possessmarkedly different
connectiongPetrovichet al., 1996; Hintiryaret al.,, 2021) most studies do not separate them
(Adhikariet al.,, 2015; Kirret al, 2016, 2017)Resolving these contradictions and integrating
a more precise anatomical approach to amygdala research would be essential in future
studes.

Taken together, extensive research in the previous decades lead to an enormous
amount of knowledge about the connections of the cortical amygdala and its subnuclei.
However, mostly due to the lack of a precise, biologicedlgvant, and strict anatorncal
framework to define (cortical) amygdala subnuclei, contradictions and misconceptions are still

abundant in the literature.

26



Central amygdala

A welldocumented characteristic of the CeA is the presence of numerous
neuropeptides in itSGABAergicells. These includé&sOM, VIP, CCehalcitonin generelated
peptide CGRE, protein kinase € (PK@ ) as well asieurotensin, enkephalin, corticotropin
releasing facto{CRF)substance Rnd galanin(Cassell et al., 1986; Cassell & Gray, 1989;
W2f112ySy 9 t A1 Ny Sy SAltheuglpthedisthib@iprSof theBe pépiidest f >
shows significant differences, the detailed description of this is out of the scope of the present
thesis apart from some prominent examples.

CENTROLATERAL ADADID NUCLEUS he Cel receivasputs from a relatively limited
number of extraamygdalar sources. These includ&ong projections from the midline
thalamus(Moga et al., 1995; Li & Kirouac, 2008; Vertes & Hoover, 2008; Amir et al. a2{0f1 9)
the insularand piriformcortex(McDonald, 1998; Shi and Cassell, 1998; McDonald et al., 1999;
Gehrlach et al., 2020as well as from thEB(Bernardet al,, 1993; Krukofét al., 1993; Sarhan
et al, 2005; Kanegt al,, 2022)andthe HT(Canterast al., 1994; Verte®t al., 1995)

Being a striatal structure, the vast majority of CeL projections target subcortical areas.
Heaviest labellingvasreported in theBNSTEnd PBand to a lesser extent in thdT, substantia
nigra (SN)SI nuckus of solitary tract (NT$Krettek & Price, 1978b; Cassell et al., 1986; Sun
S Ft o mMmppmI mMpdnT t SGNRPBAOK g {glyazys mopd
et al., 2022) as well asn the locus coeruleugliinglinget al,, 2015) Futhermore, Penzo and
colleagueq2014)reported that a subset 06§OMexpressing CelL neurons innervate the PAG
and the midline thalamus, in accordance with earlier results describing central amygdalar
outputs to the PAG and the thalam(Rizvi et al., 1991, Li & Sheets, 20E8)wever, others
described Celo-PAG innervatin as marginalPetrovich & Swanson, 1997)

Within the amygdala, the only target of the CeL is the adjacent CeM, which connection
is very well documente@Petrovich & Swanson, 1997; Jolkkonen & Pitkanen, 19@8je
recently, it was specifically demanated how these Ceto-CeM pathways are involved in
fear regulation(Ciocchet al., 2010; Haubensadt al., 2010; Let al,, 2013; Penzet al., 2014;
Fadoket al., 2017) Specifically, PkGexpressinddFearoffé) and SOMexpressingo-earong)
neurons form largely nowverlapping populations in the Ceand the activity of these
population correspond to decreased or increased freezing, respectively, during fear
conditioning andrecall. These populations can reciprocally inhibit each other,eMPK&

neurons also directly innervate CeM output neurdahat can modulate freezing behavidn
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other words, activation ofFearoné (SOM) neurons inhibitFearoffé (PK@ *) neurons in the

CeL that leads to the disinhibition CeM neurons. a subsequet study it was also
demonstrated thatthese PKC / S| y SdzZN2ya | NB Ay@2ft OSR Ay U
as well(Whittle et al., 2021)

CENTROMEDIAL AMYGDAL NUCLEUEXtraamygdalar CeM inputs substantially overlap
with those of the CeL, including the midline thalanf@siret al., 2019)and the insular cortex
(McDonaldet al.,, 1996, 1999)as well as the BNSDong & Swanson, 2006c, 2006a, 2006b)
PB(Bernardet al., 1993; Krukoftt al,, 1993; Kangt al., 2022) HT(Verteset al,, 1995)and
PAG(Rizviet al, 1991) Although some reported relatively strong innervation from the
prefrontal cortex(Vertes, 2004)other results describe these connectionsvesak at most
(McDonaldet al, 1996, 1999) Furthermore, one study reportedonsiderablelevels of
projection from the LT, exclusively from the posterior intralaminar nucleus (BifiKeet al.,
2000) while others described these projections as wédé&sui et al., 1991However, other
studies indicate that these projectiomsostlyoriginate in the triangular part of the posterior
thalamic nucleus, not the PIClugnet et al., 1990; LeDoux, Farb, et al., 1990; Shammah
Lagnado et al., 1999)

CeMefferents are also similar to Celojections The most prominent ones are the
BNST, HT, SI, SNTI'S, PBnd the periaqueductal graiPAG (Krettek and Price, 1978b; Sun et
Ff ®X mMdbdppmI mdbdpnT 5F /2adt D2YST FyR talSKoSKI
2022) along other brainstem nucléCasselét al,, 1986; Jiinglingt al,, 2015) One notable
difference isstrongCeMinnervation of thelPAGBourgeai®t al., 2001b) Furthermore some
studies described moderate innervation of the mediodat thalamus(McDonald, 1987;
Ahmed and Paré, 20238nd LT(Shammak_agnadcet al., 1996)from the CeM.

AMYGDALOSTRIATAL TRANSITION. AREA@ated between LA and caudal globus pallidus,
dorsally to CeL, Astr ian oftenoverlooked part of the amygdalar circuitrifhis region
contains mediurrsized spiny neuronsso early studies considered it as a partttué CeA
although as its transition ggon to the adjacent putame(McDonald, 1982; Turner & Zimmer,
1984) However, later studieslearly distinguished the Astr from the CeA, mainly on the basis
of markedly different neurochemicatharacteristics most notably the distribution of
acetylchoinesterase(Jolkkonen & Pitkanen, 1998; Jolkkonen et al., 208bme studies
termed the Astr as a distinct subregion of the®d f £t SR Wil Af 2F GKS &GN
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relatively high ratio of spiny neurons expressing both dopamine(DlR)and D2(D2R)
receptors(Valjent & Gangarossa, 2021)

This striatal regiomeceives strong input from the L(LeDoux et al., 1986b, 1990b;
Clugnet et al., 1990; Yasui et al., 1991; Shambagnado et al., 1996; Linke et al., 2000; Kang
et al., 2022)and to a lesser extent from the DMTurner & Herkenham, 1991; Shammah
Lagnadoet al., 1999) as well as from théemporal (Mascagni et al., 1993; Romanski and
LeDoux, 1993; McDonald et al., 1999; Shamibatnado et al., 1999; Shi and Cassell, 1999)
prefrontal, insular, perirhinal an@ntorhinal cortex, and subiculurfMcDonaldet al., 1999;
ShammaH_agnadcet al., 1999) At the subcortical level, Astr receives input from a relatively
few structures namelythe globus pallidugGP) SN, DRind LOTShammaH.agnadcet al.,
1996, 1999)as well as a relatively weak innervation from the medial amyg@2dateraset
al., 1995) Within the amygdala, most projections to the Astr originate in the LA, and to a lesser
extent in the BMP (see abové&)utputs of the Astr are also relatively lied, targeting mostly
the passlateralis of the SNLeDoux, Farb, et al., 1990; Shamrhalgnado et al., 199@ndthe
GP(ShammakH_agnadcet al., 1999)

Unfortunately, only a very limited number of studies investigated specifically the
functional roleof the Astr.An early study demonstrated that lesions involving theAlsTr
pathway disrupts auditory fear conditioning.eDoux, Sakaguchi, et al., 1988ubsequent
studiesalso showedhat Astr neurons respond to auditory and noxious stimulation with short
latency during fear conditionin@ordi et al., 1993; Romanski et al., 1993; Uwano et al., 1995)
Furthermore, according to Wang and colleag(2801, 2002Astr neurons are dran by LA
projection neurons with shorter latency than any other amygdala subnuclei, indicating a
prominent role in the intreamygdalar network.

In amore recent studyGangrossa and colleagu€2019)found thata high proportion
of medium spiny neurons the Astrcoexpress dopamine receptoi31R and D2R, unlike the
adjacent striatal regions. Interestingly, they failed to detect a stramfjspecific activation of
Astr neurons following the presentation of innate or learned fpeagdicting cuesor in an
activeavoidance paradignSomewhat contradictory to theséndings Mills and colleagues
(2022) demonstrated that Astr neurons, especially B2gressing cells show robust and
sustained response to aversive stimuli and the inhibition of these cells led to reduced freezing

response to shockredicting cues.
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Taken togetherthe CeA and the Astr areajor striatal regions in ideal position to
convey amygdalar information to a wide range of subcortical areas, although their innervation
and efferent connections are markedly different. On one hand, CeL and r€edive
amygdalar and othersubcortica] higher-order thalamic (DMT) and cortical (prefrontal,
insular) inputandtarget regions that are involved in the regulation autonomic, endocrine and
motor responses (brainstem, HT, BNEIN) the other handAstrestablishes connection from
the amygdala (LA, BR),thalamus(LT)and temporalcortexto the basal ganglia circuitry with
its projection to the GP and SN.

Intercalated cell clusters

Besides the main amygdala subnuclei detailed abtwere are groups of inhibitory
neurons residing in theso-called the intercalated cells clusters (ITCs) that are important
elements of the amygdalar netwofRsedeet al,, 2022)(Figure 2) Several ITCs, named after
their location within the amygdala, have been identified so far, the most important oneg bein
the ventral (vITC), ventromedial (vidTC), dorsomedial (ciiTC), apical (aff C) and lateral<l
ITC) cluster@Hagiharaet al., 2021) Interestingly, ITC neurons form one continuous, irregularly
shaped cluster in the primate bra{@ikopoulost al., 2016)

These clusters contain mostly GABAergic, meesumad neurons with spiny dendrites,
resembling the striatun{Millhouse, 1986; Paré & Smith, 1993; Busti et al., 201 Was also
demonstrated that ITC neurons specifically express the transmnigactor forkhead box
protein P2 (FoxP2) making them reliably identifiable with immunohistochemical labelling
(Bustiet al,, 2011; Hagiharat al., 2021)

Due to their anatomical features (i.e., small, scattered clusters), techniques that made
ITGspecific investigations possible only became available in the last few decades. Therefore,
our knowledge of theanatomical connections and thexact role of the ITCs is relatively
preliminary.Most studies citdateral thalanic (Asedeet al., 2015, 202; Bienventet al., 2015;
Strobelet al., 2015) temporalassociation (TeAAsedeet al,, 2015, 2021; Strobel al., 2015)
andmPFGMcDonaldet al., 1996; Pinaret al,, 2012; Adhikaret al., 2015; Bukalet al,, 2015)
as well as prominent dopaimergic(AksoyAkselet al., 2021)input to the ITCs, among others.
However it is relatively hard to interpret these findings, since there are several terminologies
used for different ITC clustergven in recent publication@Bustiet al., 2011; Pinarcet al,
2012; Adhikaret al,, 2015; Asedet al,, 2015; Bienvenet al., 2015; Hagiharat al,, 2021)
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Within the amygdala, most studies indicate that ITC clusters ventral/medial to the
basolateral amygdalar complex (difiC, viATC,vITC)are reciprocally connected tthe
complex itself(Royer et al., 1999; Royer & Paré, 2002; Asede et al., 2015; Bienvenu et al.,
2015; Blaesse et al., 2015; Strobel et al., 2015; Hagihara et al., 2021; Rajbhandari et al., 2021)
and alsoinnervate theCeA(Paré & Smith, 1993; Royer et al., 1999, 2000; Busti et al., 2011;
Blaesse et al., 2015pPn the other handap- and HTC neurons receive mostly extra amygdalar
innervation and innervate the LA and BIl(8trobel et al, 2015; Asedeet al, 2021)
Furthermore, there is significant interconnectivity between different ITC clusters as well
(Royeret al,, 2000; Bustet al., 2011; AksoyAkselet al,, 2021; Hagiharat al.,, 2021)

In the context of feargarlier studiesmostly indicated the involvement of IT@s the
extinction of fearful memorieg§Royer & Paré, 2002; Jiingling et al., 2008; Likhtik et al., 2008;
Amano et al., 2010; Li et al., 201#Hpwever,another study(Bustiet al., 2011)demonstrated
that neurons in thedlm-ITC cluster are specifically activatharing fear retrieval, while-wm-

ITC neurons showed elevated activation during the expression of fear extinction. It was also
demonstrated that drTC neurons are specifically activated by noxious stifBighenu et

al., 2015) Furthermore, Asede et .gR015)showed that fear conditioning is accompanied by
the weakening of thalamic (LT) and cortical (TeA) synapses dif @rteading to decreased
feedforward inhibition onto their target neurons located in the LA, BLA, CeA and other ITC
clusters. These resultsditate that ITdnvolvement in fear conditioningexpression and
extinction is rather complex.

Accordingly, Hagihara, Bukalo and colleag(2821) demonstrated in a recent
publication that dm and vmITC clusters are involved in different processes dufearful
behavior. Specifically, while difiC neurons were specifically activated by footshock during
fear conditioning In contrast, vidTC neurons increased their activity when footshocks were
unexpectedly omitted in early extinction trainingdditiondly, activity of dmITC neurons
correlated with high levels of freezing, while IifC neurons showed reversed correlataond
selective chemogenetic activation/inhibition of these clusters influenced fear expression and
extinction accordingly. Finally, tleeithors also demonstrated that these effects are mediated
via downstream targets within the amygdala. Specifically, whilelT@ innervates BLA
neurons that project to the prelimbic cortex, viiC neurons innervate infralimbzojecting

BLA, as well a®AGprojecting CeM neurons
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Collectively,ITC clusters are ideally positioned to exert control over the alalgg
circuitry via feedforward inhibitorpr disinhibitorymechanismsriginating inthe amygdala
or in extraamygdalar sources. However, our knedde of the precise anatomical
characteristics and functional role of individual ITC clusters is far from complete.

Thalamus

The thalamus is a complex group of nuclei in the diencephalon, one of the major
sources of excitatory innervation to the cerebral cor(&erman & Guillery, 1996; Kandel et
al., 2000) Traditionally, most thalamic nuclei were considered as relativehplsicrelay<,
responsible for the faithful transmission of ascending sensory information from the periphery
to the cortex(Sherman & Guillery, 1996)

According the model proposed by LeDoux, the thalamic nuclei give ristotheoads
pathway carryingdw processed information to the amygdala. On the other hand, these nuclei
also innervate different neocortical regions that, in turn, innervate the amygdala as well. This
three-station pathway (thalamusortexamygdala) is considered to be thieigh-roade in this
model, where a higher level of information processing can occur.

In the context of fear conditioning, most studies mention two major thalamic
elements, namely the midline thalamus and the lateral thalamus, including the medial
geniculate complex ahadjacent nuclei. In the following subchapters, | will summarize the
most important anatomical characteristics of these two thalamic regions, with special focus
on their connections with the fear network. However, since thalaamoygdalar connections
were already described in detail in the previous chapter, | will only briefly mention these in
this part.

Midline thalamus

The midline thalamus, as its name suggests, is a group of small nuclei along the vertical
axis of the thalamus in roden{&roenewegen & &endse, 1994; Van der Werf et al., 2002;
Vertes et al., 2015nd along the banks of thé%/entricle in humar(Reederst al, 2023) It
can be divided into a dorsal group (DMT) containing the paraventricular (PVT), paratenial (PT)
intermediodorsallMD) nucleus, and a ventral group including the reuniens (Re) and rhomboid
(Rh) nucleus. Between the dorsal and ventral group, the central medial, the and the
interanteromedial nuclei of the intralaminar thalamus can be fo(Riure 5)

Although many, especially earlier studies considered the midline and intralaminar
nuclei as a single functional entity, they are clearly separated both in their aff@Cembwall

32



& Phillipson, 1988a, 1988b; Krout et al., 208a8)l efferent connectiong§van der Werkt al.,,
2002) Furthermore, it was extensively demonstrated that ventral midline group is mostly
involved in hippocampuselated processe$Riley & Moore, 1981; Wouterlood et al., 1990;
McKenna & Vertes, 2004; Vertes et al., 2022)erefae, | will mainly focus on the DMT in the

following sections.
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Figure5. The midline thalamic nuclei in the rodent brdiorsal midline thalamic nuclei ai

represented in bold, while nuclei of the ventral midline group are presented in italic. |

on The Mouse Brain itereotaxic Coordinates (2001) by Paxinos & Franklig.tBivd

ventricle; Cl: centrolateral thalamic nucleuy€£Mc central medial thalamic nucleus;dr

fasciculus retroflexysHb ¢ habenula; IMDg intermediodorsal thalamic nucleudD ¢

mediodorsal thalamic nucleus; mtmammillothalamic tract; PG paracentral thalamic

nucleus; PVT paraventricular thalamic nucleus; Reeuniens nucleus; R rhomboid

nucleus.

The midline nuclei receive substantial input from a lofdrainstemand even spinal

cord nuclei implicated in autonomic, visceral and nociceptive functions, such as the PB, the
PAG, the deep mesencephalic reticular nucleus, the pedunculopontine, dorsal and
laterodorsal tegmental nucleus, and the cuneiform lews, and also monoaminergic
afferents from the locus coeruleus (norepinephrine), dorsal and medial raphe (serotonin), and
ventral tegmental area (dopaminégpiesler et al., 1979; Cornwall & Phillipson, 1988b; Chen &
Su, 1990; Otake & Nakamura, 1995; Kretial., 2002; Otake, 2005; Kirouac et al., 2006)

Furthermore, DMT also receives strong innervation from the several HT regions as well
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(Cornwall & Phillipson, 1988b; Chen & Su, 1990; Otake & Nakamura, 1995; Krout et al., 2002;
Peng & Bentivoglio, 2004&irouac et al., 2005, 2006; Otake, 2Q0Byportantly, that DMT
afferents include a variety of neuropeptidergic fibers, such as CCK, substance P, CRF, orexin
and cocaine and amphetamingegulated transcript (CARTPDtake & Nakamura, 1995;
Kirouac et al 2005, 2006; Otake, 20Q5mplicated in the regulation of stress, pain, arousal
and feeding.

Regarding its cortical inputs, the DMT is innervated by a relatively restricted number
of cortical areas, most of which are implicated in emotion regulatiod ather higherorder
functions. These cortical regions include thePFC especially the prelimbi¢PrL) and
infralimbic (IL) area (Sesack et al., 1989; Vertes, 2002, 2004; Li & Kirouac, 20t2}he
subiculum(Chen & Su, 1990; Canteras & Swanson, 100&; Kirouac, 2012 urthermore,
medial and ventral orbital cortices were reported to innervate the PT and the adjacent
mediodorsal nucleus, but not the PYHoover & Vertes, 2011)nterestingly, some reported
strong insular input to the PVT, espaty to the posterior par(Jasmin et al., 2004; Li &
Kirouac, 2012)while other studies demonstrated the lack of insular afferents in the DBhT
and Cassell, 1998; Matyas et al., 2014; Gehrlach et al., 2020)mportant to point out that
Li ard Kirouaq2012)showed that most of the cortical input originates in the layer 6, a finding
that was indirectly indicated earlier as wg@hen & Su, 1990)

Generally, it can be stated that the DMT is in reciprocal connection with the cortical
regions mentioned abov@Berendse & Groenewegen, 1991; Groenewegen et al., 1991; Otake
& Nakamura, 1998; Van der Werf et al., 2002; Hoover & Vertes, 2007; Li & Ki2608g,
CdzZNII KSNXY2NB>X 5a¢ AYYSNWIFGSa || KFyR¥dzZ 27F &dz
nucleus accumbens, the BNST, parts of the HT and the septum, as well as the dorsomedial
striatum and the olfactory tuberculéSu & Bentivoglio, 1990; Gsnewegen et al., 1991; Moga
et al., 1995; Otake & Nakamura, 1998; Van der Werf et al., 2002; Li & Kirouac, 2008)
Additionally, DMT neurons were shown to possess extensively branching axons that can
simultaneously innervate distant brain regio(@take &Nakamura, 1998; Hoover & Vertes,
2012; Dong et al., 2017; Li et al., 20Zdljhough the precise nature of this collateralization is
somewhat enigmatic at the momenAn interesting study published recen{liReederst al,,
2023)identified the humanmidline thalamus based on its connections with the mentioned
structures, including theNAG mPFC and amygdala, indicating that its connectivity is

evolutionary conserved.
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Projections of the DMT to the amygdala were detailed in the previous chapter. fn brie
most studies described strong DMT input to the CeA (especially the CelL) and BLA/BLP, and, to
a lesser extent, to other amygdala subnuclei as well.

It is important to note that recent studies demonstrated the genetic diversity of DMT
neurons, and thesstudies implicated that genetically different neurons might participate in
slightly different processe@ua et al., 2018; Pandey et al., 2019; Gao et al., 2020; McGinty &
Otis, 2020; Curtis et al., 2021; Kessler et al., 20241 example, Gao and caigues(2020)
showed that galanifexpressing an®2Rexpressing neurons in the anterior and posterior PVT
(respectively) innervate different subregions of the mPFC. Furthermore, this study also
demonstrated that these two populations are involved in diffiet aspects of behavior,
namely in arousategulation and saliency detection, respectively. Additionally, a recent study
(Huaet al,, 2018)demonstrated that starvation induces arousal and that this is modulated by
the activity of calretinirexpressind®VT neurons innervating the BNST. However, it is too early
to draw a complete picture of the consequences of this genetic and functional diversity in the
DMT.

¢NF RAGAZ2YIffey 020K G4KS YARfAYS FyR AyidN
thalamic regons (Groenewegen & Berendse, 1994his term was based on an early report
demonstrating that electric stimulation of these regions elicits kamjing and widespread
cortical activation compared to specific (fustder) nuclei (Dempsey & Morison, 194
Morison & Dempsey, 1941) ater it was also suggested that these nuclei are responsible for
the distribution of the signals from the smlled ascending reticular activating system to the
cortex(Moruzzi & Magoun, 1949)

Therefore, in the subsequent decades the midline and intralaminar nuclei together
were considered as the thalamic part of the system that regulates arousal, attention and
consciousness, although thimonspecificitg and even the arousakgulating functios of
these nuclei werdater questioned(Groenewegen & Berendse, 1994; Fuller et al., 2011)
Accordingly, more complex functions of the midline thalamus were also suggested, and, based
on its strong connections with affective brain regions such as thegydala, were later termed
as part of thedimbic thalamus (Groenewegen & Berendse, 1994; Van der Werf et al., 2002;
Vertes et al., 2015)Correspondingly, the role of the midline thalamus, especially the DMT,
was demonstrated in cocairgeeking behaviofMatzeuet al., 2015)and even more complex

rewardrelated functions as wel(Li et al., 2016; Matzeuet al., 2017; Choet al., 2019)
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Notably, several studies showed a strong stdépendency of the responses and functions of
DMT neurons (for revievgee McGinty & Otis, 2020Q)suggesting an evehigher level of
complexity in this network

The role of the DMT in fear and anxiety regulation has been proposed by many leading
researchers in the fiel{Kirouac, 2015, 2021; Do Mong al., 2016; Barsoet al., 2020) For
example, cerebral blood flow is elevated in the midline nuclei during conditioned fear recall
(Holschneideret al, 2006) Furlong and colleague010) showed that PF@rojecting
neurons in midline thalamus (including ventral nuckere selectively activated in response to
unexpected, but not expected &85 presentation. Accordingly, pharmacological blocking of
midline activity(Sengupta & McNally, 201,43s well as lesioning of the pP{Tet al., 2014)
interferes with Pavlovian fear learning. In a subsequent s{irdylonget al., 2016)it was also
demonstrated that DMT neurons are activated during both the acquisition and expression of
extinction of fear predicting auditory CS and the habituatiotht® US (loud noise) as well.

