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PRELUDE: A PERSONAL AFFIRMATION AND THE POSSIBILITY OF
EVEN GREATERHEALTH BEYOND THE FOURFOLD

fiHomo sum, humani nihil a me alienumpotbPu bl i us Terenti us Aferds |

Timorumenos 77

fiNo, no, no life! / Why should a dogharse, a rat, have life, /and thouba eat h at al | ?
come no more, / never, never, never, never,n@veffi | | i am Shakespeareds Ki
Scene 3

Al should have been a pair of ragged claws / Scuttling across the floors ofsienfi T.S.
El'i otbs The Love Song of J. Alfred Prufrock

iLe silence ®ternel dei Bleai espRaecali s i Penss @de

fiThe horror! The horrodi J oseph Conr adés Heart of Darkne



ABSTRACT

Over the pastentury, he developmerdnd useof treatments for depression has been one of the
most importanprojects inboth neuroscience and mediciiat only isrelatively little known

about the underlying pathophysiologlymajor depressive disorder (MDL® meclanistic
understanding of the ways\vhich common antidepressaissuch as selective serotonin

reuptake inhibitors (SSRI§) contribute to symptomatic relief remains elusive. Furthermore,
thedelayuntil typical antidepressant treatmenéke effecifa o0t her apweekstoc | agd o
months)presents a series ofiallenges to researchers in chemistry, neuroscience, pharmacology,
and medicingas the connection between apparent physiological changes and clinefél i

yet to be established@he recent advent of a new class of drdigsapidly acting antidepressants
(RAADS), including the multipurpose compound ketamifie which ameliorate symptoms

within hoursto daysprovides a crucidif perplexing perspectie onthe treatment oMDD and
neuropsychiatric disorders more broadly. To answer questanterninghow various kinds of
antidepressants might exert their effects, where those interactions take place, and what sorts of
physiological changes drive clinic@sponsewe havedesignedjenetically encodedrug-
specificintensitybasedsensingfluorescent eporters (iDrugSnFRs) which are engineered to

detect drugs of interest in bathvitro andin vivo applications. We have successfudlyolved
iDrugSnFRs foan array of RAADs (iIRAADSNnFRs) which detect pharmacologically relevant
concentrations of their target druggnsitively and specificallyn both cell cultureas well asn
thenervous tissuef larval zebrafish. Another set of iDrugSnFRs for SSRigpinavided novel
insights into the potential reasons for #ierementionedt her apeuti c | agd as we
while yet another set has provided a pharmacokinetic basis for the evabfatiooking

cessation drugsn all, our findings lead us tpositthat iDrugSnFRs can aid in the elucidation of
mechanisms by which a wide varietyarglly activepharmaceutical compounds operate as well

as provideacrucial bass for the development dfetter medicines.
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CHAPTER 1: INTRODUCTION

1.1.Depression Diagnosis,History, Treatment,Mechanism

Major depressive disorder (MDD) is estimated to affect 3.8% of the gbolpallation[1]. In the
United States, depression is the seel@adiing cause of disabilif2], and one out of every six
Americans will experience an episode of MDD during their lifetjiBjeDepression is currently
diagnosed clinicallypased on whether patier@speriene five out of the nine possible symptoms
every day for at least two weefane of which must bdepressed mood or loss of
interestpleasurd4]). For MDD, episodes must be recurring but separated least two

months Otherrelateddiagnoses includgaersistent depressive disorder (dysthymia), which
presents with less severe symptoms than MDD butaileast awo-year periodpipolar
depressiorfBPD), in which depressive episodes alternate wfitsodes omania;seasonal
affective disorder; postpartum depression; and depreaggng from a primary medical
condition (e.g. schizophrening-term illness)5]. Various scales can be used to assess
depressiorsubtype or suicidalityandmajor efforts are underway to establish more finely tuned
diagnosticcriteria such thapotentialunderlyingphysiologicalcauses can be more effectively
targeted withspecific treatmentfb,6]. Over the past several decadesny studies have
attemptedo characterizgpathophysiology at the genefit-10], epigenetid8], in utero

[9,11,12] early childhood developmeff], socioeconomi¢9,13,14] and environmental
exposurdevels [9,15], with the eventual goal of establishing biomarkerase asnore effective
diagnosic criteria for, andprovide a potentiahroadin the treatment ofMDD.

MDD has beemsedas aclinical diagnaissince the 1970and wafficially addedo the
Third Edition of the Diagnostic and Statistical Manual (D8N1in 1980. Howeverthe history
of classifyingdepression stretches back into ancient history, with diagnoses such as
60 me | a marising Intheatime of Hippocratedntil the 1%0s,no standardizethedication
regimens existetb treat the cluster of depressive disord@rsnajor revolution in psychiatr
careoccurred with theserendipitous discovery gironiazid s ant i d e p.Oeggnala n t
developed to treat tuberculostéiniciansnoticed that patients treated wigroniazid
experienced mood elevati¢h6]. Iproniazid, anonoamine oxidase inttor (MAOI), was found
to inducehigh levels of hepatotoxicitjl 7], and was soon replaced by other MAOIs, including

isocarboxazid, tranylcyprominand phenelzinéor the treatment of depressifi8]. However,

ef f



owing to their inhibition of both MAGA and MAO-B enzymestheseMAOIs resulted irserious
sideeffects, including hypertensive crisgarticularly when administered concomitantly with
sympathomimetics or, interestingly, after the consumption of certain clj&8sethe
subsequentlass of antidepressant drugs, tricyclic antidepres$a@as), owes its provenance

to thefirst clinically approved antipsychotic, chfmomazire. One such derivative, imipramine,
did notexertarny antipsychotic effes butit did alleviate symptoms afepressiommong
schizophrenigatients with depressive symptof8]. Yet, while TCAs proved to be effective at
relieving the symptoms of depressi@i], they too causka set ofunwanted side effects, owing
to theirpromiscuous interactiowith cholinergi¢monoaminergic receptors and transporf2g3.
Side effects included not onbglassic anticholinergic symptoms.§. confusion, dry mouth
blurred vision) andantiradrenergic symptoms (e.g. dizziness) but tdsal overdoses due to
heart bloc23], particularly in MDD patients suffering from cardiac abnormalit#zy. With
sucha dangeroussk profile, researchers turned their attentiootteerpotentialtreatmers.
Because oprevious investigationshich indicated¢he importance of seroton{s-HT) to
depression and suicidalif25], the serotonergic system becaanarget ointerest for

therapeutic interventioincreases id-HT are common to both MAOIs afidCAs, which
motivated the development of compoumalgicrease synaptis-HT reuptake inhibitionThe
selective serotonin reuptake inhibito&SRI9 are considered the first rationally designed
neuropsychiatric medicatipmstead of relying on chanedficacy, researchers began to propose
mechanisms by which depression and other disorders affected neurophysiology. The first
compound in this class, fluoxetine (Pro®acwas developed in the 197[26,27], and
demonstratedelectiveinhibition of the5-HT reuptakeransporter (SERTWwhichhelps recycle
5-HT released at serotonergic synap®3s1987, fluoxetinavas aproved forclinical use in the
Unites Statef28,29]with much broader tolerability and fewer dangerous side effleatsthe
TCAs or MAOIs In all, six total SSRIs have been approved for the treatment of unipolar
depression (fluoxetinesertraline, paroxetine, fluvoxamine, citalopram, escitalopram) and are
currently considered the firine treatment foMDD (SSRIshave also beeapproved dr the
treatment ofinxiety disorders}However, these compounds are not without their side effects, the
mostvexingof which are sexualysfunction, nauseahanges in appetite leadingweight gain,

andinsomnia[30-32]; in addition, perhaps the most troubling aspegrescribing SSRIs to



patients with MDD is the time to clinical efficacy, which can be anywhere from a few weeks to a
few monthgq33].

There are multiple theories regarding the pathophysiology of depressioe ofwhich have
been influenced by theay each newclassof therapeutics is purported to exert its effettse
monoamine hypothesisst gained currency owing to findings the 1950s and 1960s ttiae
antihypertensive agent reserpine apparently causedssepn in some patienit34,35] this was
later corroborated in various animal seg[B6-38]. Invirod at a demonstrated t ha
mechanism of actiomvolvesinhibition of thevesicular monoaminiatra-neuonal transporter,
whichimpacts the reuptake of monoamines such-H3, dopamingDA), and norpinephrine
(NE) into presynaptic vesiclg89,40] Additional support for the monoamine hypothesis
concerns the putative mechanisms by which MA®@GAs, andSSRIs exert their antidepressant
effects the comnon premonoaminergioutcomeof each class (either intad or in part) led to
the presumption that increased monoaminergic actitiie synapseelievesdepression
Various studies in both animals and humans have highlighted the important role that
monoaminegplay in the manifestation of symptoms linked to depreggit#5], and the
effectivenes®f both5-HT-NE reuptake inhibitors (SNRIgnd bupropion (thought t&ct asa
DA-NE reuptake inhibitorjor thetreatnent of MDDin certain patients hasded further
supportingevidenceHowever, more recent work haadermined thisarrative Intentional
depletion of monoamines in human subjeeés not found to cause depressiotypical patients
[46] nor in MDD patients off medicatiojd7,48] In addition,although5-HT levels in the
synaptic cleft and extraynaptic regions can reach steatgte levels within days after SSRI
administratiorf49], medication must be continued during ttieerapeutic lagof 2-6 weeks
before patients report bengf#3,50] Thefact thatall classic antidepressants appear to affect
monoamine activitpuggestshatany theory concerning the pathophysiology of depression must
takesuch evidence into accoyget monoamines arey no meansghe only appropriateargetfor

which new antidepressant medicatich®uld e developed33,50}]

Hypothalamiepituitary axis (HPA) dysfunctiors another potential causal factor in the
pathaenesis of depression. While not relying strictlycbnical results fronproducts of rational
drug desigror their putativemechanismghis theorycenterson the welcharacterized role of

cortisol in mediating the stress respomsbBumansThetwo man stress hormone recept@rs



type I, the mineralocorticoid receptor (MR); and type I, the glucocorticoid receptord GR)
bind tothe glucocorticoidtortisol, the final downstream product of the HPA axis which
upregulates production in response to stréssiionuli, with the MRgwhich mediate the
induction of the stress respons@)ing higher affinity for cortisol than the GRshich mediate
its termination)51]. The GRcortisol complexransisto the nucleus where it interacts with
glucocorticoid response elementsfunction as a promoter for the regulation of transcription
eventuatingn changescross a variety of organs, including the bfaRi. Increased
glucocorticoidproduction is proposed to lr#rinsic to both aniral and humamesponses to
chronic stressnideed, increased levelsadrtisolcan be foundmong patients with MDD
[33,5355], and overall HPA axis dysfunction ihis populationis thought to result from
inappropriately high levels of cacbtrophinreleasing hormone (CRH56,57] (which induces
cortisol releasexhough the degree to whitis is a product of impaired negative feedback from
cortisol is not cleaf53]. Additionally, higherCRH andcortisol levels among MDD patiengse
associated with a greater risk of relafis®59] Interestingly, fluoxetine has been shoten
normalize high CRH levels in patients with MO60], providing a potential link between the
elevation ofsynaptic 5HT andregulationof cortisol. Howevergortisol is a generic indicator of
stress, andalthough one populatiewide study has linked glucocorticoid receptor function to
the prevalence of depressifii], the HPA axis does ngttappear to be a fruitful target for the

development ofuture therapeuticgs2].

