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ory perception requires a set of complex feec
phery, subcortical pat hways, and the sensory

in the thallaemi cplsayn sa r kteynuicnogl es a hne ofmigprt @ hoen

amic reticular nucleus (TRN), a thin sheet of
he primary source of inhibition to the thal an
mic relay cell s, it filters trlalksamudsorgamcesry
domi nant subcl asses of inhi bitory neurons ar e
tostatin (SST) neur ons, neur oaudiytpersy t@mrad c epsls
ough the TRN is necessary for the traomgfeer of
ctures, little is known of the function of th

itory pathway. eldn holvaspitrdgrt @a2r ywei ntfeosrtmat i on i s r

| at er al amygdal a (BLA) to the auditory corte
ted behaviors. We found that activation of d
easegospomtcan vity but amplifies auditory res|

ex and thalamus. ThRN sciumggeist si $ hat udihal BfLAr

vant signals to auditory cortex. To Gudtithery.
essing, in chapter 3 we explored the circuit
amus, t he medi al genicul ate body (MGB). Via a

he TRN project to the védamtfroalmaMGB,n whi @i malr

s, amdeltlhatofSSt he TRN project to dorsal and m
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to secondary auditory association areas. Furtherm
SST neurons of tahhe rTeRN omes efsi ndb tplur e tones i n exci
are both facilitated and suppressed. Together, thi

the TRN in auditory processing.



TABLE OF CONTENTS

ACKNOWL EDGME NT. .S e teerrnneee e s i
ABSTRA CT i s et eaaneeeeeaa Vi
TABLE OF CONTENT.S. . i e X
LI ST OF FI.GURE.S .. i e X0
CHAPTERI NTRODUGC CT.L.ON. i e vvreeee e 1

Rol e of the thalamus in regul ation..of...,.aud4tory r
Anat omi cal characteri zat..an..of t.he. . TRN... 7
Functi onal role of inhibitory neurons of 1ltOhe t ha

CHAPTER: PROJECTI ON FROM THE AMYGDALA TO THE T

RETI CULAR NUCLEUS AMPLI FI'ES CORTI CAL...SQUNKOA4RESPON

AB ST RA C T it e reree s eeeeaane 14
2.1 I NTRODULCT.L.QON s s vt 15
2.2 RESULIS i s v e 17
2. 3 DI SCUSSL.ON s e .31
2.4 METHOD.S s s eeerrre e aeaa 34

CHAPTER I ®HI BI TORY NEURON TYPES OF THE TRN DI FF|

MODULATE AUDI TORY THALAMI C SOUND..RESRPONSES1

ABSTRAC CT it s e e 41



3.1 I NTRODUCT.L.QON. i s e 4 2

3. 2 RE S U LT St s e eeeeaaas 45

3. 3 DI SCUSSIL.ON s i e .67

3.4 MATERI ALS AND .MET.HOD.S.... e e, 70
CHAPTERCANCLUSIT QNS s e teeeeenniinne 79

Limitations of the study &..ot.heur..cons.i.derBdti ons.

Final ConcCl S QRS .. i e .8 4
REFERENGC CIES i it iiiiiees trrsvrreeeee e e e e snnrnnees aeenneaees 85



LI' ST OF FI GURES

.1. The ascendinhAdapmptded offyomatBwtaly.r & Lor
. 2. Audt halrygmico r diiAda@uwitterdy fr om: Antunes & M

Figure 2.-AactPhatoon of BLAevokeeasespoosesld n the
2. ActPvato on of projections from BLA to TR

Figure

tonevoked 1 esponsS.esS. ...l A 23
Figure 2.-acitPatoitan of projections from BLA to TRN
tonevoked responses..i.n.t.he.  MGB.. ... 26
Figure 2.4. Possifbdre BreA heamh asmt e aeevnotk eodf MGBhreand AC
I o o T o = T = PP 30
Figure 3. 1. Anat omi cal tracing shows PV and SST
di fferent subnucl.e.i... a.f....t.he . .MGB. ... 47
Figure 3.2 Soufp pS SeTs snieounr ons of the TRN faci-litates
evoked activity i n.MGB. . . NE.U . Q.S . 51
Figure 3. 3. Suppression of PV neurons of the TRN
evoked activity i n.MGB. . .NE.UL.QN.S ... 54
Figure 3.4siB8Buappfes&SST neurons of thevdR&8dsappireiss)
in the majority of recor.ded..MGB..ne.wur.ons.....57
Figure 3.5. Suppression of PV neurons of the TRN
evoked activity I n.MGB. . NEUL.ONS m 61
Figure 3. 60f Esfupprrntessi on of SST and PV neurons of
intrinsic propert.i.es..of...t.he. MGB. ... 66


file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506597
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506598
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506598
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506600
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506600
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506601
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506601
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506602
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506602
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506603
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506603
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506604
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506604
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506605
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506605
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506606
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506606
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506607
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506607
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506608
file://///Users/solymarrolon/Library/CloudStorage/Box-Box/Thesis/Thesis_Compiled_V4_SRM.docx%23_Toc137506608