Interestingly, most studies focused exclusively on the-t&vJeA pathway in the
context of fear regulation. For example, IMonte and colleague$2015) inhibited DMT
neurons during auditory fear retrieval at different tinpeints. Their results showed that DMT
is necessary for late (24h, 7d, 28d), but not early (0.5h, 6h) retrieval or conditioning of fear
memories, and this is mediated through the P&¥@M, but not the PVBLA pathway, in
accordance with previougPadillaCoranoet al, 2012)and subsequen{Chen & Bi, 2019)
results. Interestingly, Penzo et a2015) demonstrated that PVT innervation of S©M
expressingdFearong) neurons in the CelL is necessary for conditioned fear expression, and
that this process inlependent on BDNF signaling from the PVT. Furthermore, photoactivation
of the anterior PVBxon terminalsn the CeA induces place aversi@o-Monte et al,, 2017)
while photoactivation of the P\VMIb-NAc pathway is rewarding and promotes salmulation
(Laffertyet al., 2020)

To the best of my knowledge, only a handful of studies investigated the-tDNSLA
pathway selectively, despite the fact that most studies reported strong anatomical connection
between these regions (see previous chaptdr). fact, an electron microscopic study
demonstrated that DMT neurons almost exclusively target principal neurons in th@ARLA
et al, 2019) suggesting that DMT activity can strongly influence BLA pyramidal neurons.
Surprisingly, optogenetic studigselded mixed resultafter photostimulation of DMT axon

terminalsin the BLAChen & Bi, 2019; Ahmed et al., 2028gcording to Padill€oreano et al.
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(2012) DMT silencing after fear conditioning did not influence immediate early gene cFos
expressior(a marker of neuronal activity) in the BLA, suggesting that the projections from the
DMT to BLA does not influence fear recalteéent publication(Liet al., 2022)revealed that
neurotensinexpessing neurons of the PVT exetbidirectionalneuromoduatory effect on

BLA neurons during positive (reward) and negative (punishment) valence assignment,
highlighting the role of this pathway in emotional learning.

Taken together, the DMT is a unique group of thalamic nuclei, that receives a wide
variety of sibcortical inputs involved in viscerosensory, autonomic and nociceptive functions.
In turn, DMT is ideally positioned to forward these signalsftine forebrain, includingortical
(mPFC) and subcortical targets (Amy, NAc, BNST, HT) mostly implieatextion-regulation
and otherdimbice processes. Based on these observations, the DMT seems to serve a more
complex function, than a simple awakening center, as it was previously suggested.

However, the exact role of the DMT in associative flearning remains elusive.
Although it is generally accepted that the DMT most likely conveys arceisééd
information to the fear circuitry, certain subregions, cell types and even neurons targeting
different structures might be involved in different @ects of feasrelated behaviors.
Therefore, cell typeselective experimental designs would be necessary to specifically
investigate the role of the DMT in this network.

Lateral thalamus

Since the vast majority of associative fear conditioning studies asddory cuesas
CS, the auditory regions in the lateral part of the thalamus have been identified as a major
element of the fear network. According to the classic model, sensory si@fajdJSEach the
amygdala (mostly the LA) via this sensory pathefthalamus, and the related cortical areas,
and the association of these signals happens in the amydgdeldoux, 2000; Blagt al., 2001)
(Figure 1)

This model seemed reasonable for decades for several reasons. First, rieelves
substantial asending information from the inferior colliculus (IC; auditory signals) and the
spinothalamic tract$STsomatosensory/nociceptive signaldeDoux, Ruggiero, et al., 1985;
LeDoux et al., 1987; Zhang & Giesler, 2@85)ell §eedetailsbelow). Second, the LT projects
heavily to the amygdala, especially the LA, Astr and BMA/BMP subnuclei (see previous
chapter). And third, lesions to thkC,LTor its projections to the amygdalar the LA itself
disrupts auditoryfear conditioninglLeDoux et aJ 1984, 1985b, 1986a, 1986b; Romanski and
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LeDoux, 1992b; Campeau and Davis, 1988)ough some reported contradictory results (see
below).

Before the detailed description of the connectivity of the LT, | have to briefly address
nomenclatural concers in this region. The most widely used mouse brain atléBaginos &

Franklin, 2001 Allen Brain Atlashttp://atlas.brain-map.org) identify several nuclei around

the medial geniculate nucleus (MGN), the main auditory thalamic nucleus, namely the
suprageniculate (S@he posterior limitans (PLi), the triangular part of the posterior thalamic
nucleus (POT) dorsomedially, and the PIL and peripeduncular nucleus (PP) ventrally.
Furthermore, the MGN is usually divided into a ventral (vMGN), a dorsal (dAMGN), and a medial
(mMMGN) subdivision, with the vMGN being the main, 4inster sensory region. Although this
subdivision is supported by some anatomical data, the exact borderseatmt of these

nuclei are hard to define and there is significant variance in the literature in this regard.
Therefore, for simplicity, | refer to all these nuclei collectively as LT, except for the vMGN
(Figure 6).

Figure6. The lateral thalamic nuclei in the rodent braiigherorder nuclei surrounding the
primary auditory thalamic nucleus (VMGN) are represented in bold. These nucl
collectively referred to as lateral thalamus (LT) in the present doctoral thesis. Based
Mouse Brain in Stereotaxic CoordinatesO@0by Paxinos & FrankliAPT¢ anterior

pretectal nucleuscp ¢ cerebellar peduncule; MGN, d, mgmedial geniculate nucleus
dorsal, medial, ventral part; gimedial lemniscus; Pé&posterior intralaminar nucleus; P
¢ posterior limitans thalamic ucleus POT¢ triangular part of the posterior thalami
nucleus PP¢ peripeduncular nuclegs$SGg suprageniculate nucleus; &ubstantia nigra.
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Aside from the inputs from the IC and spinothalamic tract, LT nuclei receive other
ascending input as well, although distinctions should be made betveaehnucleus The
vVMGNIis the part of the primary ascending auditory pathway, receiving most of it finpm
the IC and projecting to the primary auditory cortex (Aul), and therefore considered a
oclassié first-order thalamic nucles (Ryugo & Killackey, 1974; LeDoux et al., 1984, 1987;
LeDoux, Ruggiero, et al., 1985; Arnault & Roger, 1987; RomanskiofiX,€@93b; Bordi &
LeDoux, 1994; Kandel et al., 2000; Horie et al., 2013)

On the other hand, the medial and dorsal MGN (m/dMGN), SG and PIL reopwes
of different modalities, most notably from the IC (auditoi$ Tsomatosensoryandsuperior
colliculus §C;visual, multisensoryjLeDoux, Ruggiero, et al., 1985; Arnault & Roger, 1987
LeDoux et al., 1987; LeDoux, Farb, et al., 1990; Linke et al., 2000; Zhang & Giesler, 2005; Horie
et al., 2013) Interestingly, Gisler and colleague¢Giesleret al., 1979)showed that SST
projections innervating the LT and midline thalamus originate in different cervical redioas.
multisensory nature of this thalamic regiat the cellular level was also demonstrateg
electrophysiological findingin rat(Bordi & LeDoux, 1994hd catstudies(Wepsic, 1966; Love
& Scott, 1969)Moderate innervation from the GBnd striatumand layer 36 of temporal
cortical regiongArnault & Roger, 1987; Mcintyre et al., 1998tammaH_agnado et al., 1996;
Horie et al., 2013yvas also described in the LTis important to note that, each of these
nuclei receive slightly different combination of input from theeviouslymentioned sources,

a feature that will not be further etailed in this thesis.

In turn, LT projections target multisensory temporal cortical regions, but mostly avoid
primary (auditory) sensory aregdkeDoux et al., 1985a; Arnault and Roger, 1987; Romanski
and LeDoux, 1993bBesides the amygdala, detailadthe previous chapter, LT innervates
only a handful of subcortical structures, namely the striatum dorsal to the amygdala, the
ventromedial HTand the parvicellularsubparafascicula(SPFp}halamic nucleugRyugo &
Killackey, 1974; LeDoux et al., 198dDbux, Ruggiero, et al., 1985; LeDoux, Sakaguchi, et al.,
1985; Arnault & Roger, 1987; Doron & LeDoux, 1989ne study, several brainstem nuclei
were also listed as target regions of the LT, however, these projections most likely originate in
the adjacentSN regior{Arnault & Roger, 1987)

In sum, nuclei of the LT constitute a higleeder thalamic region surrounding the
MGN, the auditory firsbrder region. LT is ideally positioned to convey multisensory

information from IC, SC, and the spinafamic tractto higherorder cortical regions of the
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temporal cortex thatin turn,innervate the amygdala (see details in the previous and following
chapter), as well ag handful of subcortical regionK.is of special interest that the existence
of these connections was also proved in human using probabilistic tractog &@hieret al.,
2015) suggesting the evolutionary conserved nature of this thalamic region.

Interestingly, lesioning studies of the LT yielded mixed results on its involvement in
fear conditioning For example, nilateral lesions of the LT regidiock footshockinduced
cFos expression in the LA in the affected hemisphere, but do not interfere with appropriate
behavioral response@.anuzaet al., 2008) Bilateral lesion®f the LTdisrupted auditory fear
recall in some studiegLeDoux et al., B, 1986a, 1986b; Romanski and LeDoux, 1992b;
Campeau and Davis, 199While other studies reportednly partial(Boatman & Kim, 2006)
or completelack of disrupted conditioninfRomanski & LeDoux, 1992a; Lanuza et al., 2004)
On the other hand, elgric microstimulation of the P]lbut not other LT nuclecan serve as
US in an auditory fear conditioning paradig@ruikshanlet al., 1992) while photostimulation
of LT (and temporal cortical) terminals in the LA can substitute for an auditory &@Spaiied
with a footshock Kwonet al,, 2014; Nabawt al., 2014)

Tothe best of my knowledge, only a handful agll typeselectivestudiesin the LT
have been published so fakrecent study(Kanget al., 2022)demonstrated that LAand Astr
innervating CGRP expressing neurons in the thalamus respond to aversive stimuli of all
modalities. Photostimulation of these neurons, or their terminals in the LA elicited
conditioned place avoidancend served as US durinfgar conditioning while their
photoinhibition blocked fear responding to neconditioned auditory and visual cueass well
as fear conditioning to auditory cues. Although the authors of this paper identified the
investigated thalamic region as the SPHpatamical figures in the article clearly show that
their experiments involved the PIL and ventral mMMGN. In fact, an older study of thalamic CGRP
neurons demonstrated that most kgrojecting thalamic neurons afecalizedin the LT and
not the SPFgYasui eal., 1991)

Another study(Liet al.,, 2022)investigated the role ofieurotensinexpressing neurons
and found that conditional knock out of thits gene specifically in the LT did not affect
aversive of appetitive associative learning, although the authors did not rule out the possibility
of an NTSndependent mechanism underlying -biediated associative learning. These
studies yielding mixed results the exact role of LT during associative fear conditioning point

to the necessity of more rigorous cslpecific investigations of this thalamic region.
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Despite these inconsistencies, the dominant model of the fear circuitry still poses that
the thalamws (LT) is a major sources#nsory information (US, G8)the amygdala, and the
association of the different modalities happens in the LA or BLA, as it can been seen in
numerous reviewgLeDoux, 1992; Orsini & Maren, 2012; Calhoon & Tye, 2015; Janak & Ty
2015; Tovote et al., 2015Although neuronal plasticity during associative fear learning was
extensively demonstrated in the amygdakeé previous chapt@r some argue that similar
mechanisms happen at the level of the thalanfWéinberger, 2011)

In fact, several studies demonstrated that LT neurpmopstream of the LAshow
enhanced frequencyspecific tone-responsiveness to the C$8eveloping rapidly during
auditory fear conditioningEdeline, 1990; Hennevet al, 1998) and that this plasticity is
enduringover a long time perio¢Edelineet al.,, 1990) Accordingly, auditory fear conditioning
is accompanied by elevated expression of CRBRIR/C&* responsiveelement binding
protein), an intracellular moderator of sypac remodeling, in the LT, and artificial
enhancement of CREB expression leads to augmented auditory, but not contextual memory
formation during fear conditioning(Han et al, 2008) Nevertheless, plastic changes
accompanying fear conditioning at thevid of the thalamus arstill generally overlookedh
the literature.

Taken togetherthe LT has been identified as the main thalamic source of multisensory
information in the amygdalawith electrophysiological andbehavioraldata supporting its
directinvolvementin auditory fear conditioning. However, the LT nuclei are loosely defined
anatomically which can be the source of numerous inconsistencies found in the literature.
Therefore, cell typespecific anatomical and functal investigations would be necessary to
clarify the exact role of LT in fear regulation.

Cerebral cortex

The cerebral cortex is often vied as the most developed part of the brain,
responsible for the most precise and complex processing of informatluereiore, it is not
surprising that numerous attempts have been made to discover its role in emotion regulation,
including fear learning.

At the level of the neocortex, the most often cited region is tieFGn the context of
fear (Calhoon & Tye, 2015;rkk & Tye, 2015; Tovote et al., 2015; Stujenske & Likhtik, 2017;
Asede et al., 2022Neverthelessit is widely accepted that this region is not involved in the

processing of sensory information necessary for fear conditioning (see details below).
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Therefore, associative neocortical regions, particularly in the temporal cortex are also
considered to bemportant elements of this networklanak & Tye, 2015; Tovote et al., 2015;
Asede et al., 2022nlthough their exact role is much less described Ydre | will briefly
summarize the currently available data about the involvement of these corticalnmegn fear
related behaviors.

Medial prefrontal cortex

The prefrontal cortex is generally considered todsethe top of neural hierarchy, in
terms of neural integration, and has been implicated in a variety of cognitive, social, and
emotional processesral malfunctions, such as impulse cont(bkja & Koch, 2015y orking
memory (Floresco et al., 1999attention (Christakouet al, 2004) rewardseeking and
addiction (Ishikawa et al., 2008a, 2008b; Seif et al., 2013; DorARaptriguez et al., 2020)
anddepressionVialouet al., 2014) among others.

In the context of fear and anxiety, mostdent studies mention the mPFC, and its
subregions, namely the cingulatertex(Cg), the Prandthe IL. Although the complete ore
to-one correspondence of human and rodent anatomical nomenclature is a matbeguing
debate, it is generally accepted that the rodent mPFC is roughly equivalent to the human
anterior cingulate cortexPreuss, 1995; Vogt drPaxinos, 2014; Laubach et al., 2008re
specifically, Cg is considered to be homologous N2 RY | yy Qa | NSl HnI gK?)
areas 32 and 25, respectively. In fact, newer rodent brain atlases incorporated these
Brodmann numbers into the mPFG@menclature(Paxinos & Franklin, 201HIthough other
regions are also considered as parts of the mPFC (medial eri@| dorsal peduncularDPR,
secondary motor cortex M2), the vast majority of fearand anxietyrelated publications
focused on thehree regions mentioned above (Cg, PrL, IL), and so will I in this thesis.

The mPFC receives innervation frometatively limited number of structures only.
The most important subcortical source of innervation is the midline and mediodorsal
thalamus, although different regions of the amygdala, basal forebrain, HT, midbrain and
brainstem also provide innervation in varyingé&/(Vertes, 2006; Hoover and Vertes, 2007,
Vertes and Hoover, 2008; Kim et al., 2012; Matyas et al., 2Diffgrent mPFC subregions are
reciprocally connected with each other, and with other cortical regions, most notably the
insular, orbital,tempord-, ecto- and entorhinal corticegVertes, 2004; Hoover and Vertes,
2007, 2011; Zingg et al., 201#) addition, the mPFC is innervated by the hippocampus, but
not the other way aroundNaber and Witter, 1998; Vertes, 2006; Hoover and Vertes, 2007)
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In sum, the mPFC receives processed information from various hagtier cortical and
ddzo O2NIOAOI T NBIAZ2YAEAST YI{1{Ay3 Al (QingetalR8I4)E aAyi

On the other hand, the mPFC innervates numerous regions throughaubthin,
including the nucelus accumbens and caudatgamen, the BNST and several HT nuclei, and
neuromodulatory centers, such as the ventral tegmental &8(dopamine), basal forebrain
(acetylcholine) and dorsal raphe (seroton{®esack et al1,989; Hurley et al., 1991; Carr and
Sesack, 2000; Pinto and Sesack, 2000; Vertes, 2004; Gabbott et al., 2005; \Bargatret
al., 2011) Afferents to the amygdala and the thalamus were detailed in the previous chapters.
In brief, mPFC innervates thadline and mediodorsal thalamus, as well as different amygdala
nuclei, most notably the basolateral and basomedial areas.

Importantly, several anatomical studies indicate that distinct subregions of the mPFC
are involved in slightly different functionsavdifferent projection patterngGroenewegen et
al., 1991; Hurley et al., 1991; Vertes, 2004; Gabbott et al., 2005; Zingg et al., Rothdut
the detailed description of different projections originating in these regions, it can be generally
stated tat dorsal regions (M2dorsal Cg) are mostly innervate structures implicated in
sensorimotor processing, ventral regions (IL, DP) project to viscerolimbic structures, while the
ventral Cg an®rLarespecifically implicated in higherder cognition and motion regulation
(Sesack et al., 1989; Voorn et al., 2004; le Merre et al., 28214y lesioning studies on mPFC
involvement in cued and contextual fear conditioning yielded contradictory refatisztak
and Neafsey, 1991, 1994; Morgan et al., 199®rgan and LeDoux, 1995lso indicating
functional differences between mPFC subregidwesvertheless, the exact definition of these
subregions is somewhat elusive and subject to constant change, making the interpretation of
these studies harder.

Subsguent studies with more focal approaches investigated the rolalifferent
mPFC subregions in fear regulation. For example, Sideraado et al. (2011)
pharmacologically blocked the activity of PrL, IL, BLA/BLP and the ventral hippocampus before
auditory fear retrieval separately. According to their results, PrL inactivation impaired freezing
to the CS, but did not affect extinction memory formation. tbe other hand, extinction, but
not conditioned freezing, was selectively disrupted by IL inactivation. Interestingly, BLA/BLP
and ventral hippocampus inactivation disturbed both the retrieval and extinction on fear
memories Another study(Lee & Choi, 2@) reported that pharmacologicahactivationof the

mPFefore testing, but not during acquisition, disrupts discriminative fear conditioning as
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well. Accordingly, PL was activated, as measured by cFos expression, during the retrieval phase
at varioustime points, and its inactivation resulted in decreased freezing responses in a more
recent study(Do-Monte, Quifioned_aracuente, et al., 2015nterestingly,others reported
elevatedcFos levels both in the PrL and IL, but not in Cg, during the dauasd expression

of extinction (Furlonget al., 2016) Another study(Baeget al., 2001)also reported that PrL

and IL neurons change their activity during standard and trace conditioning, cued and
contextual fear recall and extinction, indicatingat mPFC actively processes fealated
information during various stages of conditioning.

Although these resultpoint to the functional separation of mPFC subregions indeed,
they do not account for the underlying network mechanssniror example, activian of
ventral mMPFQvmPFQ)L axoms, but not dorsal mPFC (dmPR€jminals in the amygdala
during training promotedextinction learning but not the expression of extinction memories
per se while inhibition in the acquisition phase resulted in disrupted extinction learning
(Adhikariet al., 2015; Bukalet al., 2015, 2021; Bloodgoosdt al, 2018) However,other
studies(VidalGonzalez et al., 2006; EMonte et al., 2015ajound thatactivationof vmPF@L
neurons during extinction learning arexktinction retrieval decreased freezing responses in
both phasesFurthermore, pharmacological inhibition of tvenPFQGlso disrupted extinction
learning, but also fear retrievdBierraMercadoet al,, 2006) These results indicate that the
vmPF@romotes theacquisition of fear extinctionia its projections to the amygdalbut the
effect of this pathway on conditioned fear retrieval remains controversialwever, others
reported that rats can express eixiction after lesioning themPFC one week before fear
acquisition(Lebronet al., 2004)or one day after extinction training(Garciaet al., 2006)
indicating that mPFC is not the only region responsible for fear extinction.