Animal models provide anothpathway by which to explore thefefts ofstressors on the
development of depression. Sevdrahavioral paradigms attempt to mirstcessfulife events
among MDD patientsncludingmaternal deprivation stre@8|DS) [63-65], chronic
unpredictable streg€US) [66-69], and learned helplessndksl) [70-72]. In terms of genes,
while there argeneticloci associated with the heritability of depresdi@s8], andthere is a
threefold risk of developing MDD among firdegree relativef33], investigations of epigenetic
signaturezould eventually prove more insightfdilie tothe undoubtedly complex interplay
between genes and environmf$)73]. The pathophysiology of depression is likely complicated
and patienspecific,sofuture workfocusingon tailored pharmacogenomic approaches may
prove most usefuh both understandingotentialpathophysiologyas well as developing

effective treatments



The hypothesis that has become the most compelling recently concerns the role of glutamate.
Glutamate is the most common neurotransmittet is of particular importance in the forebrain,
where over 309%f neurons are glutamaterdi4]. It is the major excitatorpeuralcompound,
with glutamatergic functio beingessential to nearly every bramgionimplicated indepressive
stateq75]. Glutamate metabolismiiffers between MDDpatientsandhealthycontrols[76], and
antidepressant treatment aamelioratethis dysfunctior[77]. Abnormalities in glial glutamate
regulationhave been demonstrated in postmortem analyses of the brains of MDD g@ggnts
andMDD patientshavelower levels of glutamate in thmsal gangli§79] andcortical area$80]
as measured by magnetic resonance spectrostomgdentschanges in the level of cortical
glutamate are correlated with depresdika symptomg81-83]. In all, while changes in
glutamatehave beemssociated with depressiamlike the monoaminergic hypothesis, the
glutamatergic hypotheskgaslacked candidate compounds which treated the symptoms of
depression through a putatively glutarmgtemechanismHowever, there has been renewed
interestin this neural subsystemver the past few decadiedlowing thefinding that ketamine, a
multi-purpose drug known to the medical community for half a centary exert antidepressant
effectson a much faster timescale than SSR[gproved for the treatmewtf MDD by theFood
and Drug AdministratiofFDA) in 2019,this compoundboth intriguing and beguilingyill
ultimately provecrucial to the next phase pharmaceutical developmeior neuropsychiatric

disorders

1.2.Ketaminein the Clinic

Ketamineis an arylcyclohex/laminederivative originally developed in the 1960s as an

alternativeto phencyclidingdPCP) usedinitially as a surgical anesthetic due to its lack of

respiratory depressidB4,85]butwas found to caugaesychotomimetic side effecésd hae

high abuse potenti§5]. Both PCP and ketamireet on the glutamatergic system,

noncompetitively binding tthe N-methyltD-aspartateNMDA) receptoratthe same site inside

the channel porg86,87] NMDA receptors (NMDARshareionotropic channelabiquitously

expressed throughout the brarhich play a crucial role itearning, memory, and
neuroplasticity88,89)Po st synapti ¢ NMDAR chann@#)s 6 per meab

underlies theirmportance to phenomemaediating neuroplasticityguch as longerm



potentiation(LTP) [90]. While ketamine has a lower side effect profile than PCP]Jikesiisea
dissociative anesthetj®1-93], thought to be caused ltg NMDA antagonisnj94]. Howeve, it
remains a populasptionfor pre-operative sedation of children, particularly those with
cardiopulmonaryroblemg95,96], as it has a shathalf-life in this populatiorthanin adults
[97]. Once administeredketamines eliminated quicklywithin 2-4 hacross different routes of
administratior[98-100]). Ketamine is metabolized by liver enzynj&81-104] andplasma levels
aregreatly dminishedwithin a day of administratiof100,105] however, its metabolitese

both metabolized and eliminatedes longertime scale$105]. As an anesthetic, ketamine is
administered both intravenously (IV) and intramuscularly (Wijh sedation achieved iadult
patientsusing1-2.2 mg/kg administeretV [106-108] and11 mg/kg administeredM [107],

l eading to pl asma c o[b06]lKetaminais alsosedas anraoalgesid, 9. 3 ¢
commonlyfor postoperative paij109]. Analgesia is achieved patientsat lower
concentrationghan those required for sedati@h15 0.25 mg/kg when administerdd [110-
112]or 0.5mg/kg when administerddl [113], leading to analgesic plasma concentrations
between 0.200.67¢M [98,114116]). As a pre/perisurgical antinflammatory treatment,
ketaminecan lower levels opro-inflammatory cytokine$l17,118]as well ade used tananage
alcohol withdrawal sympton{419], lesseing the chance of relapsehaviorsan alcohol use
disorderd120].

Ketamine has a chiral centarthesecond carbon of itsyclohexanone ring and exists as a
50:50racenic mixture ofthe optically activeenantiomer$(+)ketamine (esketamine) and-R(
ketamine (arketamindglig. 1.1).
Esketamindinds to the PCP sit&f the
NMDAR approximatelyfour times more

S(+)-ketamine R(-)-ketamine

strongly than arketamin@sketamine: K=
0.3-0.69¢M; arketamine: K= 1.42.57¢M
[94,122,123], which appears to explain

why eketamine is more potent thaither

Figure 1.1 Ketamine has a chiral center at the second arketamineor racemic ketamine as an
carbon of the cyclohexanone ring, attached to ) .
chlorobenzene and methylamine groups. (Adapted fron anestheti¢99,124]and analgesif94,125]

Fig. 1 off121]) There is evidence thasketamine and

arketamineéhavedifferent side effecprofiles, asarketamine @sassociateavith fewer



psychotomimetieventsn bothan analgesic regimgh25] and among healthy controls
[94,99,126] Ketamine metabolism is also stespecifid116], andall metabolites likewise
retain chiral centerghe enantiomers do not interconviervivo[127]. All these features allow
for the independent study of each enantiomer and its effects on human physiology.

1.3.Ketamine as a Rapidly Actg Antidepressan{RAAD)

Ketaminewas first shown toert antidepressant effegtsa rodent modelvith depressiodike
symptoms induced by administration of reserpit8]. Subsequentlyother rodenstudies
assessing thantidepressant actiaf variousNMDA antagonistslemonstratedmeliorationof
depressiodike behaviof129-132]. Therewasanindicationthatketaminehadantidepressant
effects orhumans, first noticesh a general population of psychiatric patiefit33], but itwas
only in 2000 that the first placelmmntrolledtrial of ketamine was conductéol patients with
MDD [134]. In thissmall studypatients receiving 0.5 mg/kg Bf ketamineover a 40min
periodexperienceadhanges in selfeported symptoms withia dayof treatment, witreffects
extending out to several days pogusion.A laterdoubleblind placebacontrolledrandomized
trial among patients with treatmergsistantdepressionTRD; patients who fail to reeive
therapeutiaelief from two or more SSRI compoundsonfirmed the rapid relief of symptoms
afterthesame treatment regimen iagplementedn the previous studjl35]. Selfreported
symptoms were relieved within hours of infusiand over a third of the treatment group
experienced remission greater than 50% response up to a weekvadiet(Fig. 1.2). Further
studies have replicated thegalingsusing the same infusion parametexscounting for
ketaminebdbs nonspeci fic sensorcygntrasfl3ceextensingby adm
the utility of ketamine to treat patients wBiPD [137], usingketamineto treat acute suicidal
ideation[138,139] andexploringthe effect drepeated doses anood as well as side effects
[140,141] Other followrup studies havimvesticatedclinical doseresponse outcomg42-144],
and ®veralmetaanalyses have confirmeldat ketamine infusioexertsrapidand longlasting
antidepressant effeatsm MDD patient§145,146] Compared with plasma concentrati@mong
patients receivingV ketamine for anesthesia and analgesia, antidepressanteasesm
plasma concentrations an or@émagnitude lower than the former but similar to the |32
0.78¢M [116,144,147).
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Figure 1.2.(A) Proportion of responders to antidepressant doses of ketamine to patients with

ketamine or placebo treatment with greater than MDD demonstrategignificant relief of
50% clinical response (as measured by the

Hamilton Depression Rating Scale (HDR8&Yer

depression symptonvgithin a day[149], and

. . _ overall, there appears to be little difference in
time. (B) Proportion of responders ketamine or

placebo treatment in ¢ Shorttermantidepressant efficacy betweke tv

over time (The graphs display mean values and and IN routeg150].

SEM; alapted from Fig. 3 ofL35].) ) ) )
As mentioned esketamine has a higher

affinity for the PCP site of th&IMDAR than
does arketamin®4,122,123] Because the NMDAR has been proposed as the main target
through which the antidepressant eféauftketaminearemediated eskeamine became the focus

of ensuing studies which aimed to increase the potency of the antidepressant response while



limiting side effectsEsketamine has since demonstrated efficacy awergsusclinical trials
[151-154], though it might be less efficacious among the eldd®p] andall of the studies
demonstratinglinical efficacyhad patients on both esketamine nasal spray as well as an oral
artidepressantsuch as an SSRIndeed, this latteregimenis the basis for the 2019 approval by
the FDA of the intranasal esketamine formulation Spr&&ianssen Pharmaceuticdis) the
treatment of TRDCurrently, ketamine monotherapy in any formulation is not approved for the
treatment oMDD, though ketamine clinics which dispern¥eracemateff-labelhave become

popular over the last several yeHrS6].

Although ketamine provides clinical benefit to many types of patients, it has also been used
as a drug of abuse by people seekingXperience its dissociative and hallucinatory effects
[157-159]. Indeedthese are among the major side effects of cliniadininisteredesketamire
[160], which is one of the main reasons tias given under the supervision of a healthcare
professional. For the treatment of TRD, esketamine is administered semimonthly after a four
week loading phase, anafter each administration, patients are monitore@ tof161]; these
practicesare based on the initial landmark randomized debbiel placebecontrolled clinical
trial [135]. Theside effectof IN esketaminare typically transiertL61] and occur within th@

h mandatory posadministration monitoring period; for example, dissociation (as meabyred
ClinicianrAdministered Dissociative States Scale, or CADSS) tends to4fsaikn post
administration but resolves withihh [151]. Other common side effects of antidepressant doses
of IN esketamine include altered gustation, dizziness, hallucinations, euphoria, nausea and
vomiting, paresthesias, and headadltd]. Long-term ketamine abuse is associated with
decreases in brain volume as well as cognitive defib#2], though there is as yet no evidence
of any longterm side effects frorketamine or deestamine administered for the treatment of
MDD.

1.4.0ther RAADs

Since thaepurposing of esketamine for use &/AD, interesthasarisenin evaluating other
compoundsvhich may also rapidly relieve the symptom3$widD. The most obvious candidate
compound is arketaminghichwas initially less compellinghan esketaminewing to its
fourfold lower potency for theCP site of thlMDAR andthe hypothesis that NMDA
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inhibition was the main mechanism by which ketamine relieves deprebkiaver,
ar k et dawerside éffect profild94,125,126landlower sedativepotency[99] was cause
for reevaluation ofts role as a viabléreatment for MDD