CHAPTER 1:

| NTRODUCTI ON

Our abil it yevteo yetndjyoryaaomtuiroennsc ount er s i nwaml dcous

depends on the perception of the sounds that surr

dog

SYys

c

c

pargknal ing a joyful outing, to the siren of
epfi ame sounds going on around us wiesh@wslseent i e
t at any moment. Sound reaches our peripheral
environment . These waves reach outrhiemrtshemdt
at e, converting the air waves i nto mechani cal
trical signals by mechanoreceptors in the hai
nd from the hair ceVvVéstohrbegbothlkeaudntol §u®e:¢
ary nucleus in the brainstem, reaching the | a
rai n. The 1 C then sends ascending projections
amisch wklays encoded auditory infoAudattioorny t o

rmati on mwletsephegough ,prwictehs stihneg most direct ro
t 6 pryin@mampstes, bei ng enaxodedi atyi otnh ¢éBirgeuagse-elrli .kle A

er & Lomber, 2013)

The AC is a hub for encoding compl ex and bet

(0]

(0]

t

rmati on reaching the AC-tmwsihggetthpsouwugh fal $er
r mMaAiizoennberg et al ., 2015; Ai zenb.erTghe& aGediftear,

em medi ates @mudwittolm ya i 1d to r onfai tnthoimpil teoxr ye xcii rt a@u iotl

di fferent relay centers of the pathway and connec
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Figurle The ascending audAdaptyegatt hovmy . Butl e

(Bl ackwell & GEHdegqgal20dff)our work is to address v

inhibitory circuits along the auditory pathway mc

filtering behaviorally relevant auditoryaked or mat
the followiay) dbesugbnsvhich circuit mechani sms dc
filtered and rEBheayAkd it a her iAtCi?cal brain region fo

sounddssi zenberg &. GefferceRO&8)input from various r
the basol ateral amygdal a ( BIif A)a,e naaefmr otnhi ec ald rl ayi rk,n owme
formation or expression of tfheearp rmeeaeowtdeeds( 4 tsh aakslsio c i
& Tye,. 2T0hle5 )BLA sends direaxnd pA® jexchiilointss tpl a shtei A Cc

encongdithat i sfseelecatéedeyYadamgpdet .alHoweZ@1I6) how t he



=

itical aserchangenaadeaprgvi dé ® r anaht @vo manpé &s f ofr t

udi patyhway tsamsdormpresemtat oomal Fpr r bl evant St
nat omi cal and physiolidghnaalhpegpettihmé sitmihc bwet ©irtya
i rcuit t hat medi ates auditory infor)ymawWh ath ibet twwh
nat omi cal di stri thdithiiam-tygpbaespbddci ftihce itnhal ami c nu.
uditory PhehwhgPamic nucl ei are the relay center
n downstream subcortical regi 06ei tloesyr&o8hedr mgn

Murray Sheremahhe 2MGB i s the primary auditory rel a)

c

S

xcitatory and receives direct inhibitory inputs
hal amus (TRN), a struactlurses ersi offB dnrg ddedafiifse r 20kt 3 ;s ud
998; He, W0 @3) viral tracing and i mmunobhéstelkchem

ype specific anatomical 3)npHoaoess edody ptehes pERN fti@ timé
hal amic circuit mechani sms affecftherawdistsarnyy mpdt |
s comprised of complex ciraauiitntmealdarniomnms ,b ewhviexh
ells in relay nuclei such as the MGB and inhibito

uch as the 1 C and the TRWN.wddeschgophpyYoigehegi casl an

awake mice, wer odleow fa imthy e & oofy tceé | TRN on audit

p

rocessing in the thal amus.

Lear hiowg ex cii mlat lortyory circuits of the thalamus
il ter auditory information i s eosrgdentcioalti tat ued
ncode behaviorally relevant auditory information.
he auditory thalamus in behaviors such as fear
ontributions of i nmi btihteorayu dcietlolr yt yppaetsh waiyt hand cor
n sensory modalities.
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l e of the rRgludmits oinnof auditory related behavi
Neur onal and behavioral responses to sensory s
e shaped tnhoet saninmulluys itself, but also by the e
i mulus occur s. Associating an emotional respon
stem to enhance (Pbhbebpsy et e sShoomes e )opsychi atri

cluding schi zotphurneaniiac asnd epestdi sorder ar e cha

emoti onal responses associated with abndhrmaanl ietti es

al

f o

Th

Sh

op

., 2001; M. L.. Phavdrigls sttudciles MRODWSB)i denti fied

Il 1 owi ng fear condi ti o(nAinzge nibne rrgo dée nGesf faennd, .h2u0Ona3n;s
e BLA plays a critiexlhimdlte irm bfusdar rleestpaowiserss ;f oi
ds involved in the formation of fear( Gleanoh i &s

attarji, 2015; Grewe 1lZen; aQui,r ROeltZresliP.an 1L ®ROIQuU h e ka
humans and rodents |l ed to a dec(rhdhaclephan dteaal .r,e

K. Ander 20 1& Rredlopux, eRe arl .b e hl&®OWi0gr s are typic

assokbteatnbng paradigm of classical fear conc
nditioned stimulus (CS) i's paitrreds ewi d dmchon@alrag ea s
ne andhackpotespecti vel yCSeGoonkdeidt iionncirnega scea uisne sf ia
urons in the BLA to toneshbb&t aswuwggaesstooapgatédtt
e involved in formingeasmpdnesxt i(rpud inskh itervg atl h.e, fle9ad
deed, neurons i n BelxAc itteantdo ritym rreasitpomesiap aam ed wi t h
i MWloil  ins & Par ®, Qu0O0r0k; eMa rae n.,,TRi0ISWhenngd ® Lt7r) at e s
tentofats emsputBsL Aeur ons, anmolilnoovienadsger mnpotenti at i
forsmnafpti c,fpollasotwicnigt yCS & 1€dl el thS &p #Hiugiamgs , 2010;
i nyGiad K agher , 1997; . Régasoey @Bahputdo8vp i mport a

togenetically activating BLA neurons with input:



(CS) i ncmciatsieadned fr eezi(ngo h asressevn negt assl .a, U201 0 ; N a
The process of ffeerag 1 eq@uini gy déhregsery input, specif
auditory pathway.