The studiesnentioned above suggest that PrL is involved in the expression of learned
fear, but not learning or extinction. Accordingllectric microstimulation of the PrL region
during fear retrieval resulted in increased freezing and impaired extin¢WatatGorealezet
al., 2006) while pharmacological inactivation of the PrL during retrieval blé@ezing but
has no effect if applied during the conditioning ph&€ercoran & Quirk, 2007A recent study
(Do-Monte, Quifioned_aracuente, et al., 2018)sodemonstrated that fear retrieval depends
on the projections from PrL to BLA at early time points (6 h after conditioning) but requires

Prl-to-PVT projections in the long term (7 days). Interestinglydies investigating the
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involvement of PrL in contexal fear conditioning yielded contradictory resu{Gorcoran &
Quirk, 2007; Gilmartin & Helmstetter, 2010)

Additionally Gilmartin and Helmstetter (2010) found that pharmacological
inactivation of the Prbefore acquisition impairsuedtrace fear conditioning, during which a
temporal gap of few seconds is introduced between the CS and US, but not standard (delay)
conditioning.A subsequent study also demonstrated the involvement of the amygdala and
ventral hippocampus in trace fear catidning (Gilmartinet al,, 2012) This suggests that the
PrL, possibly in concert with the amygdala and hippocampsiselectively involved in the
regulation of a more complicated form of conditioning that requires working memary
known function of he mPFQFloresceet al., 1999) In fact, optogenetic silencing of therL
specifically during théemporal gap between the CS and US disrupted trace fear conditioning
as reported in a followp study(Gilmartinet al.,, 2013)

Taken together, most studies implicate the involvement of the PrL and IL subregions
of the mPFC in fear regulation. Specifically, while PrL was suggested to control learned fear
expression, IL is proposed to modulate the extinction of fear responses. dkoglyr, it was
demonstrated that IL can attenuate PrL activily & Neugebauer, 20123upporting their
antagonistic influence on the fear circuitry. However, the exact anatomical definition of PrL
and IL and their separation from adjacent mPFC regiemsins elusivenaking the correct
interpretation of these results hardeFor example, there are contradictory results published
about the innervation of ITC clusters from different mPFC redideses, 2004; Pinaret al.,

2012; Adhikaret al., 2015; Bukalet al., 2015; Strobeét al., 2015)
Temporal association cortex

Besides the mPFC, another cortical region frequently mentioned in relation to the
amygdala and fear conditioning is the area ventral toAlnd.and dasal to the rhinal cortices.
Some authors refer to these regions as the ventral part of the secondary auditory cortex (AuV)
and the temporal association cortex (Te®axinos and Franklin, 2001; Asede et al., 2015)
while others call them temporal coratareas 2 and 3 (T2, respectivelyjArnault and Roger,
1990; Shi and Cassell, 1997; Lanuza et al., 2604)simplicity, hereafter | will collectively
refer to these regions abeA sincenost studies do not make a clear distinction between AuV
and eA either.Interestingly, much lower number of studies focused on the role of this region

specifically in fear behavior than on the mPFC.
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As it was described in detail in the previous chapters, TeA, unlike the adjacent Aul
receives its maimnervation from the LT nuclei around the main MGINe same regions that
innervate the amygdaléLeDoux, Ruggiero, et al., 1985; Arnault & Roger, 1990; Romanski &
LeDoux, 1993b; Winer et al., 1999; Horie et al., 20A3)ecent study(Zingget al., 20149
investigating the connectivity profile of the entire mouse neocortex demonstrated that the
TeA is connected to almost all other neocortical areas, as well as the claustrum and rhinal
cortices. Therefore, the authors concluded that TeA is in an idesitipo to integrate
sensorimotorinformation ofdifferent modalities Besides theseTeA is innervated weakly by
a few subcortical structures, such as the DR, locus coeroleus and nucleus (Fasaligt &
Roger, 1990)

In turn, TeA innervatethe same halamic regions it receives innervation from, and
also the Aul and the perirhinal corté®hi & Cassell, 199 Furthermore, TeA sends significant
innervation the LA, AstBMA/BMPand the ITCRomanski and LeDoux, 1993; Shi and Cassell,
1997,1999; Kwon et al., 2014; Strobel et al., 2028pderate levels of projections to the DR,
locus coeruleus, nucleus basalis, IC, SC and the striatum were also rgpportadlt & Roger,
1990)

Despite its strong connections with the LT and amygdalay dasioning studies
yielded contradictory results about the involvement of the TeA in auditory fear conditioning
(LeDoux et al., 1984, 1985b; Romanski and LeDoux, 1992b; Campeau and Davis, 1995;
Boatman and Kim, 2006However, a subsequent study indied the involvement of TeA
neurons in higherorder ascpects of fednehavior, namely extinctionesistent longterm
storage of fearful memories and anticipatory responses to th@L@ket al,, 1997) a notion
that was suggested in earlier publicatio(\&einberger and Diamond, 1987; Edeline, 1990;
Edeline and Weinberger, 1992hese results indicate that the TeA is pamarlyinvolved in
simplefear conditioning, but necessary forore complex aspects of fearful behavior

In line with this notion, subsequent publicatios provided evidence for the
involvement of the neocortex in high@rder aspects of feaconditioning(Letzkus et al.,
2011; Peter et al., 2012; Yang et al., 2016; Dalmay et al., .20%pgcifically, if complex
auditory signals are used as CS instead of pure tonéssioning (Peter et al., 2012)
pharmacologicafLetzkus et al., 2011; Yang et al., 20di6pptogeneticinhibition (Dalmayet
al., 2019)of the auditory cortex, including AyAuVand TeAduring fear condioningor recall

disrupts learning. Furthermorét, wasalso demonstrated that this disruption is mediated by
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cortical interneurons via cholinergic disinhibitory mechanisth®tzkuset al, 2011)
Accordinglya more recent publicatior(Feiginet al., 2021)demonstrated that TeA neurons
specifically process complex auditory signals rather than pure tones, further supporting its
putative higherorder nature

Yang and colleagug¢¥anget al., 2016)specificallyinvestigated the role of the L-#o-

TeA pathway in auditor fear recall using complex tones. They showed that this paihway
selectively involved in the recall of conditioned fear memariasing chemogenetic or
optogenetic silencing of these connectiol$iey also demonstrated th&¢ar conditioning is
accompanied by synaptic plasticity in-t0ATeA terminals, but not in EB-TeA nor mPR®-
TeA terminals. These results indicate that the TeA is involved in thetdomgstorage of
fearful memories, confining earlier suggestion§&acco & Sacchetti, 2010)

Another direction in which the role of the TeA was investigated in relation to fear
conditioning is the generation synaptic plasticity in the amygdala. It was shown in freely
moving rats, that stimulatin of thalamicor cortical inputs to the LA both elidihput-specific
LTP, although the thalamic LTP was found to be stable for a longer period dDiaypereet
al., 2003) Furthermore, combined stimulation of thalamic and cortical inputs ledhe
strengthening of both synaps@sthis studywhich wasconfirmedby subsequentn vitrodata
(Choet al., 2012) Accordingly, simultaneous optogenetic stimulation of thalamic and cortical
terminals in the LA is sufficient to serve as a CS whendwaiith a footshock (US) during fear
conditioning(Kwonet al., 2014)

Collectively, currently available data indicate ttia¢ TeA is mostly involved in higher
order aspects of fear learning and expression, but not simple auditory fear conditioning per
se. Specifically, TeA was implicated in the processing of complex sounds used for conditioning,
the longterm storage of fearful memories and promotion of synaptic plasticity accompanying
fear learning in the amygdala. Nevertheless, only a limited numbstudfies focused on the
role of this region specifically, so future studies will most likely reveal important details about

the functions of TeA and adjacent cortices.
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Summary and Aims

The regulation of fear learning, expression and extinction has bagmngively
investigated in the previous decades. According to the currently accepted model, originally
proposed by J. E. LeDoux, external and internal stimuli reach the amygdala through the
thalamus and the cortex, where this information is integrated aonf enduring memories
(Figure 1) The amygdala, in turn, governs behavioral, autonomic and hormonal responses
directly through its subcortical connections. Extensive research data is now available for all
elements of this network, although there amill plenty of unanswered questions and
enigmatic features in this system.

More specifically, at the level of the thalamus, the dorsal midline nuclei and the nuclei
surrounding the main auditory nucleus (MGN) in the lateral thalamus are the two major
sources of thalamic innervation to the amygdala. The model proposes that in a classical fear
conditioning paradigm, during which a CS (usually a tone) and an aversive US (usually a foot
shock) become associated, ascending sensory signals are relayed thrasghttfalamic
nuclei directly to the amygdala with short latency. However, careful investigation of the
current literature raises questions about this proposition.

First, the dorsal midline thalamus is mostly involved in the regulation of arousal levels,
but not in primary sensory or nociceptive processing. However, since these nuclei are small,
irregularly shaped and are surrounded by other, functionally diverse thalamic regions, specific
investigation of the function of them has been challenging so fatheocexact function of
these nuclei is still elusive.

Second, although the lateral thalamus innervating the amygdala is generally
considered as a relay station for auditory information, the actual nuclei innervating the
amygdala (PIL, SG, mMGN, etc.) atber multisensory in nature. However, similarly to the
dorsal midline thalamus, due to their anatomical peculiarities, the specific investigation of the
lateral thalamic nuclei in question are also not straightforward. This notion on the other hand
leadsto the following questions. What kind of information can these multisensory nuclei
transfer to the amygdala? And where is the actual site of CS/US association?

And third, although there are several contradictory results in the literature, it seems

likely that these thalamic regions innervate different amygdala subnuclei with minimal
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overlap. However, direct, systematic and quantitative comparison of the actual projection
patterns of these thalamic regions in all amygdala subnuclei is still lacking.

Therefae, the main aim of the present thesis is to clarify the anatomy of the thalamic
innervation of the amygdalaldesis STATEMENTR). We sought to identify molecular markers
that can reliably define the thalamic source of amygdala innervation and the e
different amygdala subnuclei to achieve maximal anatomical precision.

At the level of the neocortex, the two most important regions known to provide
significant projections to the amygdala are tim®FGnd the highetorder associative regions
of the temporal cortex(TeA) In accordance, these regions are strongly connected to the
dorsal midline and lateral thalamus as well, respectively. According to the currently available
data, themPFCespecially thé>rLand ILregions are actively involved in thpeecise tuning of
the expression and extinction of fearful memories, respectively. On the other hand, the
temporal cortical regions contribute to the processingcofnplexsensory signals during fear
conditioning and are involved in the lotigrm storageof fearful memories.

Although their involvement in fearelated processed are widely accepted, to the best
of my knowledge, no studies compared their innervation patterns in the amygdala to each
other and to thalamic innervation patterngdirectly. Therefoe, the next major aim of this
thesis was to describe and compare these cortical innervations in the different amygdala
subnuclei THESIS STATEME}T

Within the mPFC, the most often cited subregions in the context of fear regulation are
the prelimbic andnfralimbic cortices. Howevethe anatomical definition ofheseregiorsis
relatively vague. Moreover, some studies use other terms, such asalanil dorsal mPFC
sometimes interchangeably fdtrLand IL, respectively, sometimes including adjacentFaP
subregionsfurther complicating the interpretation of physiological and behavioral data. To
resolve this issue, we sought to describe the distribution of amygdala projecting neurons in
the mPFC with special focus on th@rLand IL cortices THESIS STEMEN®), based on the
molecular profile we established Btudy 3

Circling back to the amygdala network model, once the information from these
thalamic and cortical sources reaches the amygdala, the-artmggdalar connections take
over its processingt is generally accepted that a relatively linear flow of information takes
place in this structure, from the basolateral amygdala complex, and especially its lateral

division, towards the central amygdala.
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However, there are several inconsistencies andnswered questions regarding the
intra-amygdalar connectivity. Most notably, although a straight latésatentral amygdala
pathway is considered as a crucial element of this network, direct anatomical evidence for the
existence of this pathway is laciginTherefore, the last aim of this thesis was to reliably map
intra-amygdalar connections and compare them to the previously established thalamic and

cortical innervation patternsTHESIS STATEMENT
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Thesis statements

Thesis statement 1: The amygdala is innervated by two prominent
thalamic sources in a hon -overlapping manner

We demonstrated that the vast majority (>90%) of amyggalgecting thalamic
neurons expressalretinin (Calrand are localized in the DMT and L Stndy land Study 2
In these studies, we used a combination of classical retrograded€aémdent anterograde
viral tracing techniques and multiple fluorescent immunohistochemistry to confirm these
connections in both directions. However, these two studies investigated-&kyigdalaand
LTFamygdalaconnections separately.

Therefore, we simultaneously labelled these two thalamic-€gfressing populations
using the same viral tools and directly compared their adensities in the amygdalaVe
used various molecular markeis identify and distinguish different amygdalar subnuclei in a
biologically reliable manneDuring these experiments wapplied a custommade ImageJ
script specifically designed to tract and measwgon densitiesin high magnification
fluorescent confoal images. According to thesenpublished results DMT and LT Calr
expressing cells innervate theajor amygdalasubnucleiin a quantitatively noroverlapping
manner indeedNamely, the DMT most heavily innervates the BLA and CeL, while LT sends
strong prqgections to the LA, Astr and BMA.

These results indicate that ascending excitatory information of different nature from
the thalamus may not directly converge in the major amygdala subnuclei. Specifically, these
anatomical results suggest that arousealated and sensory information from the thalamus
(DMT, LT, respectively) mostly reach different amygdala regions.

Related publications:

Study 1:A highly collateralized thalamic cell type with arousptedicting activity
serves as a key hub for graded staramsitions in the forebrain2018) Matyas, E., Komlési,

G*, Babiczky, A., Kocsis, K., Barth6, P., Barsy, B., David, C., Kanti, V., Porrero, C., Magyar, A.,
{1 £0azX LI / f INatdddnEuroEeierice, 21(11)A&IBRE = [

Study 2:Associative and plastic thalamic signaling to the lateral amygdala controls
fear behavior(2020),Barsy, B., Kocsis, K, Magyar, A., Babiczky, A., Szabo, M., Veres, J. M.,
Hillier, D., Ulbert, 1., Yizhar, O., & MatyasNature neuroscience, 23(5), 6537.

Unpublished resulst
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Thesis statement 2: The intercalated cells receive converging
thalamic innervation

In THESIS STATEMENT concluded that the two thalamic sources give rise to a mostly
non-overlapping innervation patterm the amygdalaOne pominent exception could be the
dm-ITC cluster and the smalled suprantercalated cluster of neurons (SIC) first described in
Study 2 These GABAergic cells clusters play an important role inantsagydalar inhibition
(see Introduction, although their exact functional contribution to feeggulation is not
completely elucidated yet.

In Study 2 we demonstrated that the SIi€ selectively activated to the simultaneous
presentation of CS and US, or US al@imilar activation patterns &re also reported for the
dm-ITC cluster in previous studies (se¢roduction). Furthermore, it was also shown that
theseregiors receive LT innervatiooonveying noxious and sensory signals. However, in this
study we did not quantify the strength of Linervation. Furthermoreto the best of my
knowledge quantitative data foDMTprojections in these clusters is also not available.

Therefore, parallel to the quantification dialamic innervation of the major amygdala
subnucleidescribedin THESIS STEWMENTL, we also measured axon densities in the SIC and
dmITC. According to ouunpublished results, these clusters receivesimilarly strong
innervation from both the DMT and LIh fact, the density of labelled axons was comparable
to the most strongly inervated amygdala subnuclei for both thalamic regions.

Taken together, our results indicate that thalamic innervation not only drives
prominent excitatory pathways in the amygdala, but also shapes-artrggdalar inhibition.
Furthermore, we alsdemonstrated that GABAergic neuron clusters in question (SI€T@n
receive converging thalamic input from the DMT and LT, although the functional consequence
of this concurrence is not clear yet.

Related publications:

Study 2:Associative and plastic #damic signaling to the lateral amygdala controls
fear behavior(2020),Barsy, B, Kocsis, K, Magyar, A., Babiczky, A., Szab6, M., Veres, J. M.,
Hillier, D., Ulbert, 1., Yizhar, O., & MatyasNature neuroscience, 23(5), 6&537.

Unpublished resulst
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Thesis statement  3: Cortical innervation of the amygdala resembles
thalamic innervation patterns

In Study 1 Study 2,and Study 3connections between the DMT, LT and the neocortex
were characterized. According f&tudy land Study3, DMT is reciprocallyooinected to the
MPFC, especially to its PrL and IL regions. On the other §amt}, 2demonstrated that the
strongest neocortical partner of LT is the TeA region. We have not found evidence for
significant direct connections between the DMT and TeA, etween LT and mPFC in either
direction.

Besides these thalamcortical and corticehalamic connections, the amygdala also
receives neocortical afferents from the mPFC and Te8tudy 2we demonstrated that LA is
heavily innervated by the TeA, while data publishe&tudy 3indicate that mPFC IT neurons
target the amygdala, especially the BLA subregao the dmITC However, amygdala
subnucleispecific systematic comparison of mPF@ &erA afferents is lacking.

So, we virally labelled mPFC and TeA neurons and compared their projection patterns
in the amygdala. Ownpublishedresultsrevealed that these two neocortical sources target
different amygdala subnuclei indeed. SpecificallRR€ strongly innervates the BLBMP,
CeMand, to some extent, Asfrwhile the most prominent targets of the TeA are the LA and
Astr. Importantly, strongest mPFC and TeA innervation was observed in the nuclei that was
also heavily innervated by DMT or bamely BLA and LA, respectivéiterestingly, the SIC
received innervation from both cortical regions, the difC received most of its cortical input
from the mPFC only.

Taken together, our results demonstrated that besides the-nwearlapping thalamic
innervation, cortical afferents from the mPFC and TeA are also separated in the different
amygdala subnuclei. Furthermore, this separation resembles thalamic patterns, especially in
the cortical regions of the amygdala (LA, BLA). These observations éntiaahigherorder
cortical information from different sources does not converge directly in these amygdala
regions similarly to thalamic innervatio®@ne notable exceptiorrould be the SIC, where
thalamic axons also overlaxtensively

Related publicatins:

Study 1:A highly collateralized thalamic cell type with arousptedicting activity

serves as a key hub for graded state transitions in the forebr@@18) Matyas, E., Komlosi,
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G*, Babiczky, A., Kocsis, K., Bartho, P., Barsy, B., David, CYK&uirero, C., Magyar, A.,
{1 £0az LI / f INatdd nEuroEcierice, 21(11)A&IBRe = [

Study 2:Associative and plastic thalamic signaling to the lateral amygdala controls
fear behavior(2020),Barsy, B, Kocsis, K, Magyar, A.Babiczky, A., Szab6, M., Veres, J. M.,
Hillier, D., Ulbert, 1., Yizhar, O., & MatyasNature neuroscience, 23(5), 6&37.

Study 3:Molecular characteristics and laminar distribution of prefrontal neurons
projecting to the mesolimbic systertR022),Baticzky, A., & Mtyés, F, eLife, 11, e78813.

Unpublished results
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Thesis statement 4: Amygdala subnuclei receive different
innervation from mPFC subregions and layers

Although previous studies investigated subregional differences in mPFC innervation in
the amygdala, common nomenclatural inconsistencies and the lack of a clear and routinely
used definition for mPFC subregions make the interpretation of these studies complicated.
While some studies divide mPFC to a ventral and a dorsal region, others wserdite
between PrL, Cg and IL regions, among others, but the exact correspondence between these
divisions remains elusigeelntroductior). For example, does vmPFC include exclusively the
IL, or the ventral part of the PrL is also a part of it? Ifltier is true,where is the border
between a dorsal and ventral PrB@sides these open questions, to the best of my knowledge,
the laminar origin of mPF©-amygdala innervation has not been extensively investigated
subnuclei to subnuclei.

Therefore, we applied the molecular markers we definedSiudy 3 (calbindin
parvalbumin Ctip2 FoxP2to discover the subregional and laminar distribution of BBMR
, CeM and Astrprojecting mPFC neurons labelled with classical retrograde tracoogréing
to theseunpublishedresults, the vast majority of amygdaiarojecting neurons were found
in the PrL, IL, MO and Cg regiodswever while BLAprojecting neurons werenostly found
dorsally in the Cg and PrL subregionsost BMP, CeM and Astrprojecting cells were
localizedventrallyin the PrL, IL and MQalthough some overlap was detectably, especially in
the PrL and lIFurthermore, while neuronsinervating the basolateral nuclei (BLA, BMP) were
found both in the layer 2/3 and,sells projeting to the striatal nuclei of the amygdala (CeM,
Astr) were almost exclusively in the layer 5.

In sum, we confirmed earlier results indicating the subregional separation of mPFC
innervation within the amygdala with previously unprecedented anatomicaligi@t. Our
results suggest that although different mPFC subregimueed tend to innervate the
amygdala differently, thiseparationis rather transitionalthan clearcut. However, the
basolateral complex and striatal amygdala receive innervation froferdiit mPFC layers
(L2/35 and L5, respectively), a notion that has not been published yet.

Related publications:

Study 3:Molecular characteristics and laminar distribution of prefrontal neurons
projecting to the mesolimbic systert?022),Babiczky, A., & Btyas, F,eLife, 11, e78813.

Unpublished results
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Thesis statement  5: There are several parallel pathways within the
amygdala

Canonical models of amygdalelated associative learning propose a serial
information flow from the LA to the & either directly or through thdasal nuclei(see
Introductior). However, thalamemygdalar and corticamygdalar innervation patterns
describedin THESIS STATEMEN# suggest the existence of several separated hatnaygdalar
pathwaysIn Study 2 we proposed severgbossibleintra-amygdalar pathways involved in fear
conditioning and retrieval, althouglve did not investigate intramygdalar connections
systematically in this study.

To clarify intraamygdalar connectivityn a quantitative mannerwe mapped direct
connections between each amygdala subnuclei in a line of classical retrograde tracing
experiments with special focus on LA and BLA uhipeiblishedresultsof these investigations
revealed that 1) there is no stng direct connection between LA and BLA, 2) nor between
each of these regions and the CeL. Furthermore, 3) LA innervation is most prominent to Astr
and BMP, while 4) BLA does not provide strong innervation to any other amygdala subnuclei

Taken togetherwe described a complex inttiamygdalar network in contrast to the
classical, rather linear information flow modeTonsideringTHESIS STATEME&Tand THESIS
STATEMENS, a new mode(Figure 10tan be proposed in which different thalamic (DMT, LT)
and corical (MPFC, TeA) innervations drive parallel excitatory pathways within the amygdalar
network, most notably via the BLA and LA, respectively.

Related publications:

Study 2:Associative and plastic thalamic signaling to the lateral amygdala controls
fear behavior (2020),Barsy, B, Kocsis, K, Magyar, A., Babiczky, A., Szab6, M., Veres, J. M.,
Hillier, D., Ulbert, 1., Yizhar, O., & MatyasNature neuroscience, 23(5), 6&37.

Unpublished results
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Studies
Study 1

A highly collateralized thalamic cell type with arousptedicting activity serves as a
key hub for graded state transitions in the forebrai(R018), Matyas, E., Komlési, G,
Babiczky, A., Kocsis, K., Bartho, P., Barsy, B., David, C., Kanti, V.,/PdrEro,a I 3& | NE | &3
l., Clasca, F., & Acsady,Nature neuroscience, 21(11), 153562.
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A highly collateralized thalamic cell type with
arousal-predicting activity serves as a key hub
for graded state transitions in the forebrain

Ferenc Matyas 028+, Gergely Komlési?®, Akos Babiczky 2, KingaKocsis(*3, Péter Barthé'2,
BoglarkaBarsy (', CsabaDavid ©%4, Vivien Kanti©'5, CesarPorrerc®, AlettaMagyar 5,
IvdnSziics’, Francisco Clasca® and Laszlé Acsady 02+

Sleep cycles consist of rapid alterations between arousal states, including transient perturbation of sleep rhythms, micro-
arousals, and full-blown awake states. Here we demonstrate that the calretinin (CR)-containing neurons in the dorsal medial
thalamus (DMT) constitute a key diencephalic node that mediates distinct levels of forebrain arousal. Cell-type-specific acti-
vation of DMT/CR* cells elicited active locomotion lasting for minutes, stereotyped microarousals, or transient disruption of
sleep rhythms, depending onthe parameters of the stimulation. State transitions could be induced in both slow-wave and rapid
eye-movement sleep. The DMT/CR* cells displayed elevated activity before arousal, received selective subcortical inputs, and
innervated several forebrain sites via highly branched axons. Together, these features enable DMT/CR* cells to summate sub-
cortical arousal information and effectively transfer it as a rapid, synchronous signal to several forebrain regions to modulate

the level of arousal.

sleep and wakefulness are complex and poorly understood'.