The first dedicated study invégiting the antidepressant potential of arketarmree
rodent model of depression, induced by neonatal dexamethasone exfmswé¢hat \inile 10
mg/kg IP injection®f esketamine or arketamisenificantly loweredmmobility times in the
tail suspensio test(TST) and forcel swim test(FST)d classictests of futilitybehaviorused in
the development aflassicantidepressan{d63,164]0 andsignificantly increased sucrose
preference (a proxy for anhedoii®5]) in the sucrose preference test (SEdmpared to
contwls [166]. Interestingly,one weelafter the initial dose of esr arketaminerodents treated
with arketamine showed persistent effeethereagodents treated with esketamidiel not
[166]. A follow-up study usingwo different rodent models dfehaviorinduceddepressionl.H
[167] and social defeat stre€SDS) [168] (treated withP injectionsof es or arketaminet 20
mg/kg), found that arketamine more potently lowered immobility timéhe TST and FST for
SDS rodents than esketamine as well as significantly increaseshaetionic effects in the SPT
compared to esketamiméthin one day of injectiofil69] (Fig. 1.3A-C); these effects also
persisted for almost a week pasgatmentwith both enantiomers demonstrating continued
antidepressant effects but with arketandeenonstrating greatefficacythan esketaming-ig.
1.3D-F). In the LH modelpnly arketamine significantly reducedcape failureas well as
escape latency versaentrols, while esketamine did nohese effects likewise persisted for
nearly a weekl169] (Fig. 1.3G). Additionally, esketamine caused hyperlocomotion, increased
pre-pulse inhibition, andhcreasectonditioned place preferen(8PP, a test of addiction
behavior{170]) compared to arketamingyggesting that esketamiiseassociated with greater
psychomimetic side effects and addictive behavior than arketdh@ifg with both effects
corroborated by evidence from a Asaman primatéNHP) PET study which showetthat
esketamine, but not arketamimaused striatal DA releagk7 1], a marker of addictiaA
subsequenéxperimat using a treatmesrefractory rodent model of depression (induced with
repeated injections of corticosterdd&?2], the rodent equivalent of cortiséund that, whildP
injections of 10 mg/k@f eitheres or arketamineadministeredoth 1 d and 30 min prior to

testingsignificantlyreduced immobility time in the FST, only arketamieduced immobility
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time whena singleinjection was giverd d prior; additionally,brain concentrations of the two

enantiomers were not significantly differestiggesting that any differences in the antidepressant
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Figure 1.3.TST (A), FST B), and SPT with 1% solutiofC) performed on male adult C57BL/6 mice 1 d after
the administration of saline, arketamine (10 mg/kg), or esketamine (10 mg/kg) injedt®y, (E), and(F) show
the same tests performed one week I1§@&YyMale Sprague Dawlesats performed a LH task 5 d after the
administration of saline, arketamine (20 mg/kg), or esketamine (20 mg/kg) injected IP, with escape lifiure
and escape latengsight) quantified. (Graphs show mean values plus SEM; *P < 0.05, **P < 0.01,<0P01,
adapted from Fig. 1 d4.69].)

effects of the two enantiomers is not a resulireéqualpharmacokineticfl73]. Additional
findings includeverification of thepotentandlong-lastingantidepressarsffects ofarketamine

(and itspharmacokinetic similarity tesketamine)174] in rodent models of depressifiv5],
thepossibility that esketamin® but not arketamind causedoss of parvalbumipositive
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(PV+) neurongassociated witlpsychosig176]) in several brain regions rodent§169,177]

that direct administration of arketamine is&veral brain regions can redweseape failures in

LH modelrodentq178], and that arketamine aw stabilizethe levels of gut microbes

contributing toSDSinduced behaviofl79]. These results suggest that, acnamsous rodent

models of depression, arketammeerts more potergntidepressargffects raising questions as

to whether NMDAR antagonism is the chief mechanism by which ketamlieges the

symptoms of MDJ180]. To date, several clinical trials are underway to assess arketamime as a
antidepressanh an IV formulation[181,183, with one trial showingignificant reduction in

clinical depression scordsd postinfusion without a concomitant increase in clinical

dissociation scorgd.81].

Even more recenthRAAD research hasxpanded to consideeveral primary and
secondarynetabolitef ketamine Within the majometabolicpathwaysracemic oR,S)
ketamine is metabolized stereospecifichy CYP liver enzymes into (R,Sj)orketamingNK),
and then further into the secondary metabolites (ReBydroxynorketamine (DHNK) an
various (R,Shydroxynorketamine (HNK) subtyp¢$16,183](Fig. 1.4). In the latter groupall

P — (R.S}norET (R.S-DHNK molecules retaithe chiral
wh 9 wa T o site at thesixth position

= = @ij while another is addeat
LIt L cl

the 29 4", or 5" positions

\ of the cyclohexanone ring
o o [116]. Minor pathways
NG /‘\fi;j - &@ produced- and6-
" [ *
¢ ou f\c' M N w7 on hydroxyketamingHK) as

(2R, 6R; 25 85)-HNK (2R AR 25 45)-HNK (2R 4525 4R)-HNK (2R, 55,25 5R)-HNK (2R, 5R; 25 55)-HNK

well as (2R,6R;2S,6 HK

Figure 1.4.The major metabolic pathways of ketamine. (Adapted from Fi¢ primary metabolite[116].

of [116].) These metabolites can
appear as early @9 min after the end of IV infusiofiL05,147]and reach peak plasma levels
within 4 h [105], with the eventuakatio of (S)-metabolitedo (R)metabolites always less than
one[105,184] In rodents, both the parent cooynds and metabolites accumulate in the brain
within 10 min postinfusion[185-188], with at least one study reporting higher concentrations of
(Symetabolites than (Rnetabolites in the braii86], though with no appreciable difference in
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the brainto-plasma ratio of eitheset of enantiomernsdicative of enantioselective uptaKel 6];
additionally, all metabolites cross the blelachin barrier BBB) less effectively than the parent
compound174]. In humans, \wile ketamine in plasma drops beldetection within one day of
an IV antidepressant dosg% mg/kg over 40 mins), DHNK and the HNEanbe detecteat 3 d
postinfusionin patients suffering from chronic p&ih84] andin BPD patient$105]. Interest in
the potential antidepressant effects of ketamine metabolites was gerfevatestudiesvhich
raised questions about the relationship betvke¢amine metabolisrandtherapeutic relief
[105,147] and there was even an indication that the metabolism of ketamine was correlated with
bothbetterclinical responseas well as side effecf$47]. Earlier studies had csidered (R,S)
ketamine andR,S)NK to be the active compounds in achieving anesthetic effe®®, while
the various HNKs were thought to be inactivegrgductg123]. Because the former two
compounds act primarilgn NMDARSs, this was considerddet ami ne6s main anti d
mechanismHowever, once subanestitetioses began &how promise fotreaing MDD, the
picture regarding the activityf the various metabolitdsecamenore complexindeed,unlike

the parent racemate (R,S}NK, (2R,6R;2S,6SHNK inhibited U7 nicotinic acetylcholine
receptorsifAChR9 at submicromolarlevelswhile not inhibitingNDMARSs at physiologically
relevant concentratiorj$23,189] However inhibition of U hAChRs may in fact drive
inhibition of NMDARsdue to downstream attenuation of serine racemase waiges a
decrease ithe production oferine, a cagonist of the NMDAHR188,190] Initially, (2S,6S}
HNK was proposeds a candidate antidepressant owingstsulxnanomolar potencin
phosphorylating mTOIRL87], a key target for antidepsant§191] (see Chapter 1.7keading to
the hypothesis th§2S,6S)HNK mediatests antidepressant effects through downstream
mechanisms ultimatelgulminating inindirect NMDAR inhibitionvia regulation of serine
racemasevhile avoiding some of the side effects which direct inhibition of NMDARselicit.
Yet it was in fact (2R,6RHNK which demonstrated stronger antidepressant effects in an
important study investigating the antidepressant activity of ketamine metabolites in rodent
modelsof depressioiil74]. Owing to evidence that (2R,6R;2S,83\K is the major ketamine
metabolite in humaplasmaduring the hourafteradministration antidepressant dosgist7],
this study investigated the antidepressant potentiabtbf of these metabolites in further detail
usingmiceundergoing SD#ductionof depressioms well as mice injected repeatedly with

corticosterone to induce anhedar{@tamine was deuterated at tbé carbonto slow its
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metabolisminto (2R,6R;2S,6SHNK without changing its pharmacological proper{i&32],
ndi ng
slowedsuch that brain levels of the secondary metabolites were lowebsthntiallypost

and whilethepargan compoundds bi af f i metabolism tvas
administration of racemic ketamiii€ig. 1.5A-C); this altered metabolism led &olack of
reduction inimmobility time in the FST test d (but notl h) postadministration compared to

racemic ketaminand a lack of reduction in escape failures duHaaskwith the same post
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Figure 1.5.(A) Thestructure of 6,&lideuteroketamine ¢eKET) with deuteration at the C6 carbo(B) Both
(R,SYKET (red) and (R,S)}d>-KET (orange have the same NMDAR binding affinit{C) Brain levels of KET
(left), (R,S}NK (middlg, and (R,SHNK (right) after adminigation of (R,S)KET (red) or (R,S}d>-KET (pinKk).
(D) Administration of both (R,SKET (red) or (R,S}d.-KET (pink) at 10 mg/kg improves immobility time in th
FST 1 h postreatment over salintreated rodentdb(ue), but only (R,S)KXET (red) demonstratea comparable
reduction after 24 HE) In a LH task 24 h after treatment, 10 mg/kgik red & but not 3 mg/kgred) 6
(R,SYKET reduces escape failures while no amount of @@;SET (whiteandpink) does(F andG) 24 h
before the FST and LH task, various doses of @R}, (SyHNK, and (R}HNK are administered; whereas nc
dose of (SHNK has significant effects versus saline treatmbhidj, 10 mg/kg of (R)HNK decreases
immobility time on the FSTF) and decreas escape failures in the LH tg€¥). (Adapted from Fig. 1 and
Extended Data Fig. 6f [174].)
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treatment latencjl74] (Fig. 1.5D-E). Then, to compare between the two HNK enantiomers,
each was administered separatetybeforethe FSTand LH tasko rodents and it wadound
that (2R,6RHNK exerted more potent antidepressant efféws (2S,6SHNK (Fig. 1.59--G),
extendingout to3 d and demonstratg dosedependeay while not resulting in higher brain
levels ofeithercompound versus its enantionjgv4]. Additionally, the side effestinducedoy
directadministration o{2R,6R}HNK were virtually nonexistenuflike withracemic
ketamine)jncluding lack & hyperlocomotion and addiction behavj@i74]. These results
spurred renewed interestimvestigating the therapeutic potential of other RAAD candidates,
generatingyuestions regarding thmutativeartidepressant mechanism of ketamikellow-up
studies havsincecomplicated the picture regarding QR,BRN K6 s a nt iefftaswithe s s an't
adirectcomparson ofarketamine to (2R,6RHNK in two rodent models of depressitimding
thatFSTand TSTimmobility time werelowered from administration of the former but not the
latter andthat SPTpercentage was not appreciably increased, which persistedang week
postadministratio{175]. Indeed, the authors suggest that, since direct administration of
arketamine to certain brain regions correspondedawtidepressants effects in a rodeHt
model,arketamine itself can exert antidepressant acfibr®)]. These findingsvere
corroborated in a follovup studyfrom the same grouim arodentLH model[193]. Conversely,
another followup studyfound that both IP and intreortical injectionss into themedial
prefrontal cortextaPFQ & in WT miceinduced significant increases in swimming duration
from both racemic ketamine as well as (2R;6RK; additionally, both compounds induced
increases in extracellul&HT in themPFCvia both routes of administratigh94]. A comment
on the Zanost al.,2016 studyj174] noted that (2R,6RHNK can in fact inhibit NMDAR<g0 a
significant degre§l95], butthis high of a concentration is not relevant to the dos€2RJ6R}
HNK used in the referenced studfneren (2R,6R}HNK IP at 10 mg/kg wamjected reaching
a final brain concentration of 10.68/ [174,196] Furthemore,another followup study
reportedrapid and sustaineghtidepressant effects (#R,6R}YHNK in arodent LHmodel
compared taontrolon both the FST and SRihich also corresponded wittormalizationof
neural activity in theventrolateral periaqueductal greyfPAG) from both IP and intralPAG
injections[197], while yet anotherdemonstratethe antidepressant effects of 10 fxg IP
injectiors of (2R,6R}HNK in controlrodentsassessed viaST as well as the novekguppressed

feeding test (NSHwhich assesses fear induced by novel envifp88]) as well asonfirmed
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that(2R,6R}HNK inhibits NMDARSs atconcentrations well above those relevant to
administered amounts requisite to induce antidepressant responsesg(e.gexivacellular
concentrations in the pypocampus (HC)199]). Possible explanatiafor the discrepant results
includethelack of a direct comparison of arketamine to (2R;6R)K [174,194,197,199]
differences among the rausdepression models useahdsexspecific differences inodent
behaviorand responses to antidepressant compojd@dg. Besideshaving a potentiallyower