Stimulus convergence in AC is required for | ea
and thigedriceme ot eemediueadbiesd nhwbt hiQolnet zkus et al .,
Oult atbashowmdabl | odwifnfge raaurdti ifeelay condDAFON, n@ variat.
classical fear conditioning in which a foot shock
with anoth¢r mone €68l d special(iAZaeent egagn &r. &leif £ & n
I n special imiede lleaveni agsigni ficadmutmot eadavhiCé&sgponse
generalized |l earning mice signdfiTthdmstlincfreazdet
special i zed iaznedd g eenaerrni ng wasn aicntd evpaewdiGbetn t muosfc iAo |
GABsBAagoni st , l ed to no changes i n f edirnHiebirtnarnyy.
parval {PPWi)nt er ndawAGinrscr egqasmrear al o f atairo nr ¢ s pwhnesreesa s
activatHWmeur dimshoef f easpeci aleiazret(dAmgenber g .et al .,
Il nacti vatiisrmucoifalACG or frequency discrimination, h
| ear Hiomwg.vieees rtesul ts provimeerve drnmr eAvCk diissd tri eoqu iirne
foprroper stimulus cexpreege®eince. and fear

Therevi derfacef uncti onal connecti,osulb&Cwden va€ a
BLA activity rient rfieeara Imeafottiyeeaphbhesgi & nGef fen, 2013;
2016; Ghosh & Chattariji, 2015; .Griewd iatl a&lt.udi 2614
thatnhteracti onsBlbAetw&dmrAuhd be involved in trans
information during fear condi tOmepiraogpoderd opghhweaew
through a direct projection( betwern&t Her MESBh am,d !
alterpat hwaya-snyunlatpiti ¢ feedback pathway between th

(Mascagni et al ., 6092 3;.1Rampusrkdmn&atloand cal - studi e



human prfionatidesect projections from the BLA to TRN,
GABAergic neur ongs( Ziirk otploau | tols a I&aTBLAESsSb ase,su2 @1 X)uggest
|l atter of the proposedumazthwaynd <comwnecdi on bet wee
Several studies show that the TRN facilitates ¢
t he sensorhyi ghdritgihde sagn iithgpomrdlasmtastructure for pr
(Ahrens etHadla.s,s a2 0elt5 ;al . , 2014, p . 20; Nakaji ma
Wi mmer et .alT.h,e ZTRIN5 )e x p emreide rad eed tahdard s egie jeercet! etvoa n t
sensiomp/ultRsN n e ttwioerkesf or wa ke stp@gealtr bgnyioatee g si nput s
as a way of( Wemmenr yetgaasmt. ydi2dsl 509§i mg teemnd mmy, sel ec
twal ternative forced choice task (2AFC), have de
amplifies cortical connect i(vScthymittot seuts$dali.hjieea2 Ot TeTn)t t
ef fecltksN oifnhi bition during these tasks show optim

further evidence of TRN ¢gdiahaspdasetDia@mirywupit BOadpdt

receptor tyrosine kinase essential fexprnedhsibnd oFf N
neurons | ed to an increase in sensory discriminat
the ability to switchuebseAthweeenns tewo adlendd2 ES)nigt sc |
provide evidence of the role of TRN in enhancing
way . Overall, these findings suggest thatoTRINe mig
auditory pathway to drive plastic changes in cort|

I n chapter 2 we expiT&RiNe ptriog ecali ®nofi nt aeidBLtATr y
tones. Using anatomical ittwviavd rgt r ogyt Yyiemlddicaus al

understandi ng how alcRN vpartoijoenc ta feent bakfefd@elcatcst itvointey i n

cells of the MGB and pyramidal neurons of the AC.
functionally interact whulk eachliescthes, tWwe winlk omo
contributions of TRN and its relation to the audi"



Anat omi c al characterization of t he TRN.

The thal amic nucl ei ar e made up of gl ut amat e
GABAergic i ntheersnee ur ehay dent e-up a B dded woep sbeont st corny
i nformati on from subcortical a(ff d g ucroerAtniltcuanle sr e8gi o
Mal mi erca,ER®2d9ul ating the thalamic nucl ei i s t he

that provides most of the inh{bBousen &bt Bwahal ahmd686
al ., .1988) TRN receives f e eadlnbda cLk6 pcroorjteicctoitohnasl af miocm nl
as axon coll aterals f(r@ar rrtohdl aeatocalrt,j cabdD22el Ceabt
Ulrich, 2003, 2004; Gumaret 2005, 220 0Ga nldatnlcls | S2yE T 1t)
TRN has been anatomically subdivided by its func
caudor sal TRN is referred to as tdentvriasluaT RN Rals (
somatosensory, TRNe (s3I RNaI TRN as t heemtort alr TRW, a:
the auditory sector Pofnatuhd ,HEMOUBud TRELtent studi e:
is a multimodal structur e, responding to differen
(Ki mura, 2014)