Sleep itself is a highly dynamic state that consists of rapid tran-
sitions between slow-wave sleep (5WS) and rapid eye-movement
(REM) sleep, with fluctuating levels of arousal that manifest, for
example, as cyclic alternating patterns or microarousals’. Control
of these brain state changes appears to involve an ever-increasing
number of interacting brain centers located mainlyin the brainstem
and the hypothalamus™. It is still unclear, however, how the final
output of these centers is summated and transferred rapidly to the
forebrain as a coordinated, graded signal, thatis, how arousal is con-
trolled in a fast and synchronous manner in the forebrain.

Earlier studies using traditional tracing techniques suggested that
cells in the DMT receive inputs from the main hypothalamic and
brainstem arousal centers and innervate several cortical and sub-
cortical regions in the forebrain™"". DMT utilizes fast glutamatergic
transmission™ and thus is in a position to mediate rapid responses
in forebrain structures. Indeed, lesions involving DMT in humans
have been linked to hypersomnia and altered vigilance states''.
However, thalamic neurons that are functionally related are often not
confined to a single nucleus, and thalamocortical cells with distinct
properties can intermingle'’. Moreover, the DMT region includes
various nuclei with irregular shapes and sizes, which complicates tra-
ditional approaches for anatomical or functional interrogation. Asa
result, it is still unclear which thalamic neuron population, if amy'45,
mediates forebrain arousal and what neuronal activity governs
concerted state changes among forebrain areas.

—|_]1v.=. mechanisms of state transitions during sleep or between

In both rodents and humans, DMT contains large population of
CR* cells scattered across the various nuclei of this region''". In
this study, we tested whether this DMT/CR* neuronal population
Plays a specific role in forebrain arousal. Using cell-type-specific
approaches, we investigated DMT/CR* neurons arousal-related
activity, connectivity, and impact on arousal. We also investigated
their inputs in the equivalent human DMT region and compared
the properties of arousals elicited by DMT/CR* cells and sensory
thalamic nuclel. Predictive coding before sleep-wake transitions,
graded arousal responses, and widespread, synchronous impact
on forebrain targets identified DMT/CR* cells as a key mediator of
forebrain arousal.

Results

Arousal-related activity of DMT/CR* neurons. Neurons in the
DMT are known to display diurnal'® and stress-related®* c-Fos
protein expression. In addition, this thalamic region is known to
contain high number of CR* neurons'®, Thus, to identify whether
CR is a reliable marker for the activity-dependent DMT cell popula-
tion, we perfused mice during the light (Zeitgeber time 2.5, sleep)
or dark (Zeitgeber time 14.5, wake) phase of their diurnal cycles
and tested the CR content and c-Fos expression of DMT cells
(Fig. la—e). The DMT of mice contained significantly higher num-
bers of c-Fos* neurons during the dark phase than the light phase
(Fig. 1b—d and Supplementary Table 1), similar to findings in rats',
The vast majority (~91%) of these neurons co-expressed CR in both
states (Fig. 1e and Supplementary Table 1). The c¢-Fos+CR* neurons
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*Departmeant of Cellularand Metwork Meurobiology, Institute of Experimental Medicine, Hungarian Academy of Sciences, Budapast, Hungary. ‘Roska
Tarmas Dectoral School of Sciences and Technology, Faculty of Information Technelogy and Bionics, Pazmany Péter Cathaolic University, Budapest, Hungary.
*Departmeant of Anatomy, Histology, and Embryology, Semmelweis University, Budapest, Hungary. *Jdnos Szentagothai Deoctoral School of Meurosciences,
Semmelweis University, Budapest, Hurgary. *Brain Connectomics Lab, Departrment of Anatormy and Meurescience, School of Medicing, Auténoma
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Rg. 1| DMT/CR* cells show arousal-related activation. a, Experimental setting for c-Fos immunostaining in DMT at two distinct timapoints of the
dark-light phase according to Zeitgeber time (ZT). b, Represantative images of c-Fos exprassion in DMT at ZT2.5 (dark phasa) and at ZT14.5 {light
phase). d, Quarntitative data for c-Fos expression at ZT14.5 nommalized to ZT2.5 in DMT (n= B mice per timepoint; two-tailed unpaired t test, t,=-2.B26,
P=0.0135). e, Colocalization of CRin calls displaying c-Fos positivity at ZT2.5 (light phase, n=3 mice, 1,]40 of 1,253 neurcns) and ZT14.5 {dark phase,
n=2 mice, 1,565 of 1,722 naurcns). f, Schematic drawing for electrophysiclogical recordings of DMT cells during natural sleep. g, Confocal image of a
coronal saction with cannula track {white bar) guiding optroda into the AAV-ChR2-eY FP-labeled (green) DMT/CR* region. h, Waveforms {WF) in 3 of
the 4 tetrode elactrodes, autocorelogram (ACG; laft, bottom) and peri-event time histogram upon optogenetic tagging of a DMT/CR* cell (middle).

Right: the same call started to increase its firing activity, preceding the behavioral arcusal (black dashed line) by several seconds, and maintained elevated
firing after the EMG onset as well. +/+, increased activity before/after the arousal; black trace, EMG signal. i, Population data for DMT/CR* activity at the
sleep-wake transition (n= 231 naurans). j, As in b but for a nontagged (putative CR-) cell. Nota the lack of significant increase in firing activity before the
onset of movement. k, Population data for the activity of DMTACR units at the sleep-wake transition (= 34 neurons). The 1s bins indicate the averages
of z-scores. Green lines, varance {s.d.) of z-scores; black, averaged EM G signal; Black vertical dashed line, EMG onset; red horizontal dashed line, z=1.9&
(P« 0.05). Bar graphs are mears +5.d.; open circles in {d and &) represent data for single animals; the horizental lines in the box plots indicate mediars,

tha box limits indicate first and third quantiles, and the vartical whisker lines indicate minimurm and maximum values, *P< 0.05, CM, central medial
thalamic nucleus; |AM, inter-anteromedial thalamic nucleus; IL, intralaminar thalamic nuclei; MD, mediodorsal thalamic nuclei; PVA, paraventricular

thalamic nucleus, anterior part.

were present in the major nucleus of the DMT (the paraventricular
nucleus) but were also dispersed in adjacent portions of the anterior
intralaminar and mediodorsal nuclei. Since this neuronal popu-
lation was not confined to a single nucleus, we will refer to it as
‘DMT/CRY cells throughout this study.

Mext, the DMT/CR* cells were optogenetically tagped using
short pulses of blue light (473nm) in Calb2-Cre (CR-Cre) mice
injected with AAV-DIO-ChR2 (Fig. Ifg and Supplementary
Fig. la-d), and their firing rates were extracellularly monitored
during sleep-wake state changes for several hours. Thirty-one of
65 well-isolated units displayed elevated firing rates to the tagging
protocol and were thus considered CR* (Fig. 1h and see Methods).
The activity of 29 of these 31 DMT/CR* cells (93.5%) was correlated

with changes in electromyogram (EMG) activity -
ing arousal from sleep. Twenty of the 31 DMT/CE* cells (64.5%)
started to significantly increase their firing rate up to 5-10s before
the onset of EMG activity and maintained elevated activity for
tens of seconds after EMG activation (Fig. 1h and Supplementary
Fig. 1g:h). In studies of brainstem neurons, a similar anticipatory
elevation of firing rate several seconds before EMG activation has
been considered the bestindicator for their involvementin arousal™.
The other 8 DMT/CR* neurons (25.8%) increased their firing at the
onset of EMG activity, but not before, and remained active during
it (Supplementary Fig. lef). Of the remaining 3 DMT/CR* cells,
one decreased its firing during EMG activation and two showed no
changes (Supplementary Fig. 1h).
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Fig. 2 | c-Fos content and optogenetic mhibition of DMT/CR+ cells in situations with distinct arousal levels. a-¢, Schematic drawing of the axperimantal
design (top) and representative images of c-Fos expressions (bottom ) in DMT following {a) handling, (k) habituation {no shock), and () footshock.

d, Representative confocalimage of the colocalization of c-Fos and CRin DMT cells in footshock. e, Left: normalized data for c-Fos+ DMT cells in cortrol
{C}, habituation (H), and sheck (Sh) situations {n=4 mica per group; control: 100 + 40%; habituation: 179 +24%, shock: 249 +12%; two-tailed unpaired
ttast, Cws. H, t;=-3.330, P=0.015&; H vs. 5h, ;= -5152, P=0.0027; C vs. Sh, ;= 7.043, P=0.0004). Right: CR content {right) of c-Fos* calls in Sh.
‘Yellow bar, CR+c-Fos* calls {1,293 of 1,432 neurons, 97.2%; n= 4 mice}; grean bar, CR-c-Fos* cells {40 of 1,423, neurcns, 2.8%). f, Schamatic drawing for
optogenetic inhibition of DM T/CR* in a noval erwirenment. g h, Representative data for short immobil e states (red dots) evoked by optogenetic silencing
during the exploration of a novel box {gray) in (g) a YFP {cortrol) mouse and (h) a SwichR-injected mouse. i, Population data for the number of immebile
states during tha pre-OFF {2min}, OM (3 min} and post-OFF (3 min; s=e Mathods) periods in the YFP (n=& mice; pre-OFF n=12.2 4 3.0 states; ON
n=11.2+1.7 states, post-OFF n= 9.3 +1.6 states) and SwichR-injected animals (n="7 mice; pre-0OFF n=18.9 £1.9 states; ON n=29.9 1 4.4 states, post-
OFF n=23.3 + 2.7 states; repeated-measures AMOWA with Fisher's least significant difference test, F; = 3.4945, P=0.0481). Bar graphs are means +5.d;
open circles in e and 1 represent data for individual animals; horizontal lines in box plots indicate medians, box limits indicate first and third quantiles, and

vertical whisker lines indicate minimum and maximum values. *P< 0.05; **P< 0,00, ***P< 0.000.

Thirty-four of the original 65 DMT neurons did not react to the
tagging protocol and thus wereregarded as putative CR- cells (Fig. 1j).
Among these, only 8 of 34 (23.5%) cells increased their firing before
EMG activity, while the rest did not (Supplementary Fig. 1i). As a
consequence, at the population level, DMT/CR- neurons did not
show anticipatory activity, in sharp contrast to the DMT/CR* popu-
lation (Fig, 1i). Increased firing of DMT/CE- cells at the onset of the
EMG signal was also shorter and lasted only for 1-2 s, not for> 103
as in the case of DMT/CR* cells (Fig. 1j.k). These data show that
DMT/CR* cells selectively displayed arousal-related, predictive
firing activity.

To analyze whether, under arousing conditions during the awake
state, such as stress, DMT neurons are also CRY, we subjected three
groups of animals to increasingly stressful situations (handling con-
trol, habituation to a novel environment (a footshock chamber), and
footshock) before perfusion. The number of ¢-Fost neurons sig-
nificantly increased in the DMT in sitnations eliciting increasingly
elevated arcusal (Fig. 2a-ce and Supplementary Table 1). When
tested for CR expression, the vast majority of footshock-activated
c-Fost cells expressed CR (Fig. 2d.e, Supplementary Fig. 2, and
Supplementary Table 1).

To assess the response to a painful arousing signal, we measured
the firing response of individual, juxtacelularly recorded andlabeled
DMT/CR* cells to tail pinch under anesthesia (Supplementary
Fig. 3). Tail pinch caused a reduction in the delta power of fronto-
cortical local field potentials in all cases. Six of 13 DMT/CR* cells

significantly increased their activity during tail pinch, and activity
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remained elevated even after its termination (Supplementary Fig, 3;
one-way ANOVA, Fy ;= 5.3735, P=0.0174; Fisher’s least significant
difference test; before versus during tail-pinch, P = 0.0053; before
versus after tail-pinch, P = 0.0748; during versus after tail-pinch,
P=0.1978). The remaining cells decreased their firing, which may
indicate the existence of an inhibitory signal to DMT™ that is active
during these conditions.

Lastly, to directly examine the role of DMT/CR* cells during
an arousing situation (exploration of a novel environment), we
optogenetically silenced them with an inhibitory step-function
opsin, SwichR*, by injecting CR-Cre transgenic mice with AAV-
DIO-SwichR-eYFP or AAV-DIO-eYFP (control), and then ana-
lyzed their locomotor behavior (Fig. 2f). Short pulses (0.5-2s) of
blue light evoked long-lasting inactivation of SwichR-expressing
CR* cells (Supplementary Fig. 4). We found that during the inhibi-
tion of DMT/CER* cells, the number of pauses (lack of movements
for time-periods less than 2s) increased by 50% in an open field
chamber (Fig. 2g-i), indicating disruption of exploratory activity.
Control animals showed no behavioral changes. These data together
demonstrate tight links between the activity of DMT/CR* cells and
arousal both at the cellular and behavioral levels.

Graded arousal elicited by DMT/CR* cells. To directly test
whether selective activation of DMT/CE* neurons can initiate state
transitions in freely sleeping animals, we first checked the reliability
of their optogenetic responses (Fig. 3a). CR-Cre mice were injected
with AAV-DIO-ChR2-eYFP (Supplementary Fig. la-d) and
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subjected to juxtacellular recording and labeling under urethane
anesthesia. When tested with 1 ms laser light, all DMT neurons
post hoc identified as channelrhodopsin-2 (ChR2)-eYFP+ (n=4
cells) were able to follow 20 Hz stimulation for up to 10 s with short
response latency (1.8 + 1.1 ms), low jitter, and very high probability
(0.997 +0.005; Fig. 3b—e).

Mext, we injected either AAV-DIO-ChR2-eYFP or AAV-DIO-
eYFP into the DMT of CR-Cre mice and subsequently photostim-
dlated DMT with 10s, 10Hz light pulse trains (see Methods) via
chronicallyimplanted optic fibers, in drug-free conditions (Fig. 3£.g).
We used 10Hz stimulation, as in our freely moving experiments all
recorded DMT/CR* cells (n=31) were able to fire at this frequency
and 66% of them were able to sustain this activity for at least 15
during awakening,

Ten-second activation of DMT/CR* neurons faithfully induced
prolonged behavioral arousal accompanied by active locomotion
in all ChR2-injected mice during non-REM (NREM) sleep (Fig. 3h
and Supplementary Video 1). Parameters of arousal were mea-
stired based on the EMG signal (Supplementary Fig. 5a). Evolked
arousal outlasted the stimulation by several minutes (range: 2.17
to 17.89min; average: 8.9+5.6min). The photostimulation of
DMT/CR* cells first induced an immediate drop in delta power
(Fig. 3h.i), followed by an abrupt increase in EMG activity with a
latency of 1.34+ 0.64 5 (Fig. 3h and Supplementary Fig. 5b). During
the first 1805 following the stimulation, the animals spent 78.66%
(141.59+21.435) of their time in the active, awake state (EMG
ON). The same value for the prestimulation period was 3.65%
(6.58 +3.545). In the control €¥YFP-injected animals, no arousal was
evoked (Fig. 3i; prestimulation EMG ON state, 2.07%, 3.72+0.745;
poststimulation EMG ON state 2.87%, 5.17+3.545). These data
show that activation of DMT/CR* cells represents a rapid, strong
arousal signal that results in a prolonged arousal state.

Optogenetic stimulation of DMT/CR* cells for only 1s (10Hz)
induced transient arousals (Fig. 3i). These transient interruptions of
sleep, known as microarousals, are considered part of normal sleep
behavior both in humans and rodents™~. During these events, the
animals stayed in their nests and displayed only brief head and neck
movements lasting for only a few seconds (3.69+1.31 5, probabil-
ity: 0.66+0.19; Fig. 3i, Supplementary Fig. 5c, and Supplementary
Video Z). The onset of the EMG activity was 2.75+1.48s. As in
the 10s stimulations, electroencephalogram (EEG) delta power

dropped sharply; however, in these events it returned to baseline
within 30s (Fig. 3i). Toidentify whether the primary response to the
activation of DMT/CR* cells was a change in the EEG or a change in
the EMG activity, we grouped the responses according to the onset
of EMG ON states and examined the corresponding change in the
drop of delta activity. Repardless of the onset of the EMG activity,
the onset of the change in delta power was instantaneous and pre-
ceded the corresponding EMG change (Supplementary Fig. 6ab).
In addition, measurements of time differences between the onset of
reduction in delta power and the onset of EMG activity in individual
arousal events demonstrated that the primary response following
DMT/CE* activation is a cortical arousal followed by a change in
muscle activity (Supplementary Fig. 6c). These observations argue
for a top-down cortical effect on behavior, not for a direct action of
DMT/CRE* cells on motor centers.

Mext, we examined the transitions between microarousals and
prolonged arousals using various stimulus durations (0.5, 1, 2, and
10s), while keeping laser power constant, during NREM sleep. The
probability of arousal increased with increasing stimulus duration
(Fig. 3j). The mean durations of evoked EMG ON states in the first
60 s following stimulus onset also increased with longer stimuli (Fig.
3k.] and Supplementary Fig. 5c). The average duration of micro-
arousals evoked by 1 s stimulations did not differ from the duration
of spontaneous microarousals recorded in control periods (Fig. 3k).
This indicates that the 1 s optical stimulations evoked a behavior-
ally relevant arcusal pattern. Together, these data show that graded
recruitment of DMT/CRE* cells elicits distinct, graded, natural
arousal patterns.

We also examined whether any alterations in cortical EEG can
be observed when the 1s photostimulation of DMT/CR* cells did
not induce arousal as detected by EMG activity (that is, “sleep-
throughs’;™ Fig. 3m-q). We compared changes in delta and sigma
powers following the stimulations that resulted in microarousals
or sleep-throughs. A sharp drop in delta power with comparable
size could be observed both in microarousals and sleep-throughs.
However, this perturbation recovered much faster in sleep-throughs
than in microarousals (see Methods and Fig. 3m-o). A large drop in
sigma power with comparable size was also evident in both micro-
arcusals and sleep-throughs, but, in contrast to delta, sigma power
returned to baseline slowly in both cases (Fig. 3p.q). These data
indicate that, even in the absence of overt behavioral (EMG) activity,

2

Fg. 2 | Stimulation of DMT/CR* induces behaviorally relevant arousal patterns. a, Experimantal setting for anaesthetized in vivo recordings.

b, Optogenetic tagging of a DMT/CR* call. e, Pari-event time histogram of light-evoked spike latency. d, Left: spike response probability in resporse to
105, 20 Hz stimulation. Right: summatead values. e, Confocal flucrescent image of an optoganetically tagged, ChR2-eY FP* {green} and neurobiotin-fillad
(red} DMT neuran. f, Experimental setting for in vivo recordings and cptogenetic stimulation in freely sleeping mice. g, Post hoc identification of the optic
fiber's track among ChR2-eY FP+ DMTAC R* neurors. b, Persistent arousal evoked by 10 s optogenatic stimulation of DMT/CR* (blue period ). i, Average
(mean) peri-evert distribution of EMG ON states (top) and the corresponding delta power (bottorn) in mice {n=18) expressing ChR2 in DMT/CR* cells
after 15 and 10 s stimulations {red and black, raspectively). Data from contrel {YFP) mice are shown in blue (n=3). Blue vertical dashad line, onset of
tha optogenetic stimulation. j, Average probability of spontanecus and evoked arousal using different stimulus durations {n="5 mice; spontaneocus (sp),

Prana=0.06+000; 055 P, .=042401515 P, =0704014 25, P, .=0954009; 10z, P, .0=100+ 0; repeated-measures ANOWA for evoked
trials, F;p=34.307, P< 00007, pairwise comparison with Bonferroni correction shows significant difference only for 0.5s vs. 15, P=0.007; 055 vs. 25,
P=0.019; 055 w5, 105, P=0.006). k, Top: cumulative probability distribution of the duration of EMG ON states in case of 0.5-,1-, 2-, and 10 s stimulatiors
{n= 5 mice). Bottorn: comparison of spontaneous and evoked microarousals 15 stimulation: 2.60 £1.21 s for evoked and 3.22 4127 = for spentanecus,
n==58 mica; two-tailed paired ttest for group data, t,=-1.82, P=01; Kolmogorov-5mimeov test for animal-wise comparison, P> 0.05; in 7 of 8 animals).

I, Correlation of stimulus durations and arousal lengths in 5 individual animals fitted with sigmeid. m, Microarcusals during NREM (left) and REM (right)
states ewoked by 15 stimulation of DMT/CR* cells. Note the state change from REM to MREM after REM microarousals, indicated by the appearance of
high values inthe delta range (whita arrow). m, Subthreshold stimulations (sleep-through ) during MREM {left) and REM (right) states. e, Mean peri-event
distribution of EMG OM states (top) and delta power (bottom ) in microarousals (MA) and sleep-throughs (5T) during MREM and REM states (n=5 mice ).
Mote longar microarcusals in REM (green, top) and the return of MREM after REM MA, indicated by the increasing delta values. Mote also the rapid retum
of delta powerin case of MREM 5T (bottom ). p, Prolonged disruption of sigma band in bath MA& and 5T. The sharp peak at time O {black arrow) represents
the evoked response of 10Hz stimulation inthe frontal cortex. g, Recovery time constants for delta and sigma powers in NREM MA and 5T (n=5 mice,
delta MA, 1312 22,34 5; delta 5T, 0.85 + 0.235; two-tailed paired t test, ¢, =11116, P< 0.000; sigma MA, 1414+ 298 5; sigrma 5T, 8.03 +1.32 5; two-tailad
paired t test, {,=4.114, P=0.0N5). Herizontal lines in box plots indicate medians, box limits indicate first and third quantilas, and vertical whisker lines
indicate minimum and maximum values. *P< Q05 ***P< 0,001, Shaded areas represent +5.2.m.
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activation of DMT/CR* cells can disrupt ongoing sleep oscillations DMT/CR* stimulations in these two cases, but found no difference
and, thus, can induce cortical arousal. The extent of this perturba-  (Supplementary Fig. 7a). We also examined the EEG powers preced-
tion was different in the two main frequency bands of NREM sleep.  ing the laser activation (Supplementary Fig. 7b,c). Prestimulation

Finally, to determine whether cortical states differ in stimula- power values up to 40s before the laser activation did not differ
tions resulting in microarousals versus stimulations resulting in  between sleep-throughs and microarousals in the delta and sigma
sleep-throughs, we compared the cortical evoked responses after bands. These data show that failure of EMG activation following
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Fig. 4 | Microarousals evoked by DMT/CR* cells and sensory nuclei. a, S5chematic diagram for the experimental settings. b, Position of the optic fiber in
acoronal saction of VB expressing ChR2-eYFP. ¢, Microarousal during MREM (left) evoked by 1-s stimulation of VB cells. d, Mean peri-event distribution
of EMG OM states shows high probability during NREM {purple; P= 081+ 007, n=7 unilateral stimulations in 4 mice). VB stimulation was ineffective

in REM slaap {green}) in response to 1s stimulation (blue dashed line). Shaded area represents +s.2.m. e, Spontaneous and evoked rate of micrearousal
induced by 1s stimulation of DMT/CR* {blue) or VB (red) in MREM {left) and REM {right) sleep. f, Arousal probability in REM normalized to arousal
probability in MREM for DMTACR* {blue) and VB mice (red). (VB, n=7; DMT, n=&; 2% one-tailed Mann-Whitney test, P=0.0011). Horizontal lines in box
plots indicate medians, box limits indicate first and third quantilas, and vertical whisker lines indicate minimum and maximum values. Whiskers extand to
the most extrermne data points. g, Correlation of laser intensity and arousal probability. Sigmeid curves were fitted for each animal. To enable comparison of
sigmoid slopes between groups, both laser intensities and arousal probabilities were normalized to their maximal values within each mouse. The slops of
sigmoid curves showed individual variability, but on average, there was no significant difference between VB and DMT/CR* animals (VB n=4, DMT n=5
mice; 2 % one-tailed Mann-Whitney test, P=0.142). h, Correlation of laser intensity vs. microarousal latancy {OMT latency: r=-0.05 +01; nensignificant
{n.s.)inn=4 of 5 animals: P= 0.023; P=0.371; P= 0.475; P= 0.57; P=0.476; VB latercy: r=-0.275 4+ 0.09, n= 4 hamispheres: P=0.0028; P= 0.0005;

P=00000; P=0.0001). i, Correlation of laser intensity vs. microarousal duration {DMT duration: r=0.01+0.07; ns inn=5 animals: P=0.28; P=0.25;
P=059; P=0.60; P=085; VB duration: r=0.2 £ 0.05; in n= 4 hemispheras: P= 0.034; P=0.001; P=0.0005; P=0.000}. Thin blue and red lines

represent 5.e.m.