side effecprofile thanketaming[174,200] an advantage of usin@R,6R}HNK is that its oral
bioavailability is46-52% inmiceand 42% in ratf200] (similar tothat seen with (2S,6F5JNK

in rats[188]), far higher than racemic ketami(#4%][148]); crucially,the oral route of
administration would present fewer challenges to patiameed otreatmentCurrently, at least
one clinical trial[201] is underway to assefise safety and efficacy dV (2R,6R)}HNK. In a

study examining the antidepressant and side effects of botiKRNd (§-NK in two rodent
models of depressioiS}NK wasfoundto significantly decreaseSTandTST immobility time
over controls, whereas (YK did not, though both did significantly improe@hedonia in the
SPTas well asattenuated stresaduced reductions in dendritspine density in both the mPFC
anddentate gyru§202]. Additionally, (S}NK did not caus@re-pulse inhibitiondeficits, a

marker ofpsychomimetic dysfunctiof203] norincreasedCPPscoresandPV+ spinedensity in

the mPFGvas decreased by esketamine but not WNi§)i mpl yi ng t he f or mer 6s
psychomimetic potentigR02]. In all, these results suggest that several primary and secondary
ketamine netabolitegotentiallyoffer RAAD treatmenof MDD symptomsbut with a lower

side effect profile

Severalbther nevirepurposed compounds have shown the poteotedtt as RAADSA
class of designer drugs based on ketamine has garnered atbeetidhe past decadased
initially on anecdotal reportiggesting relief of symptomatiepressio204-207]. The first
drug from this class offer intriguing results is methoxetamine (MXE), a ketamine analog
synthesizedor recreational use in 2010 to mimic the dissociative effects of ketaahlower
concentrationsvhile mitigating against e t a nurotoecilyd208] (thoughchronic MXE use
may indeed lead tbladder and renal toxicif)209]). Like ketamine MXE is thought tcact as a
noncompetitive NMDAR antagonist, wiglightly higheraffinity (Ki = 0.259¢ M) than ketamine
(Ki = 0.669 €M) for thesamePCP sitg210]; it was also shown to inhibit SERAK low
concentrationsK; = 0.481eM [210] andICsp = 2eM [211]), unlike ketamineand more potently
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thanPCP(K; = 2.234eM [210]), and it can alsmhibit the NE transporter NET; 1Cso= 20€M)
andthe DA transporte{DAT; ICso= 33eM) [211], unlike ketaming210]. In a rodent study
MXE was found tdully generalize to ketamin@ an operant conditioning task assessing
psychanimesisin a dosedependent manngndicating similar subjective effecig12], andit
also demonstrates the typiciisedependenketamine profileof inducinganxiogeniceffects at
lower doses whil@acting as a dissociative anesthetibigher dosef213,214] MXEO sffects
endure follonger than those of ketaminerimdenty213,215] consistent witlcase reports and
testimonyfrom userg204,205] reaching peak concentration in the brain slower than ketamine
(30 min[213] versus within 10nin [185-188]) but at ahighermaximalconcentratiof{~17 &M
[213] versus~9 eM [215]) as well adbeing undetectablafter6 h [213] (as opposed twithin 2 h
with ketaming215]). MXE also appears to undergo far less extensive hepatic metallodiam
ketaminewith 75% of MXE injected into rodents extracted unchareféet one day213]. A
studyof the antidepressant effects of MX&n WT rodentsndicates thatit can rapidlydecrease
immobility time in the TSTandFST as well asdecrease anhedonia in the SRR dose
dependent manngsimilar to ketaminavith perhaps more potent effe¢2d6]. MXE is a
racemic compound with the same chiral site as ketgriurieunlike ketamine, (SMXE has a
lower binding affinity for the?CP site of thélMDAR (Ki = 0.633eM) than(R)-MXE (K =
0.481¢M); there does not appear to be much of a difference with respect to SERT binding
between the twfiCso= ~ 2 [21Z]MThe racemate and both enantiomers prodbogdrapid
(30 min) and sustained () antidepressant effects in a Stbdent modelbut (R)-MXE
produces less anxiogenic side effects than either the racen{@eMXE, similar to the
relationship between the ketamine enantiorf#&tg]. To date, no clinical trials have been
conducted or are underway asses8M¢fE as an antidepressant for human &ide effects
amongusersncludedissociationdizziness, altered sensoriuand nausea, similar to ketamine
[204,218,219]However, MXE has also been linkedgeizures, hyponatremia, bradycardia,
acute cerebellar toxicitygnd even deatf213]. Otherketaminelike designer drugsuch aghe
deschloroketamintamily [220] and MXE analog§221] have potential antidepressant effects
which remain to be studiddrther, based botbn case reporttom human users as well as

pharmacological and pharmacokinetic profitsiracterized inadents.

A surprising anehemicallydistinctRAAD is the muscarinic antagonist scopolamine
Scopolamingalso called hyoscine$ a tropane alkaloiderived from plants of thBolanaceae
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family [222]. It is an anticholinergievith both peripheral and central effectsed tareat motion
sickness and postoperatimausedut which can also induce the classic anticholinergic
symptoms ofachycardia, hypertensioagitation, sweating, mydriasis, dry mouth, and
abdominal symptoms, as well iaslucingdizziness restlessness, excitement, hallucinations,
stupor, coma, and even deatrhigher doseR22]. It is optically activeand therelevantisomer
is S-(-)-scopolaming222,223] Scopolamine has limited oral bioavailabil{y3%), soit is
administered transdermallgr the treatment of motion sickness owing toresatively high risk
of side effect40.5 mgis released over a period 8d [223]). Oral and IM administration lead to
maximum plasma levels within 30 min, aitglhalflife is 8 h; additionally, scopolamine is
thought to penetrate the brain more readily than other antimuscdrauasse it is a weak base
[224], similar to other RAADs (se€hapterl.5). Theuseof antimuscarinisfor depression
stretches back to tteelventof TCAs (which likewiseinduce anticholinergic side effed&25]),
and it was originally thought théteir antimuscarint¢ actions weréeatures which later
antidepressants should av§226]. However, a early theory postulated that an imbalance
between cholinergicral adrenergic functiom limbic nuclei contributes tthe pathogenesis of
affective disorderswith hypercholinergic action inducing symptoms of depression and
hyperadrenergiactionleading to mani§225]. Reserpinewhich has been shown to induce
depressiotike effectsin both human§34,35]andanimds [36-38], also has cholinomimetic
effectson human patienf227,228] Furthermore, pysostigmine, an acetylchoésterase
inhibitor, has also been found to exacerbate the symptoms of depredgiDDipatients
[229,230] and responses to cholinomimetics amMigD patients are exaggeratgz81]. One
of the first compelling findings demowasdr atin
sleepstudywhich reportedthat MDD patients experiencadmerelief of depressiod d after an
IM injection of 0.4 mg scopolamiri@32], though the size of the doses usesie likely too low
to induce a consistent effg@24]. The first evidence collected in an RCT among both MDD and
BPD patients demonstrated tlsgbpolamine can indu@esignificant reductiorof symptoms in
as little as3 d (Fig. 1.6); at a concentration of &g/kg, the treatmenivas tolerated well by
patients receiving 15 min infusioBs4 d apartacrosshree total sessionwith no serious
adverse effects report@thd mosmminor side effectsesolving within4d h [231]. Anotherarm of
the study indicated that scopolamine relieved symptoms in adégssndent mannezonfirming

that theamountadministered is crucial to determining the therapeutic win@34,232] These
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findings were replicated in a study MDD
patients onlyand theeffects were seen feersist for two weeks or more after the last infusion
sesshn [233], indicating a potential role for otherechanisms apart fromonspecific muscarinic
acetylcholine receptor (mAChR)Jockad€e234]. The broadspectrum antimuscarinic activity of
scopolaminean be compared to anotlattimuscarini@antidepressant candidate, biperiden,
which is selective for the MMAChRand was found to not significanttglieve depression
compared tahe central nervous syster@S)-excludedanticholinergic glycpyrrolate[235],
suggesting that scomimi neds nonspecific activi 284.1 s cr uci
Anotherfollow-up studyreported that thantidepressant response to scopolamine was stronger
in women than mef236], corroborating previouindingsdemonstrating thatiPA responses to
cholinergic stimulation are momronouncedn premenopausalomenwith MDD [237,238]and
thatvariation inthe CHRM2 gene which encodes for the MnAChR,wasassociated with the
prevalencef MDD in women but not mef239]. Additional analysesonfirmedthatBPD
patients benefitd assignificantly and as rapidly as MDD patieritsthe previous studi€som
scopolamine administratig@40] andthatpatients can be classifieingbaselineclinical rating
scales in order to prediatho will benefit from treatment with scopolamifi241]. However,
results from several studigsiblishedsubsequently have complicated the pictegarding the
efficacy of scopolamine as an antidepretdainst, an attempt teeplicate previous results using
the same trial desigh two blocks of three 15 min infusion dafane for placebo treatment and
one for scopolamine infusipmith 3 d in betweerj231] 8 failed tofind an antidepressant effect
from scopolaming242]. The patient population in this studppeared to have been more
severely depressed on average as well@sdeda higher proportion 6f RD patientsthan

previous studieof interest becaudeeatmen-naive patients may respd morestrongly to
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scopolamine infusiof231,233,242,243]notably,patients withTRD were previously found to
benefitfrom scopolamine infusiof243]. Thus, it might be that there is more variatésnong
moresevergin terms ofdegree of symptomas well as lack of treatment responsafientsn
their response to scopolamine infusidrecentclinical trial in which scopolaminavas
delivered viaM injection to patients receiving oral escitalopram treatment foundhbeg was
no significant diference inshortterm or longtermresponse rates amotrgatment groups
(high-dose scopolamine, lodose scopolamin@ndplacebo)244], which could indicate that
methodsother than IVadministrationwill face challenges in terms of clinical efficacy or that
scopolamine works best as a monotherapyfpopulation of predominantly treatmardive
MDD patients A more recent trial from Newealandcomparing patients receiving a single
infusion of scopolamin® patients receiving a single infusiongdycopyrrolatefound that both
groups experienced significant decreases in MDD symptor8silposttreatment but that there
was no significantlifference betweetreatment with either drygncluding in terms of adverse
effects[245]. Possible explanations for these results includéntipertance oblinding patients
to the effects of treatment versus placebo by using another medication as a control
[231,233,235,245}he involvement of the peripheral nervous system in the antidepressant
effects of scopolamine (ambtentiallyother antimuscarini¢$235], and thefailure to consider
different MDD etiologiedetween the sex¢836]. Overall, while compellingscopolamine as a
RAAD is potentiallylimited by groupspecific effects as well as a higher barrier to entry for use
dueto IV administration.