Wher eas canradmimd &lal studies have documented a
GABA&Ar gi c nmtahr rkcew gsh o u t the neyHomsenf et hal TRN198O0;
Desch°nes, md®@&8ent studies show a more compl ex mo
within the TIRRN is primarily composed of cal bind
somat osSPAMt ienx prressi s e meat ez et al . ,-Gaz2rOcli7as eMar dli
2020 the ssTRN, cells are distinctly organized v
throughout the e®SiEe¢ly afr et pei MRNj |l Yy clustered i
are clustered i nOMahteGatrecitar aet. zabln &, & r Z2®2A0Es (alny ,c 0

express each of these mol ecul arexmarreksesriso n trheonuagihn & h
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Fi gut2e Audi tory corticotliddamt edcifromit Ant un

In one spudpor tSikk@Nn dofCB cel |l s dexprersssaRMitbd PV
( Mar t-Garezi a et , awher@@®@20@anot her study s hows t hat
expressi o8SdeBWeame | ocation dependent am®wd 3atl muct

(Cl emPeat ez, et &Hllee,div®eIr@)ing results can be due tc

way experiments were conducted, but nonetheless s
anpgattepnet efn exprdde §dieare vio rceenlvlerc | dassseaxai se€s | mpo
| i Wweat are the functional i-mppbreatsti &@Nboaroel rERNEMCtdlyl

a si-ngllle transcriptomic analysis shows t-hapeghis
within the TRN can be a resyuldororfelaant eedx ptrreasnssicorni pc
prof(iY.esLi et ahi g demdd@idpireesssi on of Swep(lmacketeden
phosphoproteiechdhdoamel in converting enzyme | ike 1
anat omical s t usdp pedsn Edcefsschroiweedd ,si mi | ar edge and cor

patter nksc,etwiltlhs | ocated i Bptpdel édgéozahed Tahmedt he ¢



finddegasr i bierdd ihceatee a compl ex anatomical distribut
t he TRN.

These distinct expression profiles of cell s wi
their anatoamdad awha atlyey scol |l ectr-cidébambhasi(@@Pcfeom
are those who diretphrhymadriyveensboymat iecarsd, e rwh(eHG)a s
thalamic nuclei are defined as those who receive i
t o secondary a Bocikd toiran X0 dHs Sher. mMae BMGREBui k1 e
anatomically subdivided into thv&M&Bimai bheumedi alt |
( mMGB) , and the dorsal division (dMGB). The vMGB
pat hwayGBFO whi ch di rpercitrhayr ynoadwd iattcersy ar eas such
cortex (Al), meanwhil e the dMGB a-hdmmMEGBa Ima&ed iuty
pat hway which modul at es s e ctlmsleacroyn daaurdyi taourdyi taorreya sc
and other audi trerays -MGBJolc.i aA.i oAndcder son & Linden, 2
200 3; Lee, 2015; Ol'i ver &O0B.&ret p,r 0 22 ; oWisnerf, ck9
audTRN target and envelop the MGB in its entirety
and from coll aterals (Bfarnteleay ,celOll8;ofGut hé eM@B & S
et al . | 2015; Ki mura et al . | 2005 ; .FRiirnawlrRiWor 20 0 4 ;
neur dns hee ssTRN pr ddjCeematposenasod y toAaA$menircomaicdfei
the ssTRN primarily project tq CH@nPamatzgsensary ,t |
SppdnHcet &l | sthepgremjwedit $ toinnacst iwvoen $ppineiutrhons proj ect
to FO thal amEcembticed @ns apmdi marily p(d¥jetiimg tad . HO
As descri,bed faebemetelolfpddceofTRNeiptr D@VeCBb rHOMGB
howeveéer remains unknown whet her andSSdcen It htey pperso joefc
TRN project to the MGB and if tt me yF Of calnldo wHQ haeu dp

t hal amus



I n chapter 3 we explor &SWeerbes afnhdtrinpgveald TN
t he MGB . Using anatomical tracing and i mmunohi s
understanding how these twoThege odiisstainad to marcatl d mi ¢
patterns of cells in the TRN toitdhmhe asgwrmaunaodinad
framewor k tuondkee githeentdhoe how m@RN unct i modddlsyensory
i nfor mwet mher. emfidrle continue to explore the physiol
relevance of TRN meddlsi twiedhin sensory
Functi onal role of inhibitory neurons of the thal:
There is lithoealevGARAeif @ hree varuodnst ory ,t hal amt

whi las Heamd ttoi rbeel yeng!l t & matedr.giihcd RN 20hlelr)ef or e

consi deor thbger i mary source of i nhibition to the MG
i nf or nfartacrmh!| at er al projeantdopom €Eoomi tbhehMGBmMi ¢ in
and itsealdso inhibitory pr ¢j etchteisoen sp ehoacceks atsec fME&RI b :
mechastemmodi fy sensory infotGaoi en wishkWRO&Fe |