EEG changes in cases of sleep-throughs is not the consequence of
overt differences in cortical states or receptivity to DMT/CR* acti-
vation, but rather a result of the variable efficacy of cortical arousal
over the motor responses.

State transitions during REM sleep. Microarousals are also preva-
lent at the REM-IBEM state transitions. In our recording condi-
tions, mice expressed spontanecus rates of microarousals
during (or after) REM than during NREM sleep (0.012+0.003 Hz
versus 0.007 +0.001 Hz, respectively, #=8 mice, two-tailed paired
t test, f,=-5.451, P=0.0009). The duration of REM-linked micro-
arpusals were significantly longer (7.19+4.45s for REM versus
3.23+1.27s for NREM, n=38, two-tailed paired t test, {;=2.576,
P=0.037). In most cases, the animals returned to NREM following
EEM -linked microarousals.

Ome-second photostimulation of DMT/CR* cells during REM
sleep evoked microarousals in 4 of 6 animals, with an average prob-
ability of 0.57 +£0.21 (#=4; Fig. 3m-o0). Duration of evoked micro-
arousals during REM was longer than during NREM (5.41+2.345
versus 3.03+0.75s, n=4, two-tailed paired ¢ test, #=2.82,
P=0.067), mimicking the spontaneous condition. Following
evoked microarousals during REM, animals switched to NREM
sleep as shown by a gradual increase of delta power (Fig. 30). This
activity pattern recapitulated the spontaneous REM-microarousal-
MEEM transitions.

These data together demonstrate that graded activation of DMT/
CR* nearons is able to evoke distinct, behaviorally relevant arousal
patterns such as full-blown persistent arousal, microarousals, and

subthreshold disruption of sleep rhythms, as well as state transitions
from SWS to wake and REM to SWS.

Distinct arousal via DMT/CR* and sensory nuclel. Arousal from
deep may occur spontanecusly, in the absence of any particular
sensory stimuli, or as a result of certain sensory stimulation (for
example, tactile or acoustic). To compare these two types of arousals
under similar experimental conditions, we optogenetically activated
the ventrobasal complex (VB), which contains the main somato-
sensory relay nuclei of the thalamus. We injected Syn-AAV-ChR2
into VB of CR-Cre mice and applied unilateral photostimulation
with the 1s, 10Hz stimulation protocol (Fig. 4a-c). VB stimulation
evoked microarousals in NREM deep with high probability (Fig.
4c—f and Supplementary Fig. 7d). Microarousals evoked by VB had
longer durations (VB, #=7 mice, 4.55+0.35 versus DMT, n==6
mice, 3.69+1.315 2x one-tailed Mann-Whitney test, P=0.029)
and shorter latencies (VB, 0.36+0.285 versus DMT: 2.72+1.435;
2x one-tailed Mann-Whitney test, P=0.0003). However, in
contrast to DMT/CR+ stimulation, VB stimulations were inef-
fective during REM sleep (Fig. 4d-f), indicating a qualitative dif-
ference between the two conditions. During NREM sleep, the VB
stimulations that did not result in EMG activation (that is, sleep-
throughs) also evoked transient changes in case of sigma powers
(Supplementary Fig. 7e.f).

To study how microarousal properties depend on graded
parameters of photostimulation, we established intensity-response
cirves for both DMT/CR* and VB stimulations by using different
laser intensities and plotting arousal probabilities, latencies, and
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CR* b-j, Distribution of DMT/CR* axons in the mouse forebrain, Injection site of AAV-DIO-ChR2-eYFP in DMT of a CR-Cre mouse {in b). Similar data
were obtained in 29 mice. k-m, Mormali zed peri-evert time histogram of evokad MUA {eMUA) responses in Prl (k), NAc (I} and basclateral amygdala
(BLA; m} at 1Hz light stimulation of DMT/CR* (blus line). Bins in red are substantially larger (+2% s.d.) than the S0-ms prestimulation baselina (gre=n).
n, Population data for latencies of eMUA in PrL {7 +1.26ms, n=6), NAc {7 £1.83ms, n=4), and BLA (975 + 2.22 ms; n=4; two-tailed unpaired ¢ test, PrL
vs, BLA t;=-2.526 P=0.0354). o-q, Normalized peri-event time histogram of eMUA responses in PrlL (o), NAc (p), and BLA (g) at 10Hz light stimulaticn
(blue dotted lines) of DMT/CR*, r-t, Normalized heat map showing peak latencies of e MIUA at 10Hz in PrL {r), MAc {5 and BLA (t). Horizontal lines in
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anterior commissure; BMST, bed nucleus of the stria terminalis; Ced, central amygdala; Cg, cingulate cortex; Ent, entorhinal cortex; Hyp, ypothalamus;
IC, insular cortex; M1, primary mator cortex; NB, nucleus basalis; PtA; parietal association cortex; RSA, retrosplenial agranular cortex; 51, primary
somatosensory cortex; Sub, subiculum; TeA, temporal association cortex; Tu, olfactory tubercle; vHipp, ventral hippocarmpus.

durations. In both groups, the probability of evoked microarous-
als during NREM sleep displayed graded responses that correlated
positively with the laser intensities and could be fitted by a sigmoid
function (Fig. 4p and Supplementary Fig. 8a.b). We observed a sig-
nificant negative correlation between laser intensities and micro-
arousal latencies in VB but not in DMT/CR* stimulations (Fig. 4h).
Similarly, the applied laser intensities correlated with the duration
of microarcusals only in VB, not in DMT/CR* (Fig. 4i). This indi-
cates that the exact properties of VB microarousals depend much
more on stimulus strength, suggesting that external, sensory signals
may evoke microarcusals in a ‘dose-dependent’ manner. In contrast,
arousal patterns evoked by DMT/CR* cells seem to be more stereo-
typed: after reaching a threshold, the behavioral cutcome did not
depend on the size of the recruited DMT/CR* population.

Widespread, effective forebrain outputs. Next, we tested whether
DMT/CR* cells have the necessary connectivity and sufficiently
strong and synchronous impact on their targets that could sup-
port a generalized function like arousal. By mapping the axons of
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AAV-DIO-ChR2-eYFP infected cells, we found that these cells pro-
vided widespread projection to extensive cortical as well as subcor-
tical forebrain targets (Fig. 5a-j and Supplementary Fig. %a-k). We
observed profuse axon arborizations in several layers of the prelim-
bic (PrL), insular, perirhinal, and entorhinal cortices, as well as in
the subiculum. In addition, layer & of almost every cortical region
was innervated at a lower density. Rich innervation reached the core
and shell of nucleus accumbens (MAc), the olfactory tubercle, the
basolateral and central amygdala (AMY), and the lateral septum.
In addition, the hypothalamus, dorsal striatum, and bed nucleus of
stria terminalis also received substantial amounts of fibers.

Wext, we tested to what extent the DMT/CR* cells are responsible
for the thalamic inputs to three main forebrain targets". We found
that 95-98% of the retrogradely labeled neurons from PrL, AMY,
and MAc displayed CR immunoreactivity (Supplementary Fig. 91-n
and Supplementary Table 2), indicating that the CR* cells provide
the vast majority of the total DMT inputs to these forebrain sites.

To assess the impact of DMT/CR* cells on their targets we
simultaneously recorded in vive multiunit activity in the Pri, AMY,
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Rg. & | Extensive collateralization of DMT/CR+ cells in multiple forebrain regions. a, Experimental design for double retrograde tracings. b, Confocal
fluorascent image of Flucrogeold (FG)-labeled {from Prl; green) and cholera toxin B {CTB)-labeled (from MAc; red) labeled thalamic cells in DMT. Yellow
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other two regions as measured by double-retrograde tracing (Pri-AMY, n=3 mice; Prl-MAc, n=4; AMY-NAC; n=4). d-f, Scharmatic drawing (top) and
representative confocal images (bottom) of DMTACR* axonal arbors in Prl cbtained by direct antercgrade virus labeling from DMT (d) or after injecting
the wirus to MAc (e) and AMY (F) using retro-antercgrade transport of the viral particles. g, Population data of the langth of DMT/CR* axcn arbors in

PrL after direct anterograde labeling (ant) from DMT (DMT ant; n="5 mice ) or after retro-anterograde labeling {retr-ant) from NAc {NAc retr-ant; n=2
mice) or AMY (AMY retr-ant, n=2 mice]. b, Experimartal design for in vivo anesthetized multiunit recording and artidromic optogenetic stimulation.

i, Antidromic stimulation of DMTAC R+ fibers in MAc evokes antidromi c-arthodromic multiunit activations {eMUAY) in ipsilateral PrL {iPrl) and BLA but
not in the contralateral Prl{cPrL}. Blue lines, optogenatic stimulation; birs in red are substartially larger (+2x 5.d.) than 50-ms prestimul ation baseline
(graen). j, Latencies of antidromic-orthodromic eMUA measurad in PrLi {6.75 +£1.7 ms; n=4 mice), Prlc (B.25+21ms; n=4 mice), and BLA (8.7 +21ms;
n=2 mice), which did not differ from the direct orthodromic eMUA (two-tailed paired ¢ test, Prl, t;=0.268, P=0.7957; BLA, t,=0.655, P=0.5411}.

Bar graphs are means +5.d.; horizontal lines in box plots indicate medians, box limits indicate first and third quantiles, and vertical whisker lines indicate

minirmurm and maximum values.

and NAc, while optical stimulation was delivered to DMT under
urethane anesthesia, following AAV-DIO-ChR2-eYFP injection
into the DMT of CR-Cre mice. We found that 1 Hz stimulation
reliably activated neurons in all three postsynaptic targets with fast
onset (< 10ms), consistent with a monosynaptic plutamatergic
pathway (Fig. 5k-n). Additionally, 10 Hz stimulation was still effec-
tive in driving the targets and did not cause a delay in the timing of
response (Fig. 5o-t). The magnitude of the response depended on
stimulus intensity. The multiunit and cortical local field potential
signal displayed depression at 10Hz (Supplementary Fig. 10a-d).
These data show that DMT/CR* have widespread projections and
can effectively drive their main cortical and subcortical targets.

To determine whether these widespread signals are broadcasted
by highly collateralized DMT/CR* cells or rather by separate popu-
lations that project to distinct regions, we used three methods to
assess the extent of DMT/CR* collateralization among multiple
target regions. Dual injections of retrograde tracers to PrL-AMY,
Prl-MAc, and AMY-NAc resulted in 7-30% of dual-labeled cells
(Fig. 6a-c, Supplementary Fig. 11a-1, and Supplementary Table 3),
confirming earlier results in rat™", Dual retrograde tracing is,

however, known to grossly underestimate newrons with branch-
ing axons. Thus, we labeled isolated DMT/CR* neurons in 7 mice
(@ neuwrons) with an RMA construct (Pal-eGFP-Sindbis). This
method resulted in individual axon arbors branching to reach
multiple targets in every case (Supplementary Fig. 1lm-o and
Supplementary Table 4). Neurons projecting to more than one tar-
get (among PrL, AMY, and NAc) were exceedingly rare in other
brain regions (Supplementary Fig. 11q.r).

Finally, to quantify DMT/CR* fibers in one target area that
derived from newrons projecting to another, we used a quantita-
tive retro-anterograde tracing method (also called collateral label-
ing") using the AAV-DIO-ChR2-eYFP virus in CR-Cre animals
(see Methods). We systematically examined the collateralization
DMT/CR* cells projecting to PrL (Fig. 6d-f). First, we measured
the length of axon arbors in PrL resulting from direct anterograde
labeling of the DMT/CR*, thalamus-PrL pathway ina 100-pm-wide
cortical slab (11.389 + 1.00 mm per 10,000 pm? Fig. 6g). Next, we
measired what proportion of these PrLaxons originated from neu-
rons that simultaneously projected to other targets. Injecting the
same AAV vector into MAc, following retro-anterograde transport

NATURE MEUWROSCIEMCE | WOL 21 | NOVEMBER 2018 | 1551-1562 | www.natura.comfatureneuroscience

65



NATURE NEUROSCIENCE ARTICLES

CRvGLT2

CRvGuT2

Fig. 7| Selective subcortical innervation of DMT/CR* cells in mice and human. a, Low-power double-immuncstaining of mouse DMT for CR (brown)
and orexin (Orx, black; n=4 mice). Small box represents the area enlarged in b. b, High-powerimages from the midline (b) and intralaminar (¢) regions.
Note that orexin* fibers are restricted to regions populated by CR* cells. d e, Low-power immunostaining for CR (d) and vGIuT2 (e) of the mousa DMT.

f, Heat map representing staining density shows large overlap between vGlut2 terminals and the position of CR* cell bodies in the midline and dorsal
intralaminar region. g-i, As in a-c but in human thalamus (n=4 humars). Small boxes indicate the position of high-power images. j-, As in d-f but in
hurman thalamus. Scale of the density map: 0-25 boutons per 1,000 prm? (mouse ); and 0-50 boutons per 1,000 pm? (human).

of the virus, the fibers in PrL were 70+4% (7.956 + 0.475 mm per
10,000 pm?; Fig 6g) of the direct DMT— PrL anterograde label-
ing. These data clearly show that the vast majority of DMT/CR*
axons in PrL arise from cells that also project to NAc. The same
retro-anterograde approach applied to AMY labeled 32+11%
(3.637 +1.637mm per 10,000 pm’) of the total anterograde fiber
length in PrL (Fig. 6fg), indicating less-widespread but still sub-
stantial collateralization among these two targets.

To test the efficacy of these branching axons to drive postsyn-
aptic targets, we used antidromic-orthodromic’ experiments (see
Methods), assuming that antidromic spikes evoked in one part of the
axon arbor will invade axon branches targeting another region in an
orthodromic manner. Thus, we optogenetically activated DMT/CR*
fibers in NAc and recorded the evoked multiunit activity (MUA)
in PrL (Fig. 6h). These experiments measured whether DMT/CR*
cells that have collaterals in NAcare able to drive theactivity of their
PrL target cells. Indeed, antidromic-orthodromic activation suc-
cessfully evoked elevated MUA in PrL with short latency (< 10ms;
Fig. 6i). Reliable antidromic-orthodromic MUA responses could
also be evoked in basolateral amygdala after NAc stimulation
(Fig. 6i,j). Only minor antidromic-orthodromic responses could be
detected on the contralateral PrL (Fig. 6i) after NAc stimulations,
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confirming the low abundance of interhemispheric collateraliza-
tion (Supplementary Table 4). Antidromic-orthodromic MUA had
similar latency to the orthodromically evoked MUA both in PrL
and basolateral amygdala. These data show that single DMT/CR*
neurons axons target and are able to simultaneously drive multiple
forebrain regions. Such cellular features are optimal to elicit a gen-
eralized, brain-wide effect like arousal.

Selective inputs of DMT/CR* In mice and humans. To provide
arousal-specific inputs to the forebrain, DMT/CR* cells might be
expected to receive selective inputs from subcortical cell networks.
DMT is known to be contacted by many hypothalamic and brain-
stem afferents™, some of which contain glutamate’ or orexin®. Both
of these substances play a role in arousal™. Thus, as a representa-
tive example, here we examined the association of these two major
subcortical input systems (orexinergic and glutamatergic) and
DMT/CR* cells in mice and, for comparison, in humans.

In mice thalami, orexin-immunopositive fibers provided a highly
selective innervation of DMT/CR* cells irrespective of the exact
nuclear position (Fig. 7a-c). CR* cells located both in the paraven-
tricular nucleus, as well as those scattered in the rostral intralami-
nar nuclei, received dense orexinergic inputs, whereas nearby DMT
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regions were devoid of orexin* fibers. Similar observations were
made for subcortical glutamatergic terminals labeled by vesicular
glutamate transporter 2 (wGLUT2;* Fig 7d-f).

To study the DMT/CR* system in humans and its selective sub-
cortical innervation, we performed parallel experiments in post-
mortem human tissue. In humans (n=4 brains), CR+ cells were
distributed along the ventricular wall of the thalamus'** (Fig. 7g-1).
As in mice, a substantial number of CB* cells were also distributed
in the intralaminar nuclei. Irrespective of the shape or size of the
DMT/CR* region in humans, orexinergic axon terminals selectively
innervated the CR* cell groups (Fig. 7g-i) in a pattern similar to
that observed in mice. Also as in mice, heat maps of vGLUT2 fiber
density displayed high values in midline and intralaminar regions
in correspondence with the distribution of DM T/CR* cells, whereas
the adjacent regions of the mediodorsal nucleus were practically
free of any vGLUT2* axons, demonstrating highly selective inner-
vation of the DMT/CR* cells (Fig. 7j-1).

Discusslon

In this study, we demonstrated several features of DMT/CR* neu-
rons that identify them as a key thalamic cell population con-
trolling spontaneous forebrain arousal. DMT/CR* cells received
selective subcortical inputs and provided widely branching, effec-
tive glutamatergic outputs to several major forebrain centers. In
freely sleeping conditions, DMT/CR* cells displayed anticipatory,
arousal-related activity several seconds before spontaneous behav-
ioral arousal, a major feature of neurons involved in state changes™.
Their optogenetic m ions were able to bidirectionally modu-
late arousal levels. Graded activation of DMT/CE+ neurons evolked
biologically relevant graded arousal patterns and state transitions
(sleep-throughs, microarousals, persistent arousals) that were qual-
itatively different from arousal elicited by activation of a sensory
system. Based on these data, we propose that DMT/CR* cells repre-
sent a highly specialized nearonal hub that is able to summate and
simultaneously transfer brainstem arousal signals to a wide array of
subcortical and cortical forebrain structures.

Behavioral patterns elicited by DMT/CR* cells were biologi-
cally relevant. Evoked NEEM microarousals were indistinguishable
from spontaneous microarousals. Evoked REM microarousals were
longer than evoked NREM microarousals, as in the spontaneous
condition, and the sequence of state changes induced during REM
sleep (REM-microarousal-SWS5 sequence) also mimicked the natu-
ral pattern. Long (10s) stimulation evoked prolonged, active loco-
motion for up to tens of minutes, similar to spontaneous arousals
which can be observed at the end of the sleep phase.

The connectivity of DMT/CR* cells was highly specialized and
distinct from that of DMT/CR- cells. DMT/CE* cells received selec-
tive subcortical inputs in both mice and humans. The similarities in
two mammalian species that diverged over 80 million years ago are
consistent with an evolutionary ancient role for by DMT/CR* cells
in relaying arousal-related information from subcortical centers to
the forebrain. Furthermore it supports the notion that CR. content,
rather than the location of these cells in a specific thalamic nucleus,
is the key trait for anatomically defining this system. The highly col-
lateralized output of DMT/CR* cells could simultaneously activate
several forebrain regions. Our antidromic-orthodromic experi-
ments unambiguously demonstrated that axon potentials elicited
by optogenetic activation of the axon arbor in one brain regions
imvaded collaterals that innervated other regions, and hence this
method is a useful tool for assessing collateralization.

Arousals elicited by DMT/CR* always followed a fixed sequence
of events. Disruption of EEG rhythms (that is, cortical arousal)
was the first and immediate response. This can be attributed to the
strong, widespread activation of the postsynaptic forebrain targets
with short response latencies (< 10ms) via the highly collateralized
efferent connectivities of these cells. Both delta- and sigma-band

activities displayed sharp drops after stimulation. When delta activ-
ity returned to baseline with fast kinetics, no behavioral response
could be observed (sleep-through). However, if delta activity
remained low, EMG activity—that is, behavioral arousal—ensued
with a delay of 2-3 5. These data dearly dissociated the electrophysi-
ological and motor components of the arousal (EEG and EMG).
The observed EMG changes are likely the consequence of a mul-
tisynaptic™ top-down influence of the aroused forebrain on brain-
sterm motor centers rather than resulting from direct DMT action
on muscle activity, for the following reasons: (i) the altered EEG
activity following DMT/CR* activation always preceded the change
in EMG activity, (ii) DMT/CR* activation was able to alter EEG
activity even in the absence of EMG arousal (sleep-throughs), and
(iif) DMT/CR* cells did not have direct descending collaterals to
brainstermn motor centers. Shorter EMG arousal onset was observed
after VB stimulations, which may indicate a different route to motor
responses” in another arousal system.

Brief DMT stimulations qualitatively changed arousal responses
from persistent to microarowusals. In these short stimulations, stron-
ger laser intensities (that is, recruiting more DMT/CR* neurons) had
a higher probability of evoking microarousals, but these activations
never resulted in prolonged arousal. This indicates that DMT/CR+
neurons may constitute a crucial filter to protect sleep integrity
against brief, random increases in brainstem activity during sleep.

In the absence of microarousals, activation of DMT/CR* cells
could still perturb ongoing sleep oscillations. During these sub-
threshold responses, the two major sleep rhythms (delta and sigma)
displayed distinct sensitivity to the thalamic activation. Sleep
spindles were more sensitive to perturbations, probably due to the
highly intricate network mechanism responsible for their genera-
tion, whereas the more robust, globally generated delta activity was
more resistant. However, when delta activity was perturbed for lon-
ger duration, it was tightly linked to altered EMG activity:

Our data together demonstrate that graded recruitment of
DMT/CE* cells determines a precise behavioral ocutcome and
suggest that the variable optogenetic stimulation we used here imi-
tate the graded activation of DMT/CR* cells during arousal. Indeed,
the increased spontaneous activity of optically tapged DMT/CR*+
(but not DMT/CR-) cells anticipated the onset of EMG activity
in animals arousing from sleep by several seconds, which to our
knowledge has not been described in the forebrain.