Other RAAD candidates encompass a broad array of putative physiological mechanisms
Two of the more interesting and unique compounds are rapastnebfa larger class of
NMDAR modulators, and allopregnanolom@enaturally occurring metabolite of progesterone.
Rapastinels derived fronthe monoclonal antibody B6B3246] and appears to act as an
agonist at the glycine site of the NMDAR hamcing theability of NMDA antagonists to bintb
the channel porR47]. It has beeishown toboth enhance cognitive functi¢®48-251]as well
as tohaveantidepressargffectssimilar in magnitude andhpidity to ketamine (withinl d post
administration)251,252]in rodents Rapastinel has shovpromise in treatingMDD by
inducing antidepressant effects withinl of IV administrationin two differentPhase Iklinical
trials[253,254] butin 2019 it failed to differentiate from placebo during Phase 1l clinical trials
as aweekly IV adjunct to oral antidepressant treatn|@d6]. The derivative compounds
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apimosinel andzelquistinelaremore potent agonists of the NMDAR glycine §2866,257]

with the formerin both Phasé [258] and Phase [[259] clinical trials(both having ompleted
recruitmentwithout yet postingesults)and the latter demonstrating antidepressant effects in
rodent models of depressifb7]. The second unique RAAD compoyrallopregnanolongis a
neurosteroid Wwich has activity both in peripheral targets like the adrenal glands and gonads as
well as in the braifi260]. It is synthesized from progesterdnea twostep process via the
enzymessU-reductase andBhydroxysteroiddehydrogenasg60]. Neural allopregnanolone is
producedndependently operipheral glands response tacutestresq4261] in both

glutamaterg and GABAergic neuronacross several brain arg262]. Its main function in the
brain is as a positive allosteric modulator of GABAeurongsimilarto benzodiazepinesut

with an order of magnitude higher potehgyotentiating Clflux at concentrations as low as 10
nM [263]; interestingly, unlike benzodiegines, which bindonly intrasynaptically,
allopregnanolone also binds to GABAergic neuransther sitef264]. Rodents experiencing
chronicstress were found to have downregulated allopregnanolone produdbi@nmegions
involved with anxiety and depressif#65,266] in humansMDD severityis correlated with
decreased allopregnanolone producfsi’]. Typically, dasma levels of allopregnanolone rise
throughoutpregnancy[268] beforedecreaing after childbirth[269], andserum
allopregnanolonéas been found to be lowersnmewomen experiencing symptoms of
postpartum depressigRPD)[269]. The development of a treatment paradigm for patients
accounted foallopregnanolon@ low plasma solubilitylow oral bioavailability,and rapid
metaboilsm [270] in asoluble proprietary form, brexanolone, synthesized for IV administration.
Current protocols involve infusingrexanolong30-60 eg/kg) for 60 h during inpatient care

with infusion rate adjusteid account for tolerability and side effe¢250]. Both Phase Il and
Phase Il trials havdemonstratethatbrexanolonesignificantly reduces theymptoms of PPD
versus placebo after the BQ@reatment periodand these effects persisted out to one month post
treatmentith few side effect$270,271] Brexanolone has since been approvedreating PPD
by the FDA in 20190wing to its rapid effects argbod safety profilegoupled with a desire to
decrease the barriers for patients to receive treataeioral formulationSAGE-17, has shown
promisein a Phase Il clinical tridor the treatrent of MDD, with relief of symptoms within two
weeks[272].
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Themost compelling aspect of the therapeutic potential of RAADs is how fast they exert
their effects compared to SSRIs (within a daysuswveeks to monts). The reasons why are as
yet unclear, so we must first explore the various properties which these compounds might share
in common, with an eye to what contribution each makésaiodistinctive efficacy.

1.5.GeneralProperties of Antidepressants

Two important properties of biochemical compounds reagasificant effectsoa dr ugoés abi |
to cross membranga crucialindicator oftherapeutic potential. The acid dissociation constant,
pKa, measures theendency of @hemical speciet® gain or losenydrogen iongH*) in aqueous
solutionat a specific pHAn important implication othis concerngphysiological pH(7.4). if the
pKais higher, more molecules will existn their protonated forprand if lower then mae will

exist in their deprotonated forr®wing to thecomposition of the plasma membraRév),
uncharged molecules can much more eatiffuse aross than their charged counterpagisen
roughly equivaént molecular charge distribution and steric inteoas). For ®veral RAADsS

such aketamine pKa = 75[183)), (2S,6S;2R,6RHNK (pKa = 6.89 predictedrom

Chemcalize), MXE (pKa= 7.83, predicted from Chemicalizand scopolaminga = 7.55-
7.81[273]), ~50% of the compound in solutionill be deprotonatedmeaning that a significant
percentage can cross throubklipid membranes of cells as well @so intracellular
compartmentdn the aforementioned RAADsrqtonation occurat the nitrogern theiramino
group(Fig. 1.7). The second propertg describedvy the partition coefficient, LogP, which
measures sohility in two immiscible solvent§octanol and watedt room temperaturéogPis
then a ratio betwedipophilicity andhydrophilicity. Compounds which are more lipophilic
(LogP > 0) can more easityossnonpolardipid menbranes, whereas more hydrophilic
compoundsl{ogP < 0) will nof owing to interactions with phobplipid head groupsrhus,
LogPcan determing¢he availallity of potential neuropsychiatric compounds in the bras,
crossing the BBBs necessary for any psychoactive molecule to exert its efféatgever, a
limitation of LogPis that only urAionized molecules are included in the solubility measurements;
because of thenizing effects of physiological pH, particularly areak baseé.g.RAADS), a
significantpercentag®f molecules willremain excluded from the calculatidrhus,LogD, the

distribution coefficientjs necessaryor understanthg the actionsof brainpermeantveak bases
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asit accounts foronized molecules in each solvent as waticounting fothe solubility ofall
specie charged and unchargéd of a particulacompoundn octanol versus wateffor

LogD measurements, the pH is buffered to a specific value so thatrtduction of the
compound does not cause it to fluctydive medicationsthis is typically pH = 7.4Thus, when
expressing theogD for acandidate pharmaceutica is rendered asogDyn7.4 It should be

noted that pH can vary throughout the body, with both intracellular compartments as well as
parts of the digestive trantaintaininga lower pH, thereby influencing both ionizatiand
lipophilicity, particularly for ingested compounds.
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Figure 1.7.Chemical structures @ftketamine {), esketamine?), (2R,6R)}HNK (3), (2S,6S)HNK (4), MXE
(5), and scopolamines). (Pink stars indicate chiral sites.)

To assess theolubility and permeability gbharmaceutical compountts carry forward
into clinical trials developmerdo as to make the medication discovery process more effiaient
set of rules assembled by Lipinski et[2lf4] based orsuccessfuPhase Il trial compounds can
be usefulThe criteria for gooaral bioavailability aremolecular weight (MWx 500g/mol;
LogP < 5; fewer tharfive H-bonddonors calculated by countingmine NH) andhydroxyl
(OH) groups;andfewer han 10 Hbondacceptorscalculated byotalingnitrogenandoxygen
atoms Failure of two or more rules willrastically increase the chances of poor oral absorption
and ompounds whiclact as substrates for biological transporters @ngbiotics, antifungals,
vitamins, cardiac glycosides) prove to be the vast mgjofithe exceptions to these rul@34].
(All reported LogP values beloare calculated from Chemicaliz&r ketamineall four criteria
are met (MW = 27@/mol, LogP =3.35, oneH-bond donorfwo H-bond acceptorsyvhich
suggests that tasgoodoral bioavailability, however, this does not appear to bearimugtinical
studies(peakoral F =24%[148]) due to efficient metabolism by liver enzynj@46] which can
prevent substanti@rossing into the brairf2S,6S;2R,6RHNK also appears to meet all four
criteria(MW = 239.7g/mol, LogP = 2.04, two H-bond donorsthreeH-bond acceptorsggnd does
appear to have higher oral bioavailability than its parent compourB2¥6in mice and 426%
in rats[188,200] MXE likewise meets all criteria (MW = 247.3@mol, LogP = 294, oneH-
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bond donorthreeH-bond acceptorsps no data is available concerning its oral bioavailability,
we mightassume it would be somewHhagherthan ketamine, owing to far less extensive hepatic
metabolism(75% ofMXE injected into rodentts extracted unchangesdter one day213]).
Scopolaminewhile comprisinga much different set of functional groups than the
aforementioned ketamirdass compounds, also meets all four criteria (MB03.35g/mol,

LogP = 089, oneH-bond donorfive H-bond accept@), and is knowro cross into the brain

more easily than mosinticholinergicshowever, it has limited oral bioavailability (13%hich
could be due to extensive figass hepatic metabolig223]. In all, theseRAADSs appear to

differ in their oral bioavailabilitypecause atheir metabolic profilesatherthan irtrinsic

chemical properties. Meeting thecriteriais notproof that a drug wilbe effectivef

administered orally, biguch an assessmduatctions more as a meansrafrrowing down
candidatecompoundsrior to investingtime and money into thegtevelopmentOne potential
interesting point of contrast exists between these RAADs and the commonly prescribed SSRIs
fluoxetineand escitaloprarflLexapr@®), which meet all four criteria; thus, the differencetime

to therapeutic effect likely results froother factorsiot captured by these rujesich as receptor
targets within the brai(seeChapterl.6.1)or partitioning into membrane compartmefsse
Chapterl.6.5) An update tdhe criteriashould includeeference td.ogDpH7.4 Which could
increase the chances of correatlgntifying compounds likely to have high oral bioavailability.
Indeed switching to d_ogD-based filter can improve trseiccessateof identifying medications
from amongcompounds with the requisite lipophilicif®75].

Another key aspedf assessing the efficaof neuropsychiatd medicationss volume of
distribution (W), a theoretical valuerhich estimates the propensity of a drug to accumulate in
extravascular compartmerj&/6]. Because it is calculated as the ratio betwheratnount of
drug given and the measured concentration in pladrags with loweNq (higher plasma
concentrationjend to remain in the plasma, while drugs with higheflower plasma
concentration) tend to extravasate into other compartmafeigk basesuch as the
aforementioned RAADs and SSRVgill tend to have higher Mlue to ineractionsbetween
positively charged nitrogestomsandnegatively charged phospholipid head grqupsddition,
higher lipophilicity (as measured lhygD) will alsoresult in a higher ¥ sincea higher
lipophilicity will cause drugs to move outtbie aqueous phagelasmajnto the membrane
phasd276]. Vqis alsorelated to the free unbound drug concentratimich can give an
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estimateof the amount ofirug in a given dose interacting with both target andaoftjet receptor

populations. This relationship ispresentetly the equation

whereVp is plasma volumey:is tissue volumefupis fraction unbound in plasma, ahdis
fraction unbound in tissu@hus, a highe¥q corresponds to a highfactionof unbound drug in
plasmacompared to unbound drug in tissliéese facta play a role in the effective dose of
antidepressantfpr example, the antidepressaastitalopram (20 kg [277]), fluoxetine(11-88
L/kg [278]), andvarious TCAY10-50 L/kg [279]) havea higheVq than ketaming3-5 L/kg
[280)), (2S,6S;2R,6RHNK (7.3 L/kg[188]), and scopolamine @ L/kg[281]), whichindicates
thatalower percentage of the administered RAADs remaibound irplasma compared to
SSRIs and TCAdHigher Vumaythusplay a role in determining the time courseer which

antidepressant effects ensue friseatment witlclassic antidepressantsrses RAADS.

l6.Pot ential Targets for Ketamineds Antidepr es:s

Because of its importance to the entire paradigm of RAA&siSingresearch efforten

ketamine will hopefully provide a starting point from whebaluationof othercandidategan

be performeddelineating theipharmacological, physiological, and molecyasperties

Ketamine has been used for disparate applications in medicinenbke in its more traditional
roles, its mechanism of action with respect to its antidepressant properties remains largely
mysteriousThe following sections will thus presensarvey of the current literature concerning
what ketamine might be interangj with, where those interactions take place, and how ketamine

arrives there.

1.6.1. Receptors

The first discovered pharmacologic effect of ketamine was its potent NMDA antad@6km
which is thoughtd underlie both its anesthetic and analgesic effectQlapterl.2). The wide
distribution of NMDARS across theortexand their importance twognitionhelp explain how

higher doses of ketamine produce loss of consciousness, as ketamine actiscasrgetitive
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open channel blockg282] which can remain ithe pore even after the channel cld283].