Sumi t omo., TMMWB 3RN i s known as the figat€kieelperd0867

Maki nson & Hugueharadaon2BOlbutes to sensory infornm
opti malvimetal performance i n( Nsaeknasjoirnya aettt eanlt.i,o n2a0l 1 9t
al ., .201%5)has been functionally tied to roles [
sensorimotor behaviors |ike whiskChgmPamnez seatsoaly
2017 ; Hal assa et al ., 2014 ; | avR.r olnieu eet adl..,, 220023
et al ., 2017; Visocky et .BHhe , TRN2i2s &M menieal et oral

attentiooonlfaedi hg rel evant sensory ainnfmmd mati askedn
with appropriately responding to a sstuipnpurleusss iionn toh
the TRN impaired the ability of mhad to eayr adctley

tg Nakajima et al., 20T%e WRNmexfpemrd tadlraessdelsl 5has ed

M



oftfoggown 1 nf or mattioomn efxr, o matkohsesgvdiytei mmh &MBRN hnet wor ks
sel@gpropriate inputs as a way of sensory infor ma

Stimul ati ommoodfultalbeeaTdRiNe d r e s p o n siretsh eo fa nt enset IMEGBI; z

rat preparation, responses to auditory stieuli 1in
activated by an el ectrical pul s el Shno smrkeus e&n cSeu noi ft o
1983)Furthermor e, i nactrievsaulitost rielesehe oTRRNs@abeal t

( SNR) i n MQ@EBNankeaujrionmas et Naur pn20d9)the TRN that pr
subdivisions of the MGBimd spr exdritbiigs diimtpnes ermba
( Ki mura & | RN eellsthatitestly project to FO-vMGB, show an increased number
of spikes and shorter interspike-intervals than those that project to the HO -dMGB. TRN neurons
differentially modulate thalamic relay nuclei based on their intrinsic bursting properties, with
cells that burst at higher levels causing stronger levels of inhibition on thalamic relay cells (Kim
et al., 1997) Cell-type specific neurons of the ssTRN show similar distinct intrinsic properties.
PV and SST neurons of the ssTRN show differential bursting properties; PV neurons in the
ssTRN burst at higher levels compared to the SST neurons, and also have higher intra-burst
frequencies( Cl| emPat etz , al . RurthBr@dre/ gentral -zone cells of the TRN receiving
inputs from the FO somatosensory thalamus have more varied intrinsic bursting properties than
edge zone cells receiving input from HO somatosensory thalamus(Martinez -Garcia et al., 2020).
These central-zone cells are more likely to fire rebound-bursts following hyperpolarization,
whereas edgezone cells failed to fire any rebound bursts (Martinez -Garcia et al., 2020).
Similarly, among the genetically distinct Sppadn&c ek e |9pspdel | s that projec
thal aansusprevi oushgddaeshrgbed tendency ofEcfelrling r
cells were | e(s%. Iliikedty dlo. ,do23&2d0)
These findings suggest that di stinct cel | pop

nulce i i n an -dienpfeonrdneantt, omtam neent r al zone cell s medi a
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t h

ul

formation and edge cells propagating more compl

e auditory system, specifically ®&Ww, diifnfhehen toir

nctions.-i nElxichiittagroyr yi nt eractions between inhibif
rami dal cortical neur ons shape sound response
terneurons i nSiSiieuAOCnare wAVcanaéanatomically syna
the pyramidal cel |l s. PV interneurons S$mhapse

urons synapse ont o( Blhaec kavied it al& dGenfdfreint,es2017; I
ni pulation of thesetopdptfeaetenni aff ekt ést $ ead sc

ti VRY isn3gTnt er neurloenda timecA@ase in freqguwemecyalsel e

crease in tone responsi venes « emfbeaagr teitc all . e x i0t:
al ., 2013; E. A Phillips &.FHiaddresRioudanSdT201 6 ;
urons demonstrate differential effects on freq
btractive and di visive =effecthui nactfirveagtuieonncy o ft

terneurons | ed to an additive ainndg nafltterpla capti a
weveracti vati on S&liTnaetrineatrioms dfed to a mul tiplic
nNi(Mg zenbe2@l®=t BI .A. Phillips & Hasenstaub, 20:
ybold et Beypn@dOabjfecting fESBHoercpettuonsgal PV
i tical role in modulating a phenomenon t-hat o0cc

ecific adapt ad ipmen(dMeAdan SiSPA whsi ch neurons ar e

at i s presented motroen ef)r etghuaenn twhye n( sat atnodnaer di s pr e
neParl ey et al ., 2010 ; Fi shman & Steinschnei der|,
anovsky eSSiant.er eOWOr3gn s, but not PV interneur ons

t h(eNaAGn et al.. ,| na@l5SvSaiz@tbenr) no,efur ons i ncreased
andard tones but not to the deviant tones, wher
crease of responses t o bot h t(hNeat @ahanedta.ral .and:



FurtherSB8@uepression in the cortex | eads to an inc
stimulus ©f#taptawiong, awhereas PV suppression incre
stimulus 1(&dpeétrint ieaSsSA. and0deyi ance detection tak
the vMGB A. Anderson et al ., 20009; Antunes et a
Polterovich.Letmi aled, e0td@&nce showsl ¢mmait saelur dGB a1
the TRN encode de@riamme& dEes,@ata,ohahkt2) response t
tone, or a tone not( Gpi ensne &t eHs cferreaquen12; . Ul anov
I nactivation of the TRN | eads t o teomheasn ciend( ¥nbheeu rMGBa
et al ..TogévPer these resBlSiecuslhmw tahat WY podyer
processing along the auditohyPtVp aatdit¥iinaeyu.r ofilke yh aales
di fferentiwilt HFiutnCttéa mdn sTRINa ta ftdihnecitairoen sldiekpeelnyddent on

their-oubhput circuit mechani sms.