DMT has previously been proposed to play important role in
arcusal™ ., This idea, however, was criticized later, due to the arti-
facts of electrical stimulation used in the original experiments, and
almost entirely abandoned'**™, Recent investigations have linked
the DMT nuclei to wide range of brain functions induding fear
learning™**+, reward“-*, feeding behavior™, and social interac-
tions*. Our present data demonstrate that besides the above specific
functions, the highly collateralized DMT/CR* newurons are involved
in arousal, which is a necessary component for the active execu-
tion of any given behavior™. It should also be noted that although
the above-mentioned studies ascribed various roles to specific DMT
pathways (for example, DMT-AMY or DMT-MAC), our present
data demonstrate that DMT neurons projecting to a single target
are exceedingly rare, if they exist at all. The differences between
DMT/CR*and DMT/CE in terms of connectivity, activity, and
c-Fos expression clearly indicate that it is the cell's phenotype rather
than its location in a particular thalamic nucleus” that is the critical
variable in DMT neuronal functions, underlining the importance of
cell-type-specific approach in DMT. Whether specialized and gen-
eralized roles are linked to the same or different neuronal subpopu-
lations of DMT/CE* neurons remains to be established.

Online content
Any methods, additional references, Mature Research report-
ing summaries, source data, statements of data availability and
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associated accession codes are available at https//doi.org/10. 1038/
541593-018-0251-9.
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Methods
Experimental models. Adult (> 2 months of age) CR-(Caib2)-Cre (a gift from Z.].
Huang) and CBASBI&] mice from both sexes were used for the experiments. Female
mice were used anly in the anatomical experiments. Mice were housed in groups of
3-5mice in transparent Plexglass cages (367 x 140207 mm) in a humidity- and
temperature-controlled environment. During testing, mice were caged individually.
Mice were entrained to a 12-h light/dark cyce (lght phase from 7:00) with food
and water avallable ad Ubitum. Testing occurred in the light phase.

Contral human thalamic tissues (= 4) were obtained from male subjects
(55-77 years old) who died from canses not linked to brain diseases. None of
them had a history of newrcloglcal disorders. The four subjects were processed
for autopsy in the Department of Pathology, Szent Borbela Hospital, Tatabdnya,
Hungary. Informed consent was obtained for the use of brain tissue and for access
to medical records for research purposes. Tlssue was obtained and used ina
manner corpliant with the Declaration of Helsinkl.

All procedures were approved by the Regional and Institutional Committee
of Sclence of Experimental Medicine of the Hungarian Academy of Sclences,
Research Centre for Matural Sclences and the Autonoma University in Madrid and
Research Ethics of Sclentiflc Council of Health (ETT TUKEB 314437201 I/ EKU
(518/PL{11}). The experiments were approved by the Matlonal Animal Research
Authorities of Hungary and Spain.

Viral injections. AAV2/5-Efla- DIO-ChR2-eYFE A AV2/5-Efla-DIO-SwichRiCA-
eYFR and AAV2/5-Efla- DIO-eYFP viruses (50-100nL; Penn Vector Core or
UMC; titer: 5» 101 to 12 10" GC/mL) were injected at a rate of 1 nL/'s into the
dorsomedial thalamus (DMT, AP -0.9 to 1.1, ML 0, DV 2.8, -3.2 mm from the
braln surface) or ioto a target reglon: prelimbdc cortex (Prl, AP 2, ML 0.3, DV
2mm), nucleus accumbens (MAc; AP 1.4, ML 0.8, DV 4rmm), and amygdala (&MY,
AP -1.5 ML 3.3, DY 4mm}). For anatomical analysis, after 3-8 weeks of survhwal
time, mice were perfused first with saline, then with ~150 mL of fixative salution
containing 4% PEA in 0.1 M phosphate buffer (PB). Tissue blocks were cut cna
Vibratome (Leica) imto 50-pm coronal sections and fluorescently counterstained
for parvalbumin (PV; rabbit, Swant: PVI7; 1:3,000), calretinin (CF; mouse,
Swant: 6B3; 1:1,000-3,0000, choline acetyltransferase (Chat;™ mouse, 1:500) and
Orrendn (O goat, Santa Craz: sc-B071; 1:2,000-5000), with secondary antibodles
confugated with a fluorescent IgiGs (Alexa Fluor 488 donkey antl-mouse IgG (H+L),
Jackson ImmunoResearch, 715-545-150; Alexa Fluor 488 donkey antl-rabbit

IgG (H+L), Molecular Probes, A21206; Aloca Fluor 488 donkey antl-goat IgG
(H+L}), Molecular Probes, A11055; CY3 donkey anti-rabbit IgG (H+L), Jadson
ImmunoResearch, 711-165-152; CY3 donkey anti-roouse IgG (H+L), Jadson
ImmunoRessarch, 715-165-151; Cy3 donkey antl-goat IgG (H+L), Jadwson
ImmunoResearch, 705-165-147; and Alexa Fluor 647 donkey antl-mouse IgG
(H+L}, Jackson Immuno Research, 715-605-151) to identify the DMT-targeted
cortical and subcortical reglons.

In vivo electrophysiology in anesthetized preparations. In vive recordings were
performed 4-8 weeks after the viral injectlons. For LFP recordings, 16-channel
silicon probes were lowered in the PrL (AP+2, ML 1.5 DV 3.5 mm, inclined at
55") and primary somatosensory cortex (51; AP 1.2; ML 3.2, DV 1.2 mm, Inclined
at 207). Ventral striatal(MAc, AP 1.4, ML 0.8, DY 4 mom) and amygdalar (AMY,
AP -1.5 ML 3.3, DV 4 mm) multiunit activities (MUA) were monitored via
32-channel linear silicon probes (MNeuronexus) labeled by DL Two different
recording conditicns were used. First, the optic fibers were lowered to DMT,

and classical orthodrambe responses were recorded. Mext, the optic fibers were
repositioned to the MAc, DMT/CR* fibers were activated, and the evoked MUA
(eMUA) responses were detected in Prl and AMY. Under these latter conditions,
actlon potentlals first traveled antidromically, and at a putative branching they
could turn to orthodromic direction as well; therefore we call this ‘antid romic—
orthodromic activation. As NAc contains no CR* cells, and as MAc-projecting
neurcrs are GABAerglc and do not project to Prl, fast activation of Prl. neurons is
only possible via the branching collaterals of DMT/CR* cells.

Silicon probe signals were high-pass filtered (0.3 Hz), amplified (2,000 ) by
a256-channel amplifler, and digitized at 20kHz (Intan Technologles). Single-unit
activity was recorded by glass microelectrodes (in vivo impedance of 10-40 MD)
flled with 0.5M MaCl and 2% neuroblotin (Vector Leboratories), Meuronal slgnals
were amplified by a DC amplifier (Axocdamp 2B, Molecular Devices) and further
amplified and filtered between 0.16 and 5kHz by a signal conditicner (Linear Amp,
Supertech). Optogenetic tagging in AAV2/5-EF 1a-DIO-ChR2-eYFP-Injected
animals was done with 473nm Nght pulses (1 ms, 1 Hz, 10mW). Juctacellular
labeling of the recorded neurcns was performed’. Latency of evoked AP was
calculated as time-to-peak, while spike fldelity was calculated as proportion of
evoked AR Tall pinch (30s) as an arousal signal was applied

After recordings, animals were transcardially perfused and coronal sections
were cut. The labeled cells were visualized with stre ptavidin-conjugated
fluorescent immunoglobulin tagged with a flucrescent pratein (Cy3 or Alexa
Fluor-488, 1:2,000 for 2h at noom tem; , 22-25" C) ar avidin-blotin
complex {Vector Laboratories; 1:300, 2h), developed by nickel-intensifled
diaminobenzidine a5 a chromogen. To identify the phenotype of the recorded
cells, ant-CR flucrescent counterstaining was performed using mouse or rabbit
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anti-CE. antibody (SWANT, 6B3/7697, 1:3,000, overnight at room temperature)
and with Cy3-(Jackson ImmunoPesearch Laboratories) or Alexa Fluor
488-conjugated antl-mouse secondary antibody (Iovitrogen; 1:500; 2h at room
temperature ). The positlons of the silicon probes were verifled by DII labeling of
the tissue along the electrode track.

Polysomnographic experiments. Surgeries for combined electroencephal ography
(EEG felectromyegraphic (EMG) recordings and optogenetic stimulation were
performed on adult male CR-Cre mice at least 4 weeks after viral infection of
AAV2/5-EF1a-DIO-ChR2-eXFP or control EF1a-DI0-eYFP into DMT (AP -1.0,
ML 0, DV 2.8-32 mm}, or AAV2/5-h5yn-ChE2-EYFP into VB (AP -1.7, ML +1.7,
DV 3.4 mm). Screw electrodes were implanted into the skull {frontal screws:
AP+2, ML +2 mim; parletal screws: AP -1.2, ML +3 mm); the ground and
reference screw electrodes were placed above the occipital bone and the multimede
optic fiber (105nm core dlameter, NA=0.22, Thorlabs) was lowered imto DMT
{at a 10 angle to awold the superior sagittal sinus) ar VA, The screws and optic
fibers were secured to the skull by multiple layers of dental acrylic (Heraeus
Kulzer). Mice were allowed at least 10 d to recover.

During recordings, animals were left in thelr home cages to deep during
light phase (between & am. and & pm.). The vast majority of stimulations (30%)
ocourred between 12:30 and 16:30, that Is, in the second half of the ght phase.
After each experiment, mice were left to rest for the subsequent 2 d (at least). The
slgnals were recorded amplified and digitized at 20kHz (KTU-1001, Ampliplen).

Optogenetic stimulation of DMT or unilateral VB was carrled out using
5-ms pulses of 473 nm leser (LaserGlow) at varying intensitles (0.001-456mW)
and frequencles (1-20 Hz) for 0.5-108 via a data-acquisttion board (MNatiomnal
Instruments) controlled by custom-written Matlab programs. The values for
indtvidual animals are shown in Supplementary Flg. 8. To obtain comparable data,
the laser power used in each animal was set to obtatn simdlar behavioral output
(that 15, probability of arousal). In parallel with electrical recordings, we also
obtained video recordings. For tracking movemnent, elther a red LED or a marker
reflecting infrared light was placed on the head of each mouse. Recorded video
files (30 fps; MOTIVE Tracker camera system) were then analyzed with BONSAT™,

All data processing was carrled out in Matlab. EEG signals were downsampled
at 2kHz and low-pass filtered at 50 Hz for further analysls. Powers of delta
(1-3Haz), theta (58 Hz) and slgma (10-15 Hz) frequency bands were calculated
from one of the frontal screw electrodes.

Electromyogram (EMG) signal was detected elther directly from the neck
muscle or Indirectly from one of the parfetal EEG screw electrode. For further
analysls, EMG signal was downsampled at 2 kHz and bandpass filtered between
300 and 00Hz.

Comparisons of EMG sigmals from the neck muscle or from EEG screw
electrode gave simnilar results overall. However, the latter gave better signal-to-nolse
ratios and occaslonally presented activity that could not be detected from neck
muscle, possibly due to activity arising from the jaw and face muscles.

Sleep—wake states were determined using EEG and EMG signals. Wake
was characterized by high muscle activity and low delta power, while sleep
was characterized by low muscle tone and was further subdivided imto MEEM
and REM. NREEM and REM were assoclated with high and low delta powers,
respectively. For the purpose of this study, arousal refers to a change from either
sleep state to the wale state. Theta power per se did not predict seep stages. REM
was determined as a high theta/delta ratio assoclated with low delta power, but
always conflirmed by eye, creating a wavelet spectrogram from frontal and/or
parletal EEG signal.

We considered arousal when a motionless (for example, stationary body
posture), low-EMG state was Interrupted or followed by body motion or posture
changes. Thess events were always accompanied by marked increase in EMG
activity. Therefore, to quantify the onset and duratlon of arousal, we used the
EMG signal. First, all the recorded EMG time-series were divided into 0.15 bins
and the s.d. was calculated for each bin. Plotting a probability distribution for
5.0 values of musde activity, for each animal, we were able to determine a value
(peak of the distribution) characteristic for muscle activity in sleep. Then, using &
threshold—determined for each animal (+2.1-5s.d. of baseline)—each time bin
was asslgned efther EMG ON or EMG OFF. Two simple algorithms were applied
to reduce fragmentation of EMG ON/OFF states. To reduce the detection of simple
muscle twitches and fawor to those with real head movements, EMG O states
longer than 0.5 s were kept, and those with shorter duration was regarded as EMG
OFFE. To reduce fragrmentation of active states, EMG OFF states shorter than 25
wene corverted to EMG OM states if they wene embedded in an EMG ON state
(Supplementary Flg. 5.

Stimulus-induced arousals (probability, onset, duration) were evaluated
within a 608 time-window (if not stated otherwise) following stimulus onset.
First, all trials were excluded if they () occurred with an EMG ON state within
105 preceding the stimulation, (~15% of trials) or (1) were transient, for example,
no stable REM or NEEM stages within 10s preceding the stirmulation (< 1% of
trials). Spontanecus arousals were evaluated by exactly the same criteris, but
for nonstimulated perlods (beginning of a 608 tme-window, at 61-101s before
stimulus omset). The vast majority of microarousals oocurned within 105 after
stimulus cnset (Supplementary Fig. by thus, any arousal bout with longer latency
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was not consldered here as evolked activity. Those with no evoked EMG activity
during the &60s periods were dassifled as sleep-throughs. Total stimulated trials
contalning all kind of stimulus durations and intensities used in the analysis after
exclusions (see abowve): 262 trisls for 3 @¥FP mice; 3,173 trials for 8 ChRE2-DMT
mice, and 3, 168 trials for 4 VB mice.

For microarousal experiments, 0.5-, 1-, and 25 stimulations were applied
regularly every 3-5min for 4-6h per day. Stimulations at different laser imtensities
and durations were applied randomly. Long, 10s stimulations were usually
delivered only once, at the beginning or end of the day. When animals awalkened
forlonger periods, stimulation protocol was paused.

For Flgs. -1 and 4a—f, we used high laser intensities (13-46 mW for 7 DMT
animals) to achleve the possible highest arousal probability, and we used lower
Intensities (0.001-4.3mW for 1 DMT stimulation and for 7 VB stimul ations) when
evoked microarousal probability was higher than 90%.

When subthreshold effect was tested (Flg. m-q) during 1 s stimulation,
we analyzed trials with laser intensitles generating comparable probabilities of
microarousals in NEEM sleep for each mice (35-66% probability, inferred from
Intensity-probability curves presented in Supplementary Fig. 8). To calculate
the recovery-time constant for delta and sigma power, average curves for delta
and sigma powers for each animal were calculated in a 605 window, and a single
exponential was fitted on the recovery phase. To ensure reliable data acquisition,
laser power was continuously monttored and recorded.

We expressed state dependency as the ratlo of maximal arousal probability
evoked during REM and NREM sleep, corrected for baseline arousal rate:
(REM,,, - REM, ) (MREM,,,, -NREM, ., ).

Too Irvves tigate whether the prestimulus EEG delta and sigma powers
determine the behavioral outcome of the stimulus (for example, MA or ST;
Supplementary Flg. 7) continucus delta and sigma powers were divided
into 4 5 bins, and average power was calculated for each bin for both frequency
bands. Mean values in each bin were normalized to the average values for
each animal, then averaged across anirals.

Single-unit freely moving record ings. Four custom-fabr cated tungsten tetrodes
(d: 12.5 prm, California Fine Wire) were chrondcally implanted into the DT

of CR-Cre mice (AP -0.8, ML 0.6 DV 3.1-3.2 mm, at 10% s= 4}, along with
multimode optic fiber (105 pm core diameter, MA = 0.22; Thorabs), all tunneled
in a palyimide tube (0.008 D, Meuralynx). The tetrode wires were attached to

an electrode interface board (EIB-16, Meuralynx) using gold electrode contact
pins {Neuralymx). The EMG electrode wire, as well as the ground and reference
wires, was soldered to the EIB. Before implantation, tetrodes were cut to thelr final
lengths (200-400 pm laft between the optic fiber and tetrode tps); impedances
measured at 1 kHz were kept between 300700 k). Ground and reference screws
were implanted in the occlpital and parietal bones, respectively; an EMG wire

was Inserted into the neck muscle. Finally, all pleces were secured to the skull by
multiple layers of dental acrylic (Paladur, Herseus Kulzer). Mice were left at least 7
d to recover, and then handled for several days

Dhuring recordings, animals were left in thelr homecages to sleep during thelr
light phase (9 a.m.—7 p.m.). Behavior of mice was also video recorded (30 fps). The
Interface board was connected to an Intan recording system through a 16-channel
preamplifier (Intan Technologles; gain: 192 x, sampling frequency: 20 kS/s). The
laser was tr ggered wia a data-acquisttion board (Mational Instruments) controlled
by custom-written Matlab programs. Analog trigeer pulses were reglstered
in parallel with the neural data. Short-latency (<1 0ms) Hght-evalead splking
was consldered a reliable indicator of direct lght activation and thus enabled
Identification of the DMT!CR* cell type.

EMG onset as an indicator for sleepiwake transition was given as described
above. Awake perlods were only accepted when they were preceded by a 308
sleeping phase and were longer than 500ms, deflned as the lower Hmit for
minimal arousal

Malse filtering was performed on the raw elactrophysiologlcal recordings by
average subtraction, followed by filtering for splkes (> 400 Hz). Spike detection
and principal component analysis-based automatic dustering were performed
using SplkeDretekt and Klusta View; respectively. Cell-grouping was refined
marnally by ElustaFwik™. A group of splkes was considered to be generated by a
single neuron if the weveforms formed a discrete, well-1sclated duster and had an
autocorrelogram with absolute refractory period. We excluded cells from different
tetrodes if they shared a symmetrical cross-correlogram as well as a similar action
potential shape to avold counting the same cell more than once.

identification of DMT/CR+ single units was done with 5-ms,
low-Intensity, 473 nm laser pulses (100-500 W) at 1 Hz to evoke splking. The
lower laser Intensities explain the difference in response latencles and probability
between the anesthetized and freely moving preparations. Higher laser intensities
obstructed the unequivocal clustering of single units in freely moving conditions.

DMT/CR* newrons were chosen based on a criterlon of a tagging x-score above
3.3 (P> 0.001) in the first 10 ms after light onset. Every cell showing weaker or no
photoactivation was consldered to be a non-CR* cell. However, as large proportion
of the DMT cells Is CR* and the viral infection rate was very high (Supplementary
Fig. 1), it cannot be ruled out that DMT/CR* cells were occaslonally considered
to be DMT/CR- due to, for exampls, weaker activation. Indeed, the sirilarities

In activity preceding EMG ON states between DMT/CE™ cell and some CE cells
suggests that this could happen frequently. Ped-event time histograms (PSTH)
were deflned for each cell around the detected EMG onsets. Z-score values of

the flring rates were given upon PSTH calcul ation for each cell to a 205 baseline
(deep) perlod (between —30s and -10 s, calculated from the onset of EMG signal).
Signiflcant changes of the firing rates were defined upon at least two

(z> 1.92, P> 0.05) nelghboring z-score (1 5) bins in the [-10, 10]-s interval around
EMG onset. Mean z-scores for CR* and CR- neurons are presented. All data
analysls was carried out using custom-written Matlab software,

Open field behavior. The apparatus consisted of a Plexiglas open fleld

(40 cm = 40 cmx 40 cm). DMT of male CR-Cre mice (3-6 months old) were
Injected with either AAV2/5-Efla-DIO-SwichRCA-eYFP or AAVY5-Efla-DIO-
eYFP {for controls), and an optic flber was implanted above the DMT. After 4
weelss of recovery, mice were placed Into the open fleld chamber for 10 min. The
first minute served as habltuation phase, followed by 3x 3min of testing periods
(OFF-ON—OFF). Basad on the juxtacellular recordings (Supplementary Flg. 4) we
applied 2 s of continuous laser-lght Mumination {10mW) every 30s during the
ON period to Inactivate the DMT/CR* population. The number of brief behavicral
immobdle periods (pauses) was quantified as a slgn of lowered arousal perlods.
Pauses longer than 2s (< 1.7% of total time) were discarded. Within-group and
between-groups comparisons were analyzed with repeated-measures AMOVA

Retrograde tracing. Single retrograde tracings were carred out with cholera
toxin B subunit (CTE; List Blological Laboratores 104) labeling, while double-
retrograde tracings used CTB and Fluorogold (FG; Fluorochrome). Both tracers
were lontophoretically injected (7/7s on/off duty cycle; 2-3 pA, for 10min) into
one of the following brain areas: MAc (= 13} PrL (y=15), or BLA (n= 15),
under ketarnine (75 mg'kg)/xylazine (5mg'kg) anesthesla. After 1 week of survival
tiroie, the andrmals were perfused; bralms were actracted and cut into 50 wm thidk
coronal sectlons. Free-floating sections were intenstvely washed with FB and
then treated with a Hodking salution containing 10%MDS and 0.5% Triton-X

for 30 min at room temperature. The antibodies against CTB (goat; List
Binloglcal Laboratories: T03; 1:20,0000, FG (rabbit; Chemicon: AB153; 1:10,0007,
PY (mouse; Swant: PV 234; 1,3,000), and CF. {mouse; Swant; 1:3,000) were
diluted in PB containing 0.1% NDS and 0.1% Trton-X. After primary antibody
incubation (1 d at room ternperature or 2-3 days at 4°C), sectlons were treated
with Alexa Fluor 488-conjugated donkey anti-rabbit IgG, Cy3-conjugated donkey
antl-goat and Asd7/CY5-conjugated donkey antl-mouse (respectively) for 2h at
room termper ature.

«-Fos experiments. Meurconal activation to distinct external stimull was monitored
via c-Fos .In wake-sdeep cycle ents, animals were perfused
at ZT2.5 in the sleeping (Ught) phase and at ZT14.5 in the waking (dark) phase
(=8, each). In experiments measuring the effect of Increasing arousal, control
animals (1= 4) were handled for 2 d; the habituation group (#=4) was placed in
the shodk chamber for 5 min without recetving footshock after 2 d of handling,
and shocked animals (n=4) received 2 & 1-mA footshocks every 30s for 4min in
the same chamber. After 60min, animals were perfused. ¢-Fos and CR. double-
stalnings were performed on 50 pm thick coronal sections contalning DMT.
The primary antibodies against ¢ Fos (rabbit; Calblochem: Ab-5; 1:20,000) and
calretinin (CR; mouse; Swant; 1:3,000) were diluted in PB contalning 0.1% MNDS
and 0.1% Triton-X. Twenty-four to 48h later, sectlons were treated with Alexa
Fluor 488- and Cy3-conjugated secondary antibodies for 2 h at room temperature.
Adter further PB washes, sectlons were mounted in Vectashield and imaged using a
confiocal microscope.