After administration of subanesthetic dosesither rodents or humangsulting inbrain
concentrationsikely in the low micromolar rang84], ketamine blocks around 30% of the
available NMDAR4H285], in contrast taanesthetic doses which bloa much higher percentage

[286]. Abnormalities of NMDAR development are implicated in the pathogenesis of various
psychiatric disorders, itading schizophrenif287-289]. Indeed, a hypothesis concerning the
genesis of schizophrenia involves altered glutamatergic signaling mediated by subpopulations of
NMDARs on GABAergic cortical interneurof290]; bolus dosing of ketamine in healthy

patients can result in psychomimetic symptoms resemp#gghosi§291], and the more potent
NMDAR antagonisnby PCP leads to known psyahonetic effects[85], lending further

credence to the notion that NMDARgseinvolved inschizophrera. NMDARs are tetramers,

typically composed of two GIuN1 subunits and two GIuN2 suby@GitsN3 subunits exist as

well, albeit more rarely, in humaf292]); while there is only one type of N1 subunit, there are

four types of N2 subunits @), with GIuUN2A and GIuN2B being most common in theebrain

[293]. Ketamine has been shown to bind witnghlythreefoldhigheraffinity to Glul/GIluN2C
NMDARs than other combinatiorj294] (with Glu1l/GluN2Cexpressed disproportionatety
GABAergic interneuronf295]), but since these results haddly in solution with the NMDA
poreblocking ion Mg, this apparent affinity is likely not intrinsic to the relationship between
GIuN2C subunits and ketamifiz84]. GIluN2GKO mice treated with ketamine display muted

side effect profiles with no reduction in antidepressaimtafy/[296], buttressinghe
aforementioned theory r egd29@. inmegombiram NMDARshr e ni a
in the absence of Mg ketaminehashigher affinity for GIuN2B subunits, with potency

decreasing for GIuN2C, GIuN2D, and GIuN2A subunits, respectj28ly]. Deletion of GIuN2B
subunits in a subpopulation of cortical neurons decreased despair in amodieh mimicking
ketamine treatment of control anim§2®8], suggestinghat antagonism of thesebunitsis

paramountn the antidepressant actions of ketamine; indeed, there is some evidence that specific
GIuN2B blockers can relieve the symptoms of depression in rouhe|s[299,300]and

humang301]. While esketarme has a roughly fourfold greater affinity for the PCP site than
arketamindg94,122,123] there idittle evidence of subunfireferencedetween the enantiomers
(esketaminenay haveelatively higher affinity for GluN2C and GIuN2D subunits while

arketaminamay haveelatively higher affinity for GIUN2A and GIuN2B subunj297]). The
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GIuN2D subunit might be necessary for the sustained antidepressant effects of arkatamine

not esketaming802] as well as the induction of cognitive impairment from arketarfd6a].

Other antidepressant drugs with putative madras independent of glutamatergic signaling
appear to interact with NMDARat physiologically relevant concentratiomscluding TCAs

[304-306] and SSRI$306] atlocationsdistinct from the PCP binding sif807]; additionally,
scopolamine may modulate NMDAR expressi8d8,309] suggesting that NMDAR activity

may be involved inthe mechanism of action ahtidepressants which are pottativeNMDA
antagonistsComplicating the picture regarding the involvemenN®DARS in mediating
antidepressant sponsesgirect modulation of the NMDARlycine binding sitecan produce
antidepressant effects in some MDD pati¢a%},310,311]but specific NMDA antagonists,

such as memantirj@45,312] MK-0657[313], and AZD6769145,146] fail to demonstrate
antidepressant effects in humans, suggesting that NMDAR modulation is certainly not sufficient
to expl ai n k Oftinkerst, highér anesthietic dosets af ketamine are not associated
with antidepressant effects in rodef#86] nor changes in glutamate releas¢he PF(J314]

despite blocking more NMDARSs, indicatingthae t a mi neds effects on r ec:é
(possibly of various classes) are part of its antidepressacttanism

As alluded taabove the actionsof ketamineon GABAergicneuronsare thought to be
crucial to its antidepressant effects. GABARs are divided into three subGfB& A, GABAs,
and GABA, the first and last of which are ionotropeceptorsand the middle of which is
metabotropic. Of the threthe GABAAR has been most wetharacterized for its role in the
etiology of depression as well as its potential role in the antidepressant effects of k§tagiine
interestingly, compounds targetittte GABAR have become of interes$ antipsychotics
[284], in line with the NMDAGABA hypothesis of schizophreniatiined previously290].
Mice with defects in GABARscausing postsynaptic hyperexcitabiléyhibit symptoms of
depressiotlike behavior{315] which chronic treatment witkypical antidepressantsin
amelioratg316]; generally, mice exposed tdJS exhibit functional changes GABAergic
activity leadingto eventual defits in glutamatergic signalin@17]. Indeed, such imbalances
betweerglutamatergiand GABAergic tone are seen in MDD patientgho generally evince
decreases in GABAergic activif$15,317] With respect to the responseketamine GABAAR-
mutant micgwho displayboth molecular and behavioral markers of depre$swhibit
potentiation of cortical GABAergic synapses by ketanj$is], and mice subjected tadS
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showed decreases in GABAergic proteins in layenRFCneurons associated with depression

like behavior which can both be rescued by single doses of ketg3t®leEvidence for the
potenti al mechani sm of act i onmolvihgraleask eft a mi ne 0 s
GABAergic inhibition o excitatory pyramidal cells by targeting NMDARS on interneurons

includes the finding thatubanesthetic doses of ketamine perfused into rduaint slices leads

to activation ofcortical pyramidal cell§300,320]as well asreduction of GABAergidone[300],

though the initial birst of glutamate engendered by GABAergic NMD#Ribition may cause a
transient increase e release of GABA321,322] this hypothesis is corroborated in MDD

patients receiving ketamine treatmentwhom there is a negative relationship between
ketamineand GABA plasma carentrationg323]. Furthersupportingthe importance of
GABAxrRsfork et ami neds anti depr ess asubanteldpfessant(&1, an e
mg/kg)dose of ketamine and a GARR agonist 30 min later producedignificantand rapid

reduction in immobility time in the TS[B24]; however, intrecerebral injectioaof the same

GABAAR agoni st i nt o mP HoGgerebnod d)astideprssdntetfcateni ne 6 s
rodent behaviof325], perhaps explicable due to regispecific effects of the interaction

between ketamine and GABAerdiMDARS [116]. In humans, ketamine binding to GARRS

has been shown to occur at doses much hitpaercirculatinglevelsin the brains opatients
receivingantidepressariteatmen{326], yet ketamine has been shown to have clear effects on
GABAergic signaling suggestinghatit may indirectly impacGABA releasg116]. Future
investigationgnustfocus on both the potential mechanisms by which ketamine interacts with
GABAergic signalingas well as whether these mechanisms are causal or consequential to the

antidepressant response in MpBtients

Monoamine receptors and transpor@rs e of i nterest when assess
antidepressant mechanisas theutativemeansby which typicalantidepressants exert their
effectsare thought to involve their regulati¢ggeeChapterl.1). Of the monoamines, studies
probing therelationship betweethe catecholamin®A and the indolaming-HT with ketamine
have provided the most compelling resuilisere are five types &A (D1-Ds) and sevetypes
of 5-HT (5-HT1.7) receptos, with multiple subtypes for&iT1, 5HT2, and 5HTs; all are
metabotropic receptors except for thels receptor, which is ionotropi@27], and all are
present in the mammalian CNS, with soat&presenting in locations such as the[328] and
urinary trac{329]. Additionally, reuptake transporteds DAT, and SERTthe main target of
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SSRIs (se€hapterl.1)d help sequester recently released syndpficand5-HT. Regarding

direct ketamine binding to dopaminergic receptors, a few studies indicate that subanesthetic
doseshavepartial agonist activity at the2R (the target of most antipsychotic drugsught to
mediate theieffects[330]) with affinities in the range of 55000 nM[331,332]and esketamine
exhibitingabout three times more potdnhdingthantheracematg¢331]; this direct binding
activity may drive some of [B34-838]mMlotably,dhesep sy c hom
results haveincebeenchallengedy a reporthat there is no agonist activity at any of bw
receptors for physiologically relevant concentratibns p t o of keGaminelil yitro [334],

thoughin rodentsrepeatedP injections of ketaminelo increase@entral tegmental are&TA)
dopaminegic tone[335], anda single IP dose can increase cortical [322], suggesting thah

vivo analyseshow a less direct but clearer relationship between ketamine administration and
DA releaseWith respect to differences between the enantionterisjectionsof esketaminén
bothWT and depression modelice produceda greateacutespike in extracellulaDA release

in the PFC than froratketaming[336], perhape x p| ai ni n g relativelysttorgeni ne 6 s
psychomimetic effectfl69]. In healthyhuman subjects subanesthetidoses otV ketamine

have been shown to increase levels of stri@tal [337-339] which has been correlated with
increaseg@sychomimetic side effecteom D2R binding[337,339] however, severaubsequent
studies demonstrated no changes in stria#abinding to DR [340,341] and administration of

a D:R antagonist subsequentasubanesthetidose oflV ketamine did not alteacute

psychomimetic side effec{842]. Possible reasons for these discrepancies couliffeeences

in the healthy controls used, the PET imaging paragyeterquantification ofD2R binding,

tracer administratiorgnd the regimens of ketamine treatment gij82i9,343] Ketamine binding

to DAT has been shown to occur only at concentratdnase physiological relevance

[334,344] which essentially rules out any direct contribution of ketamine to the recycling of
synapticDA. Overall, the literatursuggesting that ketamine administratinoreass DA in the

rodent brain is much clearer thstudiessuggesting the same lmumang343]. Regardingb-HT,
ketamine has not been found to bind to any of the recggtesat subanesthetic concentrations
[345-348], though perhaps at analgesic concentrafidd]. While directinteractionsare

unl i kel vy, ket ami neds anHT actvip/rind\ST sodemts, artfifiadl e ct s m
depletion of neurad-HT using a tryptophan hydroxylase inhibitoragsretreatment before

ketamineadministratiorabolished the longaerm (1 d) but not sheterm @0-60 min) reduction
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in immobility time on the FST349,350] which wascorroboratedn genetic models anxiety
anddepressiofi351,352] furthermore, increased extracellulaHd in the cortexwas associated
with ketamineinduced decreases in FST immobility timewell as increased firing of dorsal
raphe nucleus (DRN) neuro[852]. With respect to differences between the enantionifers,
injectionsof arketaminenduce greateacuteextracellular BHT release than estanine inboth

WT and depression model miagth dosedependent effectand direct PFC infusioof

VST baseline BPyp

MADRS decrease

Figure 1.8.(A) The binding potential of a radioligand specific to thEeb;g receptor compared between
ketamine treatment vs. control in twidferent coronal slices of a normalized rhesus monkey brain demonstr
significant increases in the VST (nucleus accumbens (Acb) and ventral globus pallidus (GP)) as well as tl
thalamus (Cau = caudate, Put = putamen; statistical threshbkd @001 uoorrected; Tvalue > 4.3; adapted
from Fig. 2 of[353]). (B) Binding of the same radioligand before (PRE) and after (POST) administration of
ketamine in normalized human brainsthwthe zoomedn area of the axial slice showing the increased bindin
the HC (BRpp = regional binding potential for netisplaceable binding; significant differences measured via
repeated measures ANOVAYK) The correlation between decreases in MADRSres and higher baseline
ketamine bindingintheVST(r® . 426, P = 0.019 measur ed Band&€ Pec
adapted from Figs. 1 and 2[854].)