Suppression of the TRN |l eads to the inasbility
effecsenvorygtle@dhavi or s, and affects <critical aud
detection. This | eads B8mebeohypofhebesTRNapl BY

in auditory processing at theel eval | omfu ethted htebxpll @m
and how suppressiShireuobn®Vohndhe -elvRONk eaf faecctti vt a@ 1ye
frequency tuning of excitatory thalamic relay c¢
optogenet iveibveoct r ophysi ol ogy to recoceéel hsutondlurt

understand the role of the TRN in shaping auditor



CHAPTER 2:

PROJECTI ON FROM THE AMYGDALA TO TH

RETI CULAR NUCLEUS AMPLI FI ES CORTI ¢

RESPONSES.

This chapter is inRopfr-BlastasezABzeRbamgTM, Rao W, He

Projection from the Amygdala to the Thalamic Ret

Responses. Cel | Rep6.15.(e240.1 9 )d;02i8:(130).:1600156 / | . cel r ep
contributions aos tsheicsonmu baluitshhoerd twor k i ncludes con
studies, electrophysiological experiments, data al

ABSTRACT

Many forms of behavior require selective ampl

rel ewamntr omment al signal s. Emoti onal | earning enhe
cortex, yet the underlying circuits remain poorl
bet ween the basol ater al amygdala (BLA),raam,emmntdi o
t he inhibitory nucl eus of the thal amus ( TRN) . O
spontaneous,-ebokedotactbmety in the audi-evolkedort e

responses. Viral tracing ident iTTRNed OBl A gperncejtd cct iacc
amygdlaRM projections f uevidhkeed armepsipofniseeds tiomet he aud,i
cortex. The results are explained by a computatic
which activati on mefs THRdNolraynaBdIA mpeur ons to relay re
This novel circuit mechani sm shines a neur al spo

provides a potential target for treatment of neur.
M



2.1 I NTRODUCTI ON

I n @e@wreryday experience, we encounter the sam
behavioral and emotional contexts, which can modi
repeatedly encountered in an emotionalllocastaeld etnd

preferentially e(h¥lomdan téehtatals.t,i mu0 Qul; TRPRhel ps par al «
i mportant f or -edvaorkg enrgo wsst,i nfue air. Behaviorally, the |
such as fear conditioning, and changes in sensory
ot her mammal s. Receédnffegerewei bbuhearhaonditioning
or an i mprovement in sensory discrimination, depe
t hat the auditory cortex is required(Bloackeweplrlie s&
Geffen, 3Dmir)ar effects were found f(odil oewti nagl .f,e a2 (
Resni k and Paz, 2015 ;MaRes miekuretp saylc.h,ol 2@l k)al di sor

by inappropriate emoorypnati meightingl(&#é&reensecthiza

Tononi , 2011; YourRdahath) da nWiinemeyr¥ dinsmreteral ., 2001;
al ., .20MUM3)angling the mechardirsinvse nt hcaotn tgroovle ronf esneontsiao
i s important not only for basic understanding of
but al so for identifying potenti al treat ment t a

responses to benign sensory stimuld.

The Hager al amygdalcai (BcA) Il ysimportant hub f
expression of fear memor i es (afsosrocrieviesdw ws eé.eh Lseelhast
Aversive stimuli drive (s&Ghroosrhg arneds pCohmastetsarijn ,t h2e0 1B5L;

Resni k and (Paalzt,ho2@h5)t hey can be heterogededwresar G

conditioning evokes plastic changes in neuronal r
cor{({&xosso et al ., 2015; Kumar et al ., 201.2; Sacc
BLA has been proposed to drive plasticity in the



(Li et al . | 200 8; Padnvhlia ea ncch almhegsesso a,n 2t0h0e8 )audi t or
conditioning have been exti ews(sWeeil ryb edrogcpurmeint @4 )( 1 @
clear whether and how BLA modul at e(sChcaovretzi ceatl arle.s,p
Letzkus et al ., 2011)

Later al amygdal a (LA) sends direct projection
axons {(Nam¢g et .alHoweZ®X6) recent studi esdi mnt he
additional pat hway from the BLA to the primary i nl
reticular nUZi kapolM&RN) and Bhirdbaki niOp@3dsabsestyh
TRN facilitates gating of signals in the sensory
GABAergic neurons |l ocated between neocortex and
projections to the neocdrotrext hbeuts empmrsaowiyd etsh ail mhrokciot
(Steriade etAtalthe 198®m¢ ti me, TRN receives excit
thal anPruisnault, TRO@9Odd)projections positirohl TRY senac
information flowing from thalamus to cortex, and

of fering an opportunity to reweigh sens(OAfremrspon

et al ., 2015; Hal assa et. al ., 2014 ; Wi mmer et al
Her e, we first tested the edvekdd rmdspmpaorndexatirn
found that activatihgn8bAssappressgdi apag€, -l eadin
evoked response amplitude. By examining the conne
viral anterograde and retrograde viral tracing t

projectiBibhA tfao omRN. We found that activating this

spontaneous activity in the auditory thal amus, S i
Through a computational model of thal aBilokA oirnp wtad ¢
to TRN could account for the reduction in spontane
to prime the thalamocortical relay response to sce



t hat t he -TRMy ggat mway amplidisengocrsyponsa@st t by S |
spontaneous activity of relay neurdansv,ena chroOgess

auditory and other forms of sensory discriminati o

2.2 RESULTS
Photaoct i vati on of BLAewaompé¢dfiespoomes in the AC.

We first tested the effect of optogeneevtoikcedact i
activity in AC. To manipulate the | evel of actiwv
expressed Channelrhodopsin (ChR2)ofusmincge teaxrpgreetsesdi n
recombinase in neurdpsomater UCEemkiilngéurne 1 2 01 A
dat a, for al/l figures here and bel ow, see doi . or
modi fi ecassdenated virus d( AAW) ,anwhisem searcroidee f or
FLEX cassette resulted in efficie@hRandispexrcitat
neurons in BUIGr o fnFCaeuk(e) 2. 1B