To quantify c-Fos density, antl-c-Fos was developed with DABMiasa
chrornogen. The section was dehydrated and then mounted with DePex
(Serva, Heldelberg, Germany). All sections used for quantifi catlon were
devel nped together for the same duration. Images were talken using a brightfleld
eplflucrescent (Zelss) or confocal microscope (Zelss, Olympus, and Nikon). Three
sections were analyzed per animals: one each from the rostral, middle, and candal
parts of the DMT, separated by 600 pm. The CR contents of single retrogradely
labeled cells and CTB + FG doutle-retrogradely labeled and c-Fos activated cells
werne analyzed manually in 60x confocal images. The mumber of ¢- Fos-labeled cells
was analyzed using a custom-written Image] script

Single-cell labeling and reconstruction. Single DMT neurons were transfected
with an RMA construct driving the expression of eGFP assoclated with the
palmitoylation signal GAP43, which specifically directs it to the axonal
membrane™, Transfections were carrled out following a recently described method
of In vivo BMA electroporation in a high-saline vehide™. Briefly, barosilicate
micropipettes (20-pm tip) were backfilled with an BNA sclution (1.8 pg/ul) in

a high-saline vehicle (NaCl 0.5 M) and mounted on a holder equipped with &
pressure pump connectlon and an electrode. The micropipette was positioned

into the DMT, and 50-100 nL of the BNA solution were slowly injectad using a
precision electrovalve system (Ploospritzer 11, Parker Hannifin, Cleveland OHJL
Two to four 200 Hz trains of 1-ms negative-square pulses at 50'¥ were then applied
using a C520 stimulator (Clbertec, Madrid, Spain). After 52-65h survival, the
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animals were perfused and seral 50 pm-thick coronal sectbons were obtained.
First, the GFP signal was intensifled with antl-GEP (rabbit, Millipore, 1:10,000)
staining, and then sectlons were counterstained for CR. Finally, all the sections
were Immunostained, free-floating, in anti-GFP serum followed by incubation with
a blotimylated goat antl-rabbit seram (1:300; Sigrma-Aldrich, 5t. Louls, MOy, USA)
and an avidin-bletin-peroxidase kit (1:300; Vectastaln Elite, Yector Laboratories,
Burlingame, CA, USA). Sections were serlally mounted, dehydrated, and
coverslipped with DePeX. The axonal arbor of one cell was reconstructed using a
Camera Luclda tube.

Parallel immunostainings of the human and mice thalamus. Postm ortern human
brairs were removed 2-5h after death. The internal carctid and the vertebral
arteries were canmulated, and the brains were perfused first with

saline (1.5L in 30mnin) contalining (5mL}, and then with a fhoative

salutlon contalning 4% paraformaldehyde, 0.05% gutaraldehyde, and 0.2%

pleric actd (wolivel) tn 0.1 M PE, pH="74 (4-5L in 1.5-2h} The thalamus

was removed after perfusion and was postflxed overnight in the same flxative
solution mimas the ghitaraldebyde. Mouse brains were taken after mice were
killed via perfusion. Subsequenthy, 50-pm-thick coronal sections were obtained for
trmmunchistochernistry using a Lelca VT5- 1000 Vibratome (Lelca Microsysterns).
The sections were incubated against CR, »GluT2 (mouse, Millipore: MABS504,
1:3,000) and One The signals wene vimalized with efther DAB or DABML Afterwards,
In some cases, glucose (7%, wijivel) was added to the OsO, sclution to preserve color
differences. The sections were debydrated and cover slipped with DePelXl.

Estimation of the length of thalamic axons in prelimbic cortex using retro-
anterograde viral labeling. We used the fact that in the CR-Cre mice, the Cre-
dependent- AAV vectors used here propagated both anterogradely and retrogradely
after a suffickently long survival tirme (> 6 weeks). Thus, virus injection into
target A of DMT/CR* cells back-labeled CR* neurons in a retrograde manner. If
neurons projecting to target A had collaterals in target B, the virus propagated

in an anterograde fashion and visualized axons in target B as well. Obvlously,

to demonstrate that thess axons in target B belonged to the DMT cells and not

to other calretinin neurons we should demonstrate that (1) target A contains

no calretinin cells which project to target B and (i) there are no other reglons
outside DMT that project to both target A and B. For this analysls we selected

as the three main targets Prl, MAc, and AMY. Injection of the AAV virus into

any of these targets (n==8, 9, and 12 cases, for Prl, MAC, and AMY, respectively)
labeled abundant cell populations in the DMT but no cell bodies could be found
in the other two reglons, dem onstrating the lack of CI* projecting cells among
these three centers. The wirus injection, however, did label scattered neurons in
the dorsalicaudal hypothalamus and the ¥TA following Prl and MAc injections,
Indicating a minor CR* arlsing outslde the thalamus, Using sections
from the double retrograde CTE+ FG s described above, however, we
found that only a small fraction of CR* cells (< 2%) projectad to any two of these
three targets (Supplementary Fig. 11). Based on these data, we can firmly condude
that following virus injection to Prl, MAc, or AMY, the axons labeled in amy other
two reglons are collaterals of branching DMT/CE* axons. The experiments indeed
demonstrated that injection to amy of these three targets labeled abundant swon
arbors in the other two.

Hext, cortlcal projections of all DMT cells, as well as NAc- and AMY-projecting
DT cells, were analyzed in frontal cortical sectlons as follows. The native
fluorescent signal was analyzed in 50pm coronal sections. PrL cortex was divided
into 50 pm-thick bins from the pla to the bottom of L6 that were positioned
perpendicular with the pla surface. In each bin, the image stacks were threshalded
to optimally select the axenal branches contalning tracer. The thresholded image
was reduced to skeletons using the following FITI plugin Pluglns/Skeleton/
Skeletonize (2DV3DY), then measured by plugin Analyze/Skeleton/ Analyze Skeleton
(2Dv3D). This measured the lengths of the segments of the skeletonized stractures.
Lengths were summarized for a given area, and then the values wene normalized to
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10,000 pm”. Six sampling areas were investigated in each animsl (n= 9); the results
from the same animal were averaged and displayed as mean+ 5.4

The distribution of the vGluT2 terminals was mapped by the optical
fractionators method: ™ the numbers of v5luT2+ terminals were cowmnted in
502 50prn counting frames placed on grid polnts of & 500 » 500 pm sampling grid
for human samples and 10 10 pm counting frames on grid polnts of a 50 50 pm
sampling grid for mouse samples in the upper 5 pm of the saction. The density of
boutons were normalized to 171,000 pm?. Grid data were imterpolated with Matlab
{MathWorks) and displayed as a heat map. Distibutions of CR* cells were mapped
with Meurclucida (MBF Blesclences) and displayed dot plets (Flg. 7) on the top of
the WGEIWT2 heat maps.

Statistical analysis. Mo statistical methods were used to predetermine sarnple
slze, but our sample slzes are similar to those reported In publications™=",
Experiments and/cr analysis described in Flgs. 1a—e, 2a—, M-lgo-q, 4d-1, Sk-gq,
and sa-g and Supplementary Flgs. le-1, She, 6-8,91-n, 105d, 11a-1, and 12p-r
were randomized; all other experiments were not. In all experiments, imvestl gators
were blinded to allocation and outcome assessments except in the cases of tracer/
viral tracing. Data In figures represent mean =+ s.e.m. unless otherwise indicated.
Data from independent experiments were pooled when possible. Sample sizes
were chosen based on pllot experiments to accurately detect statistical significance
as well as considering technical feas{bility and ethical animal and sample use.
Statistical slgnificance was assessed using two-talled ¢ tests, Mann-Whitney L7
tests, or AMOVA after testing normality of the dataset, using

tests. Statistical analyses were performed using Statistica (Statsoft) or SPSS 15,
Signifl cance Is labeled as *P< 0,05, **P< 001, ***P< 0.001; n.5., not significant.

Reporting Summary. Further information on experimental design is avatlable in
the Mature Research Reporting Summary linked to this artice.

Data and code availability. The data and code that support the findings of this
study are avallable from the comesponding author upon reasonable request
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'Supplementary Figure 1

Activity of DMT cells before and after spontaneous arousals in freely sieeping conditions.

-c, Low power confocal images of a representative injection site at three coronal levels following a single injection of AAV-DIO
hR2(H134)-eYFP into DMT of CR-Cre mice (n = 4 mice).

, High power confocal images of the co-localization of CR immunostaining and eYFP in DMT 6 weeks after the viral injection.
, An example of an optically tagged DMT/CR+ cell which increased firing activity together with (but not before) the sleepiwake
ansition in freely moving conditions. From left-to-right, waveforms (WF, top) and autocorrelogram (ACG, hottom), peri-event time!
istogram upon optogenetic tagging and change of firing rate of the sample DMT/CR+ cell.
, Population data for the activity of those DMT/CR+ units which increased their firing only at the onset of sleep/wake transition (0/+; n 5
1) but not before.
., Population data for the activity of those DMT/CR+ units which displayed anticipatatory firing before the onset of the sleep/wake
ansition (+/all; n = 20/31). 1 sec bins indicate the averages of z-scores, while green line shows its variance (SD). Red dashed line
epresent the significance levels for p < 0.05 Z-score values (1.96).
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h, Pie chart shows the distribufion of firing rate changes for all 31 DMT/CE+ neurons before and after the sleepfwake transition.
i, Pie chart shows the distribution of fiing rate changes for all 34 DMT/CR- before and after sleepfwake transition. Activation beforg
EMG ON vs. others, DMT/CR+ vs. DMT/CR- Fisher's exact test, two-tailed, p = 0.0012.
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200 pm

cFos, Foot-shock cFos/CR

'Supplementary Figure 2

Distribution of c-Fos-activated cells in the DMT/CR* region.

[a1-a3, Overlap between foot-shock activated c-Fos-positive neurons and CR expression in DMT (n = 4 mice).
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Supplementary Figure 3
Response of DMT/CR® cell activity to tail-pinch.
, Experimental design to monitor the effects of tail pinch on the DMT/CR+ cells firing along with the prelimbic cortical {PrL) LFP.
, Individual responses of single DMT/CR+ cells which increased (b) or decreased (c) their firing to tail pinch. Black and red fraces|
ndicate the comesponding raw and filiered (1-3 Hz) PrL LFP, respectively.
., Top, population data for responses to tail-pinch of DMT/CR+ (n = 13 cells). 6/13 DMT/CR+ neurons responded with elevated activity

PRE 1.26 + 0.62 Hz; TAIL 4.96 = 3.43 Hz; ) which persisted long after the termination of the stimulus (3.39 £ 2 73Hz in the 40 sec p
imulus period). One-way ANOWVA, F(2, 15) = 5.3735, p = 0.0174; Fisher's LSD, Pre vs. Tail, p = 0.0053; Pre vs Post, p = 0.0748; Tail
. Post, p = 0.1978. The remaining neurons (7/M13) decreased their activity during tail pinch (Pre 0.91 £ 0.31 Hz; Tail 0.17 £ 0.26 Hz;
ost 0.12 £ 0.2 Hz,). One-way ANCOVA, F(2, 18) = 50.533, p = 0.0001; Fisher's LSD, Pre vs. Tail, p = 0.0001; Pre vs Post, p < 0.0001;
ail vs. Post p = 0.7262. Bottom, changes of Prl delta power underlying tail pinch. Black and grey dots indicate individual cells whi
ncrease of decrease their firing, respectively, during tail pinch [group (increase vs. decrease)-wise comparison: Repeated measures
OVA, F(2, 16) = 0.187, p = 0.8314, Effect (Pre-Tail-Post}-wise comparison: one-way ANOVA, F(2, 27) = 61.372, p < 0.0001; Fisher’
SD, Pre vs. Tail, p = 0.0001; Pre vs Post, p = 0.0001; Tail vs. Post p = 0.8692; while light and dark green colored hars represent thei
mean + SO, respectively. #p <0.1; *p = 0.05; *p=0.01, **p = 0.001; n.s., non-significant.
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Supplementary Figure 4

SwichR-mediated silencing of DMT/CR* cells.

, Experimental design to validate SwichR-mediated silencing of DMT/CR+ cells.
, Juxtacellular recording of a DMT cell using 0.5 sec (a), 1 sec (b) and 2 sec (c) long blue laser light under urethane anesthesia.
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Supplementary Figure 5

uantification of arousal events and features of the EMG ON states evoked by stimulations with different durations.

, Definitions of EMG OM and OFF (activefinactive) states for quantitative purposes (onset, duration, probability) based on the ra
MG signal. Black, 300-600 Hz filkered EMG; purple, standard deviation of EMG; green, threshold for EMG active state. Three criteri
used. 1: standard deviation (+2.1-5 5D of baseline) above threshold; 2: EMG ON states shorter than 0.5 sec are discarded sinc
ey represent muscle twitches rather than arousals or microarousals. 3: Gaps shorter than 2 sec between EMG ON states were fille
ith ON state, since it is unlikely that mice go back to sleep for 2 sec.

, Cumulative distribution of the latency of spontaneously occurring (black) or optogenetically evoked arousals (1s; red, 10s blue) in
sec window after stimulation onset. Shaded area represents £ s.e.m.

. Average durations of spontaneous and evoked arousals, using different stimulus durations (n = 225 trials in 5 mice, spontan
sp), 267 077,055 208+078sec; 15, 3.22+085sec; 25 959 +402 sec; 10 5, 56.41 + 2 sec; Repeated measures of ANOWVA,
(3,12) = B36.88, p = 0.0001. Pairwise comparison with Bonferroni comection shows significant difference only for0.5svs 10 s, p
.0001).The horizontal lines in the box plots indicate medians, the box limits indicate first and third quantiles, and the veriical whiske
ines indicate minimum and maximum values.
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Supplementary Figure 6

\Alteration of EEG, not EMG activity, is the primary response after DMTICR" stimulation.

, Average peri-stimulus distribution of the probability of EMG ON states (black), normalized delta power (red) and raw EMG aciivity
gray) during microarousals following 1 sec DMT/CR+ stimulations in NREM sleep (n = 5 mice). Microarousals with longer than 2 seq
atencies are included. Mote the instantaneous drop in delta activity followed by the onset of EMG activity after several seconds.
, In this figure in the top the evoked EMG ON states are grouped according to onset latencies (0-1 sec, 1-2 sec, etc, n = 521 trials in 5
ice) and labeled with different colors and in the bottom the comesponding average peristimulus EEG delta powers data are shown|
ith the same colors. Mote, that the drop in the delta power is tightly linked to the stimulation regardless of the onset of EMG ON state)
sirating the primacy of EEG response.

, Distribution of time differences between the drop in delta activity and the onset of EMG OM states in case of individual evoked
rousal events. Bin size is 0.25 sec. In the vast majority of the cases (89%) the EEG response occurs first.
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'Supplementary Figure 7
State dependency of DMT/CR responses and characterization of evoked VB responses.

, Spike triggered EEG averages of the cortical evoked responses during DMT/CR+ stimulations resulting in microarousals (red) or]
p throughs (blue) in NREM sleep (n = 5 mice). The traces are friggered by the first stimulation of the 1 sec long 10 Hz train. No
ifference in cortical response can be observed in these two conditions.
, Normalized, average delta (b) and sigma (c) powers preceding DMT/CR+ stimulations resulting in microarousals (red) or sleep|
roughs (blue) in NREM sleep (n = 5 mice). No systematic difference is present between the two conditions. Light blue and red lines|
presents +s.e.m.
, Average peri-stimulus distribution of EMG ON states (d), delta (e) and sigma (f) power during microarousals (MA, red) and sleep-
rough (ST, blue) in case of 1 sec VB stimulations n = 274 frials in 4 unilateral stimulations. Note prolonged disturbance of sigma|
ctivity even in case of sleep-throughs. Light blue and red lines represents + s.e.m.
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'Supplementary Figure 8

Stimulation intensity vs. arousal (EMG ON) probability curves for individual DMT/CR® and VB mice.

, DMT/CR+ mice (n=5)

, VB mice (n =4).

lack curves, moving averages of 30 points; red curves, sigmoid fitted on data; cyan horizontal lines, probability of sponta
rousal (EMG ON) within 10s (using the same criteria as for evoked). Blue dots indicate trials of laser intensities at which
imulation evoked microarousal (1) or sleep-through (0). Each panel contains the laser intensity range used for the given animal.
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'Supplementary Figure 9

\Widespread projection of DMT/CR* neurons in different forebrain regions.

-k, AAV-DIO-ChR2-eYFP labeled axonal processes (green) in a CR-Cre mouse arising from DMT. DMT/CR+ fibers can be found in al
ayers (L1-L6) of the prelimbic (PrL, a) and insular cortex (IC; b), in L6 of the primary somatosensory cortex (S1; c), deep layers of th
emporal association cortex (TeA; d), nucleus accumbens (NAc; e), lateral septum (LS; f), dorsomedial part of the caudate putame
dmCPu) and bed nucleus of the stria terminalis (BNST; g); interstitial nucleus of the posterior limb of the anterior commissure (IPAC),
Ifactory tubercle (Tu), substantia innominata (Sl) and ventral pallidum (VP; h); amygdalostriatal transition area (Astr), centrolatera
mygdala (Cel), basolateral amygdala (BLA) but not lateral amygdala (LA; i); lateral hypothalamus (LH; j) and thalamic reticulari
ucleus (TRN; k). Note the varying density of DMT/CR+ axonal arbor around the cholinergic (Chat; red in h) and orexinergic cells (Orx,|
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red in j). The teritory of TRM is labeled by parvalbumin (PY, red) in k. LV, lateral ventricle.

-n, Schematic drawings of the experiments (fop) and representative low power confocal image of a CR-immunostained (red) sections
of DMT (bottom). Yellow dots indicate the position of DMT neurons retrogradely labeled from the prelimbic cortex (I; Prl; 891/922 cell,
196.64 %; n=5 mice), amygdala (m; AMY; 416/438 cells, 94 98 %, n=4 mice) and nucleus accumbens (n; NAc; 208172114 cell, 98.44 %,
In=5 mice). Graphs in the left comer of the images show the proporiion of CR+/CTB-labeled cells in the DMT and represent means 3
S0,
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Supplementary Figure 10
Functional connectivity of DMT/CR* neurons in Prl, NAc, and BLA.

ntensity.

OVA, F(3, 8)=1.7067, p=02424).

e lack of augmenting responses.

v

, The magnitude of evoked multi-unit activity (eMUA) in PrL, NAc and BLA by DMT/CR+ stimulation at 10 Hz depends on laser

. Quantification of the peak amplitude for the 1%, 2™ 5™ and 10™ pulses of an 1 sec long 10 Hz optical stimulation eMUA display|
ression in PrL (fop; n = 6 animals; One-way ANOVA, F(3, 20=14.788, p < 0.0001; Newman-Keuls test, 1% vs. 2™ p = 0.4790; 1

. 5“‘hp = 0.0236; 1% vs. 10"‘hp = 0.0002) and MAc (middle; n = 3; One-way ANOVA, F(3, 16)=15.254, p < 0.0001: Newman-Keu

est, 1% vs. 2™ p = 0.1322; 1% vs. 5", p = 0.0008; 1* vs. 10", p = 0.0003) and less prominently in BLA (bottom; n = 3, One-wa

. Representaiive evoked LFP signal in PrL by 1 (left) and 10 Hz (right) optical stimulation of DMT/CR+ neurons (dashed lines).
Population data (n = 6) show no changes in evoked LFP ampliiude at 1 Hz (One-way ANOVA, F(3, 20)= 0.30281, p= D.BZngb
Vs

nificant depression at 10 Hz (F(3, 20)=38.227, p = 0.0001; Newman-Keuls test, 1% ys.
. p=0.0002). Data are means + SD; *p = 0.05, **p < 0.001.

2™ p=02326 1* vs. 5™, p = 0.0002; 1
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Supplementary Figure 11

Multiple forebrain targets of DMT/CR™ calls.

-1, Distribution of single {red and green dots) and double labeled DMT cells (yellow triangles) from PrL and MNAc (top; a-d), BLA and
rL (middle; e-h), and BLA and NAc (hottom; i-1) at two AP levels.

-0, A single cell labelling of a DMT/CR+ neuron with Pal-eGFP-Sindbis. Confocal images in m show the colocalization of GFP (green,
) with CR (red, middle). Mote the neighboring CR+ (*) and a CR- (#) cell. n, A low magnification confocal image indicates the location
the same labeled cell in DMT/CR+ region. o, A partial reconstruction of the same DMT/CR+ cell (green) shows its axon branching
black) in many forebrain sites including cortical [insular (IC) and piriform cortices (Fir) as well as basolateral amygdala (BLA)] and|
cortical [nucleus reticular thalami (nRT), nucleus basalis (MB), nucleus accumbens (MAc), anterior cortical amygdaloid nucleus|
ACo), central amygdala (CeA), interstitial nucleus of the posterior limb of the anterior commissure (IPAC) and medial amygdala (MeA)]
ciures.
. Following double retrograde tracings using Fluorogold (FG) and choleratoxin B (CTB) injected into any combination of the threeg
ain DMT/CR+ targets (PrL, MAC or AMY) revealed largely non-overlapping population of projecting neurons in any other brain region|
mined beside DMT (see ahove). This indicates that only DMT/CR+ neurons provide significant amount of branching collaterals|
inking these regions. In this example, FG is injected into PrL (a, green) and CTB into into MNAC (b, red). In the two brain regions which|
ined neurons projecting to both sites, (the supramammilary nucleus, SUM, p and the veniral tegmental area, VTA, q) to ratio of
ual projecting cells were extremely low (9700 neurons, 1.3%; n =4 mice) (r).
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Study 2

Associative and plastic thalamisignaling to the lateral amygdala controls fear
behavior(2020) Barsy, B., Kocsis, K, Magyar, A., Babiczky, A., Szabo, M., Veres, J. M., Hillier,
D., Ulbert, 1., Yizhar, O., & Matyas,Nature neuroscience, 23(5), 6X537.
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Associative and plastic thalamic signaling to the
lateral amygdala controls fear behavior

Bogladrka Barsy "?, Kinga Kocsis(2'2%, Aletta Magyar '3, Akos Babiczky "4, Ménika Szabé'3,
Judit M. Veres', Daniel Hillier®s, Istvan Ulbert>¢, Ofer Yizhar©7 and Ferenc Matydas 018

Decades of research support the idea that associations between a conditioned stimulus (C5) and an unconditioned stimulus
(US) are encoded in the lateral amygdala (LA) during fear leaming. However, direct proof for the sources of C5 and US infor-
mation is lacking. Definitive evidence of the LA as the primary site for cue association is also missing. Here, we show that
calretinin (Calr)-expressing neurons of the lateral thalamus (CalrtLT neurons) convey the association of fast C5 (tone) and US
(foot shock) signals upstream from the LA in mice. CalrtLT input shapes a short-latency sensory-evoked activation pattern of
the amygdala via both feedforward excitation and inhibition. Optogenetic silencing of CalrtLT input to the LA prevents auditory
fear conditioning. Notably, fear conditioning drives plasticity in Calr*LT neurons, which is required for appropriate cue and con-
textual fear memory retrieval. Collectively, our results demonstrate that CalrtLT neurons provide integrated C5-US representa-
tions tothe LA that support the formation of aversive memories.

nvironmental cues that become affectively salient during

learning must be processed with high efficacy to promote

adaptation and survival. However, the circuit mechanisms
for evolutionarily conserved and subconscious processing of these
stimuli have not yet been fully established. The LA is considered
to be the key brain region that processes associative fear memories
by coupling a neutral sensory cue (a CS; for example, tone) with
an affective (unconditioned) stimulus (US; for example, foot shock)
during fear learning'~. This assodation then drives the formation
of a memory about the CS via synaptic changes in the LAY Asa
consequence, the presentation of the same CS at a later time point
elicits consistent fear responses. Contrary to current models, the
source of the CS and US signals driving the memory processes are
still unlnown, and convincing evidence for signal association in the
LA is lacking™.