arketamine caused a significant acute releaseHF Bompared to esketamifi@36], perhaps
indicating that each enantiomer mediates its antidepressant effects through somewhat different
mechanismsThe most intriguingecent studiebboked at theeffects of ketamine 0&-HT1g

receptors, which have been showmasitron emission tomography (PET) studies to have
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increased binding afté¥ ketamineadministration in the ventral striatufddST) of NHPs[353]

as well asn theHC of patients with TRCfor whomreductions in the symptoms of MDD were
inversely correlated with baseling-l'1g binding in the VST354] (Fig. 1.8A-C). SERT, an

attractive target for investigation given its involvement in the action of SSRIs, does not appear to
beinhibitedby ketaminen vitro at physiologically relevant concentratid®84,344,355]which

was corroborated in a PET study of healthy human suljf$ However in NHPs, ketamine

infusion has been shown teatease SERactivity in both the midbrain and PHB57] as well

as the VST353], and a recent study WT rodents found thdtetamine inhibited 81T

clearance in the H@hich was lost in SER‘Beficient mce as well as that SERT was necessary

to produce ket ami ne 6sFSa[B58]jalldafwhictensghtaugdeste f f ect s
indirect effects of ketaminen SERT activity at antidepressant dodesum,k et ami neds | i k
indirect actions on the serotonergic sysegpear to be involved in its antidepressant

mechanism, though to what degree and to what specificrendsns unknown

Opioid receptorgORs)are logical candidasto investigate as sites kétamine binding,
astheirmain function is to produce analgesia in response to noxious environmental [g&auli
and ketamine igsedto reducepain among posbperative patientgl09]; additionally,
concentrations of plasmketaminefrom induction of analgesia are roughly similar to those
resultingfrom administation of antidepressant dogesalgesia0.290.67eM [98,114116];
antidepressant: 0.32 . 7 8 [1£6N144,147). There are three types ORs expressed
throughout the CNS as well as the periphalyof which areG proteircoupled:e (MOR), U
(DOR), anda (KOR) [359]; apart from mediating analgestagyare also involved in the
regulation of emotional and behavioral std&30]. In vitro, ketamine was found to bind to
MORs(K; = 42.1e M), KORs(Ki = 28.1¢ M), andDORs(K; = 272¢ M) ORs[361], with
noticeableenantiosedctivity of esketamineNMIOR: K; = 11-29e¢M; KOR: K; = 2528¢M; DOR:
Ki = 130205¢M) over arketamineMOR: Kj = 2884 eM; KOR: K; = 60-100¢M; DOR: K; =
130-286¢M) [361-363], these resultalignwi t h es ket ami neds higher pot
analgesid94,116,124,125]though because of the high concentratemnshich significant
bindingoccursinvitro, ot her mechani sms may cofactsini bute to
patientd362]. In arodent studyassessing cognitive functipketamine was determined to have
agonist activity(K; = 25eM) at KORs andketamineinduced perceptual deficits gpartially
blocked via pretreatment withkOR antagonisf363]; whereas in human subjects,
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coadministration o& nonperceptioralteringdose oflV ketamine withthe longeracting

nonselective MOR antagonisaltrexone increased feelings of dissociaf®®¥], suggesting that
ketaminemay differentially regulatéOR subtypego produce side effectin a rodent behavioral

model of depression, ketamineob6s amtwthdepr essan
naltrexone, but thMOR agonist morphine did not act as an antidepressant, suggesting that part

of ket ami ne 0atiomreqtires @RRaptivation buathasuchactivation in itself is not

sufficientto mediateantidepressant activifg65]. Wi t h r espect teatialket ami n
rodents preferentially sefdministered esketamine over arketamine, which may®B-

dependenf366] (though this has been questiorj@d7]). Corroborating the results in rodents,

ketamine administere to MDD patients had antidepressant and-anicidality effectswhich

were abolished by pretreatment with naltrexaé&out diminishing ketaminénduced

dissociatior[368,369] confirmingthatOR ssignalingisnecessary for ketamineo
efficacyin patients Interestingly, other antidepressants ratuceanalgesid370], with at least

one, venlafaxine, potentialijependent oMORs forthis effect[371]; furthermore, the opioid

tramalol, also a regulator of glutamatergic and serotonergic signaling, has shown antidepressant
effects in mouse mode]370]. Futureinvestigations will help determine the necessitplédring

OR activity for relieving the symptoms of MDIfom a wider array ofmedicationsas well as the

relationship betweeketamine and ORin mediating its specific effects

The mAChRsare metabotropic receptarategorized into five subtypes (N¥s) which
primarily act through G proteirf416]. In vitro, ketamineinhibits the M receptorat a
physiologically relevant range (&= 5.7 €M) [372], and ina nonspecific mMAChR binding
assayesketamindKi= 2 0 & Médhigher laffinkyithian arketamine (k 3 7 [362M)
though a followup study reported lowen vitro potencies at the MK =45¢& M,)M2 (K; =294
e M)and M (Ki =246¢ M)eceptor§373. Ket ami nebdés activity at mACH
consideredurther in light of theantidepressardffects of the nonselective muscarinic antagonist
scopolamine (se€hapterl.4) as well as because of thssociatiorof the M and M receptos
with MDD [239,374,375] Theionotropic rAChRscomprisea broad array of subtypes, as their
pentameric structurarranged from a pool aénUand fourb subunits produce receptors with a
wide variety of pharmacological and physiological functif8¥6]. In vitro, ketamine has been
shown to inhibitvarious NAChRssome aphysiologically relevant concentrations, including
b2 (ICs0= 9 2[349)Mbbs (ICs0= 2 9 [34MkD2 (ICs0=50€ M347]), (kb4 (ICs0= 9.5
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e M347]and 3[12B]), &M(ICso=72e M347]and50e M377]), Uibs (ICs0=0.24eM
[378]andl 8 [8M]),a n @ (ICkh= 2 0[37F]¥ladditionally, much likéts action on
NMDARSs, ketaminevasa more effectiveantagonistvhen thenAChR channel was op€378].
Perhaps of more interest is thiéectof certain ketamine metabolites on nAChRi®st notably,
(2R,6R;%5,6SYHNK, (R,SYDHNK, and (R,SINK potently inhibitedJ; nAChRsat
concentr at i o mwhkile éxlebitisg far lasa potericy far MMDAR$23], suggesting

that thesdreakdowrproducts, to the extent that they exert an antidepressant effect independent
of the parent compoundgquire NAChR signalingrhepotentialantidepressant effects of
(2R,6R}HNK in rodent models of depressiaoupkd with its lower side effect profild74]

make theJ; nAChR an attractive target for further investigations into the physiology underlying
responses to antidepressamslieed J; nAChRmodulatorshave already been demonstrated to
have antidepressant effects in rodent models of deprd83i9;880]

Ketamine has also been demonstrateaffiect signaling througmetabotropic glutamate
receptors (i®IURY, hyperpolarizatioractivated cyclic nucleotiddHCN) channet (also known
as pacemaker channelgdltagegated Nachannels(l receptors, anudoltagedependent
C&*channed (VDCCs), as well aso modulate NEransmissiorj116]. Thesenteractionsare all
thought to be of potential importance in the physiological instantiation of depression
[75,116,284,381,382hnd future work may uncover more significanvolvementeach hasvith
both theantidepressant as well as side effects of ketamine.

1.6.2. RegionSpecific Activity

As demonstrated in the previous subsection, ketamiaeacts witha wide variety of receptors,
some of which are expressacross the brajrsuggestinghat ketamine likely depends on
multiple regionsand networks to mediate émtidepressardffects.Three regions in particular
are of interest with respect to identifying underlying physiological bases for deprassi@tl as
regions wherd&etamineads: the PFC, HC, anthteral habenul@_Hb).

The PFC is an important region whose deficits underlie many of the symptoms of
depression, though the translation from preclinical studies performed in rodents to understanding

the pathophysiology in patients remains to be discdB&R]; neverthelesscompellingparallels
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are apparent. In rodents, chronic stress can lethetoss of apical dendriteand spines in the
PFC[384-387]whichis reversible in youngg886] (but less so in oldgB88]) animals similar
to thepathologyobservedn MDD patient§383]. Chronic stress in rodents can also induce
cognitive dysfunctioras measured across a variety of behavioral {88%5389391], which is
again corroborated kiyie remarkable cognitive deficits experienced by patigumtisg
depressive episod¢392]. In MDD patients PFC volume is reduceab assessed postmortem
analy®s [393], andsynapticfunctionrelated gene expressias well a®verall synapecount is
decreaseth the PF(394]. Based on the ubiquity of glutamatergic transmisgnaihe PFC a
decreased number of synapsaplicates glutamatergidysfunction in the pabgenesis of
depression, with decreased glutamate found in seR&@tegionsamongMDD patients[395],
providingfurtherevidencefor the theoryt h at k e MBARiantag@sn® Noarticularly on
GABAergic interneuronf290], whose inhibition by ketaminieas been shown to increase
glutamateagic transmissiofid00,320]0 is themechanisnby which itameliorate symptoms.
Indeed, in rodents, a single dose of ketanaidiministered tehronially stresed animalsapidly
increasedwithin hours)the number of synapsesnmPFC pyramidal neurorj286,299] which
may occur via aincrease in PFC glutamatergic signal[Bd4,396] Direct infusion of
arketamine into a subregion of the mPéalisedantidepressant effects78], while repeatedP
injectionsof esketaminded totheloss ofPV+ neuronga marker of psychos[476]) in the PFC
[177]. In imaging studiedVIDD patientshad reducedunctionalconnectivity in the PFC
compared to controlsyhich deficit wasrepaired fromketamineinfusion after one dajg97,398]
and more significantly in patients wheere clinicalrespondesto keamine versus those that
werenonresponder§397]; additionally, a glutamate release inhibitor abolished the reparative
effects of ketaming398], supportingaroleforg! ut amate transmi ssion
normalization of PFC dysfunctioRET scansaken2 hafter ketamine administration in TRD

patients showed decreased metabolism in the PFC, possibly a marker of increased synaptic

plasticity[399], which suggests a mechanism underlying theeafi@ntioned rapid restructuring
of functional connectivityabnormalitieseen in MDD patient897,398] In all, the PFC is

crucial to both the pathogenesis of MDD as well as a key region involved in its relief through
ketamineinduced functional changesphenomenon that will continde be investigated in the

development of future RAADSs.
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TheHC is of great interest as a target for antidepressant effects, consideriitg that
dysfunction igmplicated in the pathogenesis of many neuropsychiatric disoidehsding
MDD [400]. While GRs are expressed throughout the brain, MRs are located in only a few areas,
including the HJ401], highlightingthe HCasan area of interest for studying the effects of
stress on the braiMuch likein thePFC, in rodents, chronic strdsads to HC neuronal
apoptosig402] and fewer synaps¢403-405]as well agdecreasetl TP [406] andneurogenesis
[407]. Corroborating these resulisjagingstudies demonstrate clear loss of HC volumé& (o)
in MDD patients versus healthy contr¢d®8], andMDD patients have been shown to have
significantly reducedHC neuropil on postmortem analy$#9], indicative of dendritic loss
Ketamine has been demonstrated to rapidly reverse synaptic dysfunction in ithehi@nic
stress model rodenf410-413] which is associated withntidepressant respongd 1-413).
Direct infusion of arketamine into a subregion of the mPFC demonstratedoaesisient effects
[178], while IP injectionof esketamine (but not arketamine) caused a loss of PV+ neurons in the
HC[177]. In MDD patientsundergoing MR]those receiving ketamine infusibadincreased
HC volumes withironeday, including patients with smaller HC volumes who are known to be
more resistant to antidepressant treatniwt], and these changesrecorrelated with
improvedclinical responsg415]; additionally, decreases in anhedonia gatamine
administratiorwere correlated with increased HC metaboljdd6], andthe connectivity of
severalbther brairregions withthe HC was reduced followingpplication of ketaminevhich
may reveal previously unknown functiorgtterns associated with both the pathogenesis of
MDD as wel | a s [4478 Manymstudies bave iradlichtedic acBvity asintrinsic
to the antidepressant mechanism of S$&KI18,419] so the foregoingesultsregarding changes
to HC structure and functioconcomitantwittk et ami nedés anti depressant
HC may be part of a common pathway by which the symptoms of depressionearedréli both

animal models and MDD patients.