We measured spontaweclad amntdi vtiotnye oift mrejur omist a x
(AC), targeting the primary auditory ixedtenx cAHU/S I
acoustic presentation of a random tone sequence ¢
ranging from 1 to 80 kHzvalt7eOd dbBy SsPhLi)n i nBgL Ab lwaes laacste
mW/ mii ntensity at the fiber tip) t haotuigwhatiinpn anft e
significantly reduced ovephaaldl tComponédnewowmuisngitrhegba
0r50 meior to tone onsert,, di = NUB®, p i1 g@rEkE566210F,
2.1D aniy. 2WhGI e -epvecakke dt ofnier i ng k@&t ec oinmpiustleedm OCa f( tFdrr
tone onset) was not signifi d&amtulry s&f2fldcCtaendd b2y. 1BL /
n.s.), the amplitude of responses to tones compa

(Figures 2. ND=ail®0l1ll,®,=tX.tlaz2e 6. 72). Activation of

M



affect the tuning bandwiidftihe do fb yn esupr eornsse i eng sArCe s qtuuan
2.1E, 2.1Fnasd) 2.THus, by reducing the spontaneou:

toreevoked response, act i v aetviookne do fr eBslLpfo nasnepsl iifni etdh et oz
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M



neurons in BLA were activated by blue Iriggchar detdr 3 |

using eit hteeat ra d ediurintivicer oo r mul ti chaRnght spapebn pi

Mi crograph showing expression of injected virus i
Mi crograph showing little Imab&lICLi pgiimarACaufcaloe yl
basol ater al amygdal a; CeA: centr al nucl euB. of am

Il mmunohi stochemi strgexpeamepasost dadbmgh& @i n putative

neurons in theUBLAumé.a ReamKikldTomat o. GrUeSecnal eant it
bar = 10C.Rmisprommsse.s of a representative AC neuro
BLA. Light was presented from O to 0.25 s (blue r
s (grawglext Top: Raster pl ot of spi ke times. Bo

hi stogram (PSTH) of ne@mn ohlall ue)eGipiod(steli @ Mk )Diogdndi t

PSTH of the AC neurons in responseOrn ofénl Itionnee) (agnrde
i goftf (bl ack | i ne) -atcrtiiavlag.i ohi md ®&BfLAph ot outl i ned
shows data from all recorded AC neurons (ENE190 si

(E) Frequency response f(uBnc tainodn noefa nt hfer engeuuernocny frreos
(F) in the absence of photostimulation (Off trial s
G-JOptogenetic activation of BLA supspr@sspedai sepdnt &
tiss5. p&8.-1pbe but -evodtk edome ti vity of neurons Trecorc
paired ttest, n.s. ). Theevroekfeodr er,e stphoen saempw aist ui dnec roefa st
tiss6. 72, -p&P. 1Retivation of BLA didgnof aktfueomnhsspa
paired tteft , :paSceat)t.er pl ot )obrf spangenCnssepl(o®)t eodn
ver susOflfi ghti al s. Each circle requmesde:isanxtkgpamgele

Mean N SEM off melmsfuthepdrnel: p < HeB80).(paired t



BLA sends projections to TRN.

Suppression of spontaneous firing in cortical
due to an inhibitory synapse. Recent studies i de
TRN, an inhibitory nuZillkoagoulnost ha&nd hBldeabmuuBN RO12)
projects to the MGB, and therefore activation of
activity in AC by activating i ohbhiskrvedy thRN HAAVMG
in the BLA resulted in | albFelgiumege) @f Tp\r cpa€¢i r oains hien e
of BIIRAN pat hway, we injected rAAV encoding -GFP in
Cre vector inrtelporTRM onfi cRl, 24 n which tdTomato i s
cells transfected with Cre recombinase. We ident
basol ateral and cenfFrirglreu)l,2 A cmrBfliarmnmigrdga | tahtd e xi st

at hway from the BLA to the TRN.

©

Photaocti vati on-TBHN BatAhway i ncreases a-mpbkedde o]
responses i n t he

To test wHhleRNhepratBhiwtay under |l i es -emekadplteésponst:i
caused by BLRA qauneé vawmiewcwcted either a vector expre
promoter in the BLBhR2 WadacmoceinboUChexBLAeof WEamHK
shined blue | aser l i ght onto the TRN through im

esponses imulACchanngl Ffigucen2pdé@hbes a(l owed us

-

effect of selective activation of neurons that pr
Activation of BLA terminals in TRN |l ed tronal sign
activi thy gium eAR .(2C, 2, 2ND =mandl@&,. 2pG = 0.0067, df = 21
absol uteer otkaerde f i ring rate was gsuirgen i2f.i2cDa Matnkdy 221. 62,cHr, B a

= 0.0048, df = 215, tstat d&e 20f85)espHemses tavwerag



signifFcagntrtkey2(2DNamrd 22628p df 520215, tstat = 5.6
tuning curves increasedFaguresel 2Eof 2NRR aadi 2apid
2. 7-B&, df = 26125),. tstat = 6.