Given that in vivo recordings supgest that CS-related informa-
tion reaches the amygdala with a short latency (<20ms)”, this pro-
cess requires fast, probably subcortical, imputs to the LA. LT regions,
namely the posterior intralaminar (PIL) and suprageniculate (SG)
thalamic nuclei as well as the medial and dorsal parts of the medial
geniculate thalamic nuclens (MGN (also called the medial geniculate
body) ), form direct functional connections with the LAY, However,
because the medial part of the MGN (MGM) is part of the auditory
thalamus, LT input to the LA is traditionally accepted as the major
gource of auditory C5™. MNevertheless, lesioning of these thalamic
areas yielded contradictory findings regarding fear learning™'".

The source of US information in the LA that temporally matches
the CS signal is also debated. Meurons in the parabrachial nucleus
(PB)" and periaqueductal gray (PAG)"' are activated by a US and
affect fear learning. However, these nuclei cannot provide the LA with
the short-latency US signal that is necessary for signal association

(10-20ms)", which is due to the lack of monosynaptic connections
between the PB, PAG and the LA. The dorsomedial thalamic nuclei,
including the paraventricular thalamus, can control fear memory
formation and retrieval'>'* by encoding arousal information'” and
stimulus salience’. Yet, this medial thalamic tion tar-
gets the basal amygdala (BA) and the central amygdala (CeA) and
not the LA, Thus, it is still unclear how fast sensory (CS and US)
input arrives to the LA and tripgers association-driven learning,

Alternatively, the LA could receive US-related information
directly from the above-mentioned lateral thalamic repions, which
potentially convey a CS'*, Although thalamic integration of a CS
and a US was previously hypothesized®, it has been maostly over-
looked. Mevertheless, there is evidence to indicate that plasticity
induced by auditory fear conditioning is present in these lateral
thalamic regions™",

On the basis of an anatomical exploration of direct midbrain
inputs that predicted the responsiveness of these LT cells to audi-
tory, visual and somatosensory signals™®, our aim was to assess
whether the LT is able to integrate C5S and US signals before the LA
and transfer the association to its targets. In this stady, we inves-
tigate the cellular origin, the modality of the encoded signal, the
effector mechanism and the behavioral effects of LT projection
to the LA during associative fear-learning in mice. Using a com-
bination of cell-type-specific anatomical, optogenetic and in vivo
electrophysiological approaches in an auditory fear-learning para-
digm, we identified a direct glutamatergic LT pathway to the LA
originating from CalrtLT cells. These cells can form short-latency
(<20ms) CS-US associations upstream from the LA. This ability
emerges from the ensemble of collicular, PAG and spinal trigeminal
inputs that carry information about sensory and valence features
of the environment. The Calr*LT route transfers this associative
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signal monosynaptically and effectively to the LA and to a newly
identified GABAergic amypdala population. By driving a complex
intra-amygdala activity pattern, Calr*LT cells play an instrumental
role in the establishment of CS+US signals and the formation of
fear memories in the LA. Furthermore, these thalamic cells alter
their activity during memory trace formation and can discriminate
between US-paired and unpaired signals during retrieval. Together,
our study indicates that the LT pathway to the amygdala, composed
of Calr*LT neurons, provides associated and plastic signals for the
acquisition of cue-related fear behavior.

Results

CalrtLT cells project to the LA and are activated during fear
learning. First, we identified which thalamic populations are con-
nected to the LA, Thalamic cells retrogradely labeled from the LA
with cholera toxin B subunit {CTB; Fig. 1a-c) were mainly located
around the auditory thalamus (the MGN) in the PIL and the SG
regions (Fig. 1b; Supplementary Fig. la-c). Since Calrt cells were
specifically abundant in these lateral thalamic regions (Fig. 1b;
Supplementary Fig. 1), we analyzed the Calr content of the CTB-
labeled cells. The majority of them expressed Calr (Fig. 1c.d), which
indicates that the thalamo-LA pathway is primarily formed by
Calr+ PIL and SG populations, hereafter collectively referred to as
Calr'LT neurons (Supplementary Information).

Mext, we used an activity-dependent immediate early pene
assay to investigate the involvement of the Calr*LT neurons in
transferring CS and/or US signals during fear learning (Fig. le;
Supplementary Fig. 2). Expression of the immediate early gene c-Fos
was analyzed in four groups of mice that received either a condi-
tioning tone (7.5kHz, 30s; C5+) or a US (foot shock, 1m4, 15 US),
or a US-associated tone (CS+175). Maive mice were used as controls.
While C5+ markedly increased c- Fos expression in the PIL and 3G
areas, US and C5+US further increased the number of activated
neurons in the PIL region relative to what was observed in control
mice (Fig. 1{-j; Supplementary Table 1). Since the majority of c-Fos-
labeled cells were also Calrt (Fig. 1j; Supplementary Table 2), it was
concluded that the LA can receive all relevant sensory information
necessary for associative learning from Calr+LT cells.

CalrtLT cells transfer short-latency signals related to fear leam-
ing. The expression of c-Fos provided spatially precise data about
the cellular origin of CS, US and CS+US information (Fig. 1) for the
LA. However, it did not reveal whether these neurons can convey
and integrate a CS and a US within a short ime window'* and supply
the LA with a salient cue within 20ms”. Thus, we performed extra-
cellular in vivo recordings from Calr*LT cells to investigate the time
course of activation to short tone and footshock stimuli, as well as
their possible potentiation to an associated footshock-coupled tone.
Calb2-Cre mice (Calb2 encodes Calr; Supplementary Fig. 1k-n)
were injected with conditional Cre-dependent recombinant adeno-
associated virus (AAV) expressing Channelrhodopsin 2 (ChR2);
this model allowed us to optogenetically identify Calr*LT cellsin an
orthodromic and amygdala-projecting cells (Calr'LT—AMG) in an
antidromic manner (Fig. 2a.b; n= 10 mice; N=60 cells Calrt; N=42
cells identified as Calr*lT—AMG; N=247 non-tagged, putative
Calr LT cells, including those located in the MGN). Single LT neu-
rons showed activation to tone, footshock andfor tonet+footshock
signals with primarily short (5-50ms; N=32 out of 37 tone-
responsive cells; N=61 out of 85 footshock-responsive cells; N=51
out of 115 tone+footshock-responsive cells) but also with long
(50-500ms) (Fig. 2c-e; Supplementary Fig. 3; Supplementary
Tables 3 and 4) latencies, indicating direct subcortical and broader
network-involving sensory effects, respectively.

Significantly more Calr*LT neurons were activated by foot shock
and associative stimuli than Calr cells (Fig. 2d). Furthermore, foot
shock and footshock-associated tone stimuli activated significantly
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more Calrt cells (including CalrtLT—AMG) than tone alone
(Supplementary Tables 3 and 5), which is consistent with our
c-Fos data (Fig. 1j). Multisensory enhancement was also present in
the majority of Calr+LT cells (18 out of 27), resulting in a larger
short-latency activation to footshock-assodated tone stimuli at the
population level compared with unimodal tone or footshock cues
(Fig. 2f,g). The majority of the enhanced cells (15 out of 18) did
not show a unimodal response to tone, which suggests that auditory
stimulation mostly evoked subthreshold activation in Calr*LT neu-
rons, Still, this could further potentiate the footshock signals. These
data provide direct evidence to indicate that association of tone and
foot shock can already take place at the level of the thalamus, before
the amygdala. This associative signal drives the strongest short-
latency activation (~17 ms on average) of Calr*LT neurons, and this
information is directly transferred to the amygdala.

The brainstem Inputs to CalrtLT neurons. Next, we investigated
the possible upstream origins of the direct, short-latency cue-
evoked signals to CalrtLT cells using mono-trans-synaptic rabies
tracing. To this end, we injected Cre-dependent helper virus and
G-protein-deleted rabies virus (rabiesAG) into the LT of Calb2-
Cre mice (Fig. 3a-c). Calr*LT neurons received major inputs from
trans-synaptically labeled neurons in the inferior colliculus (IC) and
the superior colliculus (SC) (Fig. 3d.f). The rabies-labeled neurons
in the IC were preferentially located in the external and dorsal mul-
tisensory layers™ and were sparsely distributed in primary auditory
central regions (Fig. 3d). In the SC, the visual ‘wide field’ neurons
in the superficial and the multisensory neurons in the intermedi-
ate and deep layers were similarly infected™ (Fig. 3f). In addition,
rabies-labeled cells were found in the PAG (Fig. 3¢) and in the prin-
cipal sensory trigeminal nucleus (Pr5) in lower quantities (Fig. 3g).
Meurens in these locations can transfer monosynaptic and short-
latency activation for auditory (IC), visual (SC) and nociceptive
(5C, PAG and Pr5) cues™™ to the Calr*LT cells.

To confirm the monosynaptic glutamatergic innervation of
CalrtLT newrons from the IC and the SC, we injected Cre-dependent
enhanced yellow fluorescent protein (eYFP)-expressing AAV into
the IC or SC of v&Glut2-Cre mice (Fig. 3h.i.q.r). Transduced excitatory
IC neurons (Fig. 31) formed two types of synaptic connections in the
LTY (Fig. 3]): large-sized axon terminals {~3-5 pm in diameter) were
distributed in the Calr- MG region (Fig. 3k.1), whereas small bou-
tons (~1pm) targeted the regions of Calr*LT neurons (Fig. 3m-o).
The existence of synaptic contact between the IC input and the
Calr'LT cells was confirmed by electron microscopy (Fig. 3p).

Glutamatergic 5C neurons sent axon terminals exclusively to
Calr*LT territories (Fig. 3st) and formed asymmetrical synapses
with Calrt elements (Fig. 3u-w). Altogether, these anatomical data
provide further support that Calr+LT cells integrate fast sensory and
associated (tone+footshock) signals that originate from the brain-
stem and transfer these to the LA during fear conditioning,

Calr*LT inputs target fear-learning-activated amygdala subnudei.
Mext, we investigated the targets of Calr*LT neurons in the amygdala.
Uking a novel viral strategy, we simultaneously transduced Calrt and
Calr- populations in the LT of Calb2-Cre mice with a mixture of two
AAVs, One transduced the CalrtLT cells in a Cre-dependent man-
ner with mCherry, while the other labeled only Cre- cells with eYFP
(Fig. 4a). The majority of the lateral thalamic inputs in the LA was
composed of mCherry-labeled CalrtlT axons (~85%; Fig. 4b-d).
Together with our retrograde tracing (CTB) data (Fig. 1), we con-
cluded that Calr+LT cells provide the major thalamic input to the LA
In addition, the centromedial (CeM) and the basomedial amygdala
(BMA) also received CalrtLT inputs (Supplementary Fig. 4a).

Just as selective activation of CalrtLT cells was found dur-
ing fear conditioning, an elevated c-Fos activation pattern was
observed in the Calr*LT-innervated amygdala regions, incuding
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the LA, the CeM and the BMA (Fig. 4e—i; Supplementary Fig. 4b;
Supplementary Table 6a,b). Notably, the strongest ¢-Fos activation
was found in a previously unspecified region dorsal to the dorsome-
dial intercalated cell mass of the amygdala (dmITC) (indicated by
yellow arrows in Fig. 4gh). Neurons in this region, hereby named
supra-intercalated cluster of neurons (SIC), also received CalrtLT
input (Fig. 4j). However, the majority of these cells did not express
either mGluR 1 or FoxP2 (Fig. 4k.1), which are characteristic of the
noxious-stimulus-activated ITC®. To identify their neurotransmit-
ter profile, we transduced all GABAergic neurons in this region
with a Cre-dependent eYFP-encoding AAV in vGat-Cre mice. After
recovery, mice were exposed to foot shock (US) (Fig. 4m), which
greatly increased ¢-Fos expression in SIC (Fig. 4n). The majority
of the c-Fos* cells were co-labeled with YFP (Fig. 4n,0), which sug-
gests that a previously unidentified GABAergic population in the
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amygdala, the SIC, dominates in noxious sensory processes via
CalrtLT inputs (Fig. 4p).

CalrtLT inputs strongly shape the activity of LA and SIC neu-
rons. To test the functional impact of CalrtLT innervation on
the LA and the SIC, we transduced Calr*LT neurons with a Cre-
dependent halorhodopsin (NMpHR3.0)-expressing AAV and per-
formed in vivo extracellular recordings from the amygdala (Fig. 5a;
see Methods). Optogenetic inhibition of CaltLT—AMG axons
significantly decreased or increased the spomtaneous firing of a
subset of neurons. These modulations were present among both
the principal and putative GABAergic neurons of the LA as well as
the SIC (Supplementary Fig. 5a-€), which demonstrates that there
are Calr*LT-driven feedforward excitatory and inhibitory mecha-
nisms in the LT-amygdala pathway. In addition, we investigated the
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contribution of Calr*LT cells to the sensory activation of amygdala
neurons. Similar to CalrtLT newrons, more LA cells and SIC were
activated by foot shock and footshock-associated tone than to tone
alone™ (Fig. 5b-d; Supplementary Fig. 5h; Supplementary Table 7).
Within the LA, more interneurons than principal cells were acti-
vated by the C5+US signal (Fig. Se; Supplementary Fig. 5f-h;
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Supplementary Table 7). Most of them exhibited short-
latency responses (~20ms on average; Supplementary Fig. Sg
Supplementary Table 4). The time course of evoked responses in
CalrtLT cells and the amygdala (2-3ms difference in latency)
also suggested that short-latency amygdala activation is derived
directly from the CalrtLT cells. Indeed, optogenetic silencing
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of CalrLT—AMG axons significantly affected the responses
of LA neurons and SIC evoked by tone, foot shock or associated
tone+footshock (Fig. Sb—e; Supplementary Fig. 5h; Supplementary
Table 7). In addition to the inhibited responses, many LA neurons
and SIC enhanced their evolked activation (Fig. 5e; Supplementary
Fig. 5f). Furthermore, some neurons only showed activation to sen-
sory stimuli during Calr*LT—AMG optogenetic silencing, which
also indicated the presence of a strong thalamic-driven disinhibi-
tory mechanism in the amygdala (Fig. 5e; Supplementary Fig. Sh;
Supplementary Table 7).

There are multiple candidates for executing these inhibitory and
disinhibitory actions in the amygdala. Since SIC send axon collater-
als to other SIC as well as to LA cells (Fig, 5f-1), this population could
be equally involved in the feedforward inhibitory and disinhibitory
thalamic effects, similar to the ITC and local LA interneurons™*
(Fig. 5c-&; Supplementary Fig. 5£h). These results demonstrate that
multimodal and associated signals carried by Calr*LT inputs can
control the activity patterns of the amygdala in a complex manner:
directly via feedforward excitation and feedforward inhibition as
well as indirectly through the disinhibition of principal neurons via
the activation of SIC and local interneurons (Fig. 5j).

The Calr*LT—+AMG pathway Is essentlal for fear learning. Next,
we examined the behavioral effects of the CalrtLT— AMG pathway
with optogenetic axonal silencing. Calb2-Cre mice were bilaterally
injected in the LT with Cre-dependent AAV-DIO-NpHE-eYFP
or AAV-DIO-eYFP (as control) and implanted with optic fibers
above the amygdala (Fig. 6a-c; Supplementary Fig. 6a). Green
light (532nm) illumination of Calr+LT—AMG axons had no effect
on spontanecus behavior in a novel environment (open field;
Supplementary Fig. 6b). Next, we tested the effects of this optoge-
netic manipulation on behavior during a discriminative fear-con-
ditioning paradigm. Mice were habituated to the non-conditioned
tone (C5-, white noise) for 2 days. On day 3, the conditioned tone
(CS+, 7.5kHz) was terminated with foot shock (US) and paired
with optogenetic silencing (for the entire period of the 30s of C54).
This conditioning protocol developed acute freezing behavior in
control animals (YFP), but resulted in a significantly lower freez-
ing level in NpHR mice (Fig. 6d; Supplementary Video 1). As our
intervention kept most pain pathways intact™, the observed differ-
ence in the level of freezing behavior between YFP and NpHRE mice
can be better explained by an impairment in fear learning than by a
disruption of nociceptive signaling because of the presence of foot-
shock-induced escape behavior (jumping; Supplementary Video 1)
and vocalizations (Supplementary Fig. 6d). On day 4, in cued fear-
memory retrieval, C5- and CS+ presentations evoked decreased

levels of freezing in the NpHR mice relative to the YFP group
(Fig. £=; Supplementary Video 2), and this effect was accompanied
by a lack of cue discrimination. On day 5, contextual freezing was
also lower in NpHR mice (Fig &f). The greatly reduced freezing
behavior during the retrieval days (days 4 and 5) suggests that there
is a deficit in fear memory linked to the conditioning environment
(cue and context).

Cued and contextual freezing behavior of the NpHR mice was
indistinguishable from those of the non-shocked YFP animals,
which only received the CS during the conditioning phase (CS-only
YFP group). To test whether the NpHR animals had a similar behav-
ioral phenotype to the CS-only YFP animals, on day 8, we placed the
animals in a novel stressful situation on an elevated plus-maze (EPM)
apparatus. The EPM assay allowed us to simultaneously monitor
anxiety level and risk assessment. Five days after conditioning, the
MpHE mice showed a similar ratio of closed-arm versus open-arm
time and total-arm entries to the non-shocked mice (Supplementary
Fig. 6e). Risk assessment (as indicated by the animal exhibiting the
defensive stretch-attend posture) and grooming behavior of NpHER
mice were also comparable to the CS-only YFP mice, but signifi-
cantly different from the YFP group (Fig. 6g.h). These data collec-
tively show that the general aversive state of NpHR mice was similar
to the non-shocked controls, and supgest that optogenetic silencing
of CalrtLT— AMG input prevented both short-term and long-term
behavioral consequences of fear acquisition.

In a separate group of animals, short optogenetic silencing of the
CalrtLT— AMG axons, only during the last 55 of C5+ presentation,
including the US, resulted in similar behavioral changes as silenc-
ing the entire 30-s conditioning phase (Supplementary Fig. 6f-j).
This shows that preventing the associative CS+US information flow
alone was sufficient to disrupt fear memory processes.

In addition to the impaired contextual fear response in NpHR
mice (Fig. &f), inhibition of Calr*LT— AMG axons during contex-
tual fear retrieval in a separate cohort of mice decreased contextual
freezing behavior (Supplementary Fig. 6k-m). This indicates that
CalrtLT neurons also transfer visual and multisensory information
arising from collicular inputs (Fig. 3), which may contribute to con-
textual coding in affective behavior. Thus, information carried by
the Calr*LT—AMG pathway during fear conditioning is essential
for the development of adaptive cued and contextual fear memory.

Fear-learning-induced plasticity in CalrtLT—+AMG neurons.
Thalamic cells spatially matching CalrtLT neurons can undergo
Plasticity as a result of fear conditioning™". To clarify whether the
activity of Calr+LT cells shows experience dependency in auditory
fear learning, we analyzed their immediate early gene expression

>

Rg. 3 | Menosynaptic brainstem inputs to CalrLT neurons. a, Experimental design for rabies-mediated trans-synaptic tracing fram Calr+LT cells.

b, Example confocal image illustrating A8Y-FLEX-TVA-eGFP-o {helper) and rabies{A G)-EnvA-mCherry-labal ed (rabies) cells in the PILand the 5G nuclei
aftar injections dapicted in a. €, High-magnification confocal images showing rabies-labaled (rad) and helper-labaled (grean) neurons in the PIL. Starter
cells transduced by both the helper and rabies virusas are cutlined with a dashed line. Asterisks indicate doubla-negative cells. d-g, Example confocal
images showing rabies{AG)-mCherry-labelad cells in the IC (darsal, external and central {DIC, EIC and CIC, respectively); d), in the PAG (&), inthe SC
(superficial, intermediate and deep (s5C, i5C and d5C, respectively) layers; £} and in the Prs (g). Aq, aquaduct; 7n, facial narve. h, Schematic drawing for
AAV-DIO-e¥FPinjections into the |C of wElut? -Cre mice. 1, Image of a representative injection site in the IC. j, IC inputs {YFP, green) to LT co-stained for
Calr (red). Whita framed areas for the MIGN are enlarged in k and | and for the PIL in m-e. k), & representative high-magnification Z-stack corfocal image
(7 pm total in depth} from the MIGM {Calr; k) illustrating large-sized IC axon terminals {white arrowheads; 1), m-o, A representative high-magnification
Z-stack confocal image {7 pm total in depth ) from PIL {m; co-stained for Calr shown in ) illustrating small-sized |C axon tarminals {white arowheads; o)
in close apposition with the Calr* PIL cells (e). p, An elactron micrograph showing an immunogeld-labeled Calr* dendrite (d, ;- ; covered by small black
particles, area shaded with pink} in the PIL recaiving an asymmaetrical synaptic contact (black arrowhead) from a DAB-labaled (diffuse black precipitata)
wiGluT2* I axen terminal {1C, giz=; shaded green). g Schematic for ABV-DID-=YFP injections into the SC of wElut?-Cre mice. r, Image of a representative
injection site in the SC targeting the s5C and the iSC. s, 5C inputs (YFF, green ) to the LT co-stained for Calr (red ). t, A representative high-magnification
Z-stack confocal image {7 pm total in depth ) with wGluT2* 5C axon terminals (white arrowheads) in close proximity to Calr* PIL meurons {red).

u-w, Electron micrographs showing immunogold-labaled Calr dendrites (d.,-; u¥) and a spine (sp.,,+; w) inthe PIL receiving asymmaetrical synaptic
contacts (black arrowheads) from DAB-labeled, vGluT2+ 5C axon terminals {5C, gi0z= ). & non-stained axon te rminal cutlined with a dashed line {u} also
gives synaptic input onto the Calr* dendrite. Images in b-g, i-p and r-w are representative of n=23 mice.
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