These effects persisted when we also blocked a

of TTX (Suppl emem,t awi tfh ghUTXx: SR A 75, decrease 1in

3. 08B%, df = 74, tstat = 7. 8; i.n0cOr6ela,s ed fi n= r7eds,p otnsste
Suppl ement al figure S2 G, H; wi thout TTX: N = 74,
10, df = 73, tstat = 7.45; i nebr,e adsfe = n7 3r,e stpsothaste =a
control ensur eldattihoant-TdfMN rB lsA mimual s did not | ead to

pat hway originating from(dhangeeét bdbdje2018; ther
Znamenskiy and Zodnbri,ne2adll3I)hese resuive a@aemiownatiram
BLARN projections evokes similar effects to thos

activity in the AC.
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Fi gu22 Ph-atoivation of projections from BLA
tonevoked responses in AC.
A.Left .PaRetlrograde tracing of the BLA
CAVeRere i mRgiIRNpdwoel. Micrograph showing
TRN. Scale bar = 0. 5mm. Bott om: Retrograde

H

EXPr es



CeA. Scale BaAmnmt=rb.grmm.e tracing of tLbE&t Bphawipcteoj ec
werrej dcted bilaterally with the virus expressing (

optical fibers bil at-@R&adI pyojecgebhnsegwéRBN. aBLAvate

nm) on the TRN while neuronal actcibvanmnyeli ns iAG cwoans |
Ri ght . p amoepl: Mi crograph showing projections in TEF
recording silicon pro®b&®esfoanbesbaf a ODeprensnment at i

optogenetic stimulation ofm TORN.o LWOi. 2Bt swa b | puree sreerctt
presented from 0.1 to O0.15 s (grey rectangl e) .
Corresponding PSTH of n@mnur(omlad e )rOdfasfrpd nbslieay diknD .Iciognhdti t

Mean PSTH of theeédfonsarbonsai hone A{Oqr gy lruectldmegl)e

| i ¢goftf (bl ack | ine)-atcrtiiavlag.i ohi md OfRNphot outl i ned |
shows data from al/l recorded AC neurbiRrseqieldg)
respse function of a representative neuron in the

during photosti mul atEtFolhr @dudmRdNy (fOemmspomnmnaé sluncti on
neuron (E) and mean response f utnicmuloant i(oFn) (iOf ft hter
during photostimul atG-b@ptwoodgdamét i( ©Ona ¢TrH Na dpsri)oojne cotfi oBrL
suppressed spontaneous firing2rdade PpERDA&O67) G, bpa
toreevoked activi tryded fnreaum oAMG (rHe,c oRRe20.n8e5,, ppa=iOr.e0d0 4t 8t
Amplitudevofketdomesponse was i nisb5e@Sedptb  Acetaiivraetd o
of BIIRAN projections increased sparseness of tuni
t2 135 66.2 , p =120.)7e3fet :pahcedt t er pl otl )oforf isrpiargps em@tses  ((Q )
plotted ve@fbkusrialget Each circRieghrteppraddeeimt 8§ SENMI o

measur es Iferfotm ptéhrieegl: p <0. 001 (paired t test).



Phbeactivation-TBRN BatAhway i ncreases a-mpbkedde o]

responses in the auditory thal amus.
There is extensive evidence that TRN inhibits
(Ahrens et al ., 201Lher Shosakuwe 19BBIt-TRNIi gatdhwhwnt

on the AC activity is they rtelsallamwd rienth&ibgad @fnr arh
2. 3A)l.efWe tested whet hleRN atcdarimiandlomn drfi vBeLsA s i mi | a
observed in AC in the auditory thalamus (Medi al
hypot hesi s by opt ogge BAtRINC apatyhwagyt i aatidrescri bed
simultaneously redcomgdirrmg 2f BAmMaME@B & BBr |l y to previ
phoaotivation of amygdal ar terminals in TRN | ed t

firing rate of(Fingwmren?3. 30 NMEBB 12.63 F-1p0 ,= d&. 9=7 el 25, t

6.63). In conevaged meanvioyewastnonul Biteomedd. BE ¢
and 2n3G, ), resul ting i n ienvcorkeeads erdeFsapgopnt seetsl (8 Ho f t
96e, df = 125, tstat = 5.16)-acs8Si mat a-dRWNopaBB&ayec

increased the spar skeingurse o02f. 3Duni2nm3 E udbve5&fe3+, 125,
tstat = 4.06) . Combined, our fh ensdii sn gtsh Ratr g dacdAchnvsaiys t

acts on the AC through MGB.

To verify that effect of Iight on the actiwvit)
action of ChR2, we injected control group of mice
proteilnn contr ol mi c e, shining blue 1ight on BLA
significant change in the firing rates of neuron

(Suppl ement al Figure S4).



Fi gu23 Ph-atvivation of projections from BLA

tonevoked responses in the MGB.
A. LBfagram showing proposed circuit -TuRN epra tyhiwagy t
H





















































































































































