An area that hasecently generated interesith regard tdoth thepathophysiologyf
depression as well as thatidepressaractions of ketamine is tHeHb. In mammals, the
habenula is a bilateral symmetsitucture of the epithalamus divided im@dial and lateral
nuclei[420]. TheLHb is implicated in depression becautsean inhibitthe output of
monoaminergic nucleie(g.DRN, VTA, LC) as a means of encoding punishment sigd2ls
423] mediatel by activation ofGABAergic interneurons which project to each nuclieas the
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rostromedial tegmental nucleakthe VTA[424]. In rodentspothLH and MDS moded of
depressiorshow increased LHb activify#i25] which correlates with the degree of behavioral
deficit [64,65,70,71,365]LH hasbeenassociatedpecificallywith increased bursting of LHb
neurondn rodents, and this activity is dependent on NMDARs as weitbasienitype (T-type)
VDCCs; upregulation angormalizationof this bursting activity exacerbates or ameliorates,
respectively, behavioral deficif426] (Fig. 1.9A-D), suggesting that thmodein which LHb
neurongoroportionallyfire is implicated in the physiology of depression. Interestingly,
upregulation othe Kir4.1potassium{K*) channein LHb astrocytesseen among LH model
rodents, helps determine the aforementioned burstingarbyneurons and correlates with
depressiodlike behaviof427], further implicatinghe activity ofthe LHbin the manifestation of
depressive symptoms. In humans, postmortem analy#ie aHbfound a significantly
decreased volume and neuronal cell coumiDD patients versuBealthy control$428], though
these results are complicated by other findings in imaging studlies reporteither the same
[429,430]or larger LHb volume among MDD patierf&31,432] reasons fothesediscrepancies
include difficulty in determining the delineation of the nucleus due to variations fielthe
strengthamongthe MRIs used433], assessment of patients at different stages of treatment
[429,431,432]inclusion of patiergwith BPD[428429], differenes between the sexes
[429,431] and limited sample pow§29,433] Of more interest might be the positive
correlation between symptoms of MDD dndb volume[430,432] which would more
definitively link clinical severity with underlying physiological changEanctionally, thd.Hb
has been shown to respond telime change# the value encodeloly negative stimul[422]
which is dysregulated in MDD patierf&34], though perhaps the fact that ttéb of MDD
patients is hypoactive, not hyperactive, in response to aversive stomypared to controls
recallsthe complex relationship between symptoms and treatment suggested in the
aforementioned volumetric analyses inabilityto avoid negative cues causing increased
perseveratiofis a possiblexplanatior{433]. Given its demonstrated ability to suppress LHb
neuronal activity in a rodent model of Lwhich wascorrelated witha recoveryof behavioral
deficits[64], deep brain stimulatio(DBS) of the LHb in a TRD patient significantly decreased
symptoms while onyith symptoms recuing during an unplanned stoppage of stimulation

[435], suggesting that the LHb could present an attractive target for the treatment of TRD.
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Figure 1.9.(A) Ex vivorecording of LHb bursting from LH rodents which application of thiyde Ca2+
channel blocker mibefradil (mib) acted to reduce (with the amount of bursting suppressed vs. baseline qu
in the bar graph on the right; ACSF = artificial CS{B) Bilateral injections of salinésal;blue) or mibefradil
(green in the habenulae of LH rodenteff) and the quantification of the behavioral changes thereof on the |
(middlg and SPTright) performed 1 h after treatment (*P < 0.08)) Rebound burstgyeer) demonstrated
bothex vivo(left) andin vivo (right) from the LHb of LH rodents expressing a vimaédiated halorhodopsin
variant which causes hyperpolarization when activated by light (yellow light: 589 nm at 1 Hz for 100 ms) ¢
through an implated fiber optic in vivo). Burst probability reportthereliability of light stimulation eliciting
bursts. (Adapted from Figs. 4 and 5[426].)

Currenty, trials are underway to investigate this intervention further, with dmesultsthus far

though mosstudiesarestill in theearly stagesand resultso farinconclusivegl436]. As for
ketaminebs effects, a single dose was able to
of depression as well as-normalizeintrinsic LHDb firing [65,365,426] More specifically, the

degree to which ketamirsaippressethe burst firingof LHb neurons was correlated withe

amelioration of behavioral deficif426] (Fig. 1.10A-C), suggesting that ketamine mediates its
antidepressant effects in part by acting upon aberrant LHb physiologyETimaging

experiment TRD patients receiving a singéebanesthetic dose Bbf ketamine showed

decreased metabolism in the rigti compaed to baseline afté&r hcorrelated with decreases in

the symptoms of depressif@09], and an fMRI study found that LHb connectivity to PFC

regions was altered one day after ketamine infugr@hcorrelated witklinical improvement
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Figure 1.10.(A) Traces showing activity of the three different LHb neuron types: sileft)t ¢onic (middlg, and
burst ¢ight) as well as their responses to tetrodotoxin (TTE).Resting membrane potential (RMP) differenc:
between the three neuron typksft{ and the distribution of RMPs among the three grotigbt) (****P <
0.0001; NS = not significant]C) Left, varioussubregions of the LHb in both WT (SI&ft) and LH (cLH,right)
rodents demonstrating the recording sites from which electrophysiology was recorded and which sites pr«
each neuronal subtype (LHbLMcrsagnocellular part of the lateral division of LHBHbLPc =parvocellular
part of the lateral division of LHbLHbMS =superior part of the medial division of LHbHbMPc =
parvocellular part of the medial division of LHbHbMMg = marginal part of the medial division of LHb
LHbMc = central part othe medial division of LHpLHbLO = oval part of the lateral division of LHbRight,

pie charts show the abundances of the three different neuron types Ieffy LK (middle, and LH treated with
ketamine (ight) rodents demonstrating normalizationatfundances from ketamine treatment while the bar g
shows the percent of all spikes recorded that had tonic or burst charactébsties: both the FSTI€ft) and the
SPT ¢ight), rodents expressing LHb halorhodopsin treated with safiléo@) or ketamine greer) demonstrate
behavioral deficits driven by lighhduced (see Fig. 1.9C for details) bursting behavior ameliorated more by
treatment with ketamine. (**P < 0.01). (Adapted from Figs. 2 and[82f].)

[437], sugyesting thathe ketamingnduced normalization of LHb activity seen in rodent models
of depression is corroboratedfimctional analysis of physiological changes among patients.
The LHb has been demonstrated to be an important node in both the patbloglyyi

depression as well astiheresponse to ketamine, and futtierapiedo treatMDD, particularly
interventions such as DBS, wilovide fascinatingdditional mechanistimsightsinto both

domains
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1.6.3. The Role of Glia

The role ofneurongn thepathophysiologyf MDD has understandably received a great deal of
attention from the research and clinical community, as neuronal transmission is begtudiel
and undoubtedly crucial to any underlyimigerrant processeldowever, other cells the brain
have more recentlgeceived interesglia. The role of gal cells in maintaining physiologic
homeostasis among the neurons they sugpaxhd dysfunctiong that regulatiord has
engenderedpeculation thaglia actas botha cause of depssionas well as garget of

engagement for antideprestaincluding ketamine.

The number of glial cells in the mammalian brain is roughly equivalent to the number of
neurong438,439] There are seval typesof glia which serve crucial roles in the CNS, with the
three most common being astrocytes, oligodendrocytes, and microglia. Astrocytes are the most
numerouf the threeplaying a crucial role in the maintenance of synaps&3] as well as
assistinghedevelopment of the CNS, forming the BBB contributng foot processes,
mediating neuroplasticity, regulating the levels of synaptic neurotransmitter, and bufféring
[441-444]. Oligodendrocytes are the CNS analog to Schwann cells petighery ensheathing
axons in myelin to allow for faster signal transduction; they also contribute to the regulation of
neurotransmissn [440]. Microglia are primarily immune cells which surveil the brain
parenchyma for immune markers, modulating their activity in response to infection, toxicity, or
damagd440-443].

While all glial functions (or theidysfunctior) could contribute to the pathogenesis of
depression, perhaps the most obvious andstetlied is the regulation of glutamaégproperty
implicated in theactivity of ketamineGlutamate is the most common excitatory
neurotransmitter in the CN&d is involvedin both the pathogenesis of depresgsee Chapter
1.1)as well as the antidepressant effects of ketalfs@eChapterl.6.1). While neuronal
glutamate release and reuptake is criticdddth of these mechanisnike role played by glial
cells has more recentfenerated interesfstrocyte processes encircle glutamatergic synapses,
providing rapid reuptake of synaptic glutamate through Glift rodents and the analogous
EAAT-2 in humang440,441,445,446]Becase prolonged exposure to extracellular glutamate

can trigger apoptosis, astrocytic glutamate regulation is essential to maintaining neuronal health

by preventing 06spi |[440447450]0Synaptid redeiase of glotdmate y nap s e s
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produces a superabundancenefirotransmitter whichstrocyes bufferdue tothe sequential
bindingof glutamateo EAAT-2 transporters such that more can be taken up across the
membrane over timg51]. Once inside, the astrocyspecific enzyme glutamine synthetase
converts glutamate to glutamif¥1], rendering the molecukdectrochemicallyheutralbefore
beingreleased from astrocytésr reuptakeby neurong440]. Once inside, neuronmgconvert the
glutamine to glutamateia the enzyme glutamina$é52] before packaigg it into synaptic
vesicles for further transmission evef#40]. Astrocytic foot processes also help regulate
glutamaergic activity;one of thekey constituents of the BBBpot processeare the only
endogenous CNS source ofderine, a potent agonist of the NMDAR glycine §itg3-455]. By
regulating the release of-§erine, astrocytes can thus contribute to the actiwitpotentiation

of NMDARs ascrucialplayers in theencodingof information in neural circuitf454].
Oligodendrocytes also have EAATtransporters and are themselves vulnerable to glutamate
induced excitotoxicity440]; furthermorejmmature oligodendrocytes in the HC receive
glutamatergic transmission from nearby neurda€] while mature cells havglutamate
receptorg457], indicatingthatoligodendrocytes are involved with glutamatergic regulation and

signaling

Many analyses of pastortem tissue from patients with MDD and BPD indicate
significant decreases in glial cell count as well as density, particularly in subregions of the PFC,
cingulate cortex, and limbic areg93,458460], while increases in HC glial cell density may
indicate loss oheuroral volumeand glial processd409,441] Additionally, several studies
report increases ithe overall size of glial cellamong MDD patientf393,461](though this may
be region and celtype-specific[393,409,460), perhaps indicating a compensatory mechanism
by which remaining glial cells expandrmeetthe metabolic demands of nearby neur@idd].
Astrocytes ar@articularlysubject to these sorts of changes, undergoing hypertfdpgyas
well as decreaseglial fibrillary acidic protein(GFAP) expressionj442,463,464]particularly
among youngeMDD patient§465,466) in thePFC[463] andthe HC[467]. MDD patients als
exhibit reduced EAAT2 and glutamine synthetagene expressiod68] as well as increased
levels of s100, an astrocyte marker of exditxicity [469]. In rodents, chemical destruction of
glia in thePFC[470] or inhibition of normalastrocytefunction[442] leads to the manifestation
of depressio#like behavior, and animakxperiencingCUS demonstrate reduced levels of GFAP
in the HC[471,472]andthe PFC[470,473]as well as reducetkeurogenesis and cytogenesis,
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respectively, in these regiof¥74]; additionally, D-serine and ATP, both regulated by glia, were
reduced in the brains of depressiondel rodent$475,476] Myelin loss as well asmaller
oligodendrocytesomatahave been found in the brains of patients with Mi2D7] as well as
abnormalcallosaltracts[478]; in rodentschronic stress causeeversibleabnormal
oligodendrocyte arborizatidd 79] while alsocompronising myelinin the corpus callosum
[478]. Furthermore, ligodendrocyte precursor cells are lost in bibthPFC andhe HC after

SDS and genetic knockout likewise contributed to a depredsierphenotypd480]. With
respect to proposed etiologies of MDBflammation has beearliably linked to its pathogenesis
[442], and microglia are a key mediator of prdlammatory markergnteringthe CNS[481].

One possible mechanism by which inflammation could be increased in MDD patiieats is
breakdown of the BBBlue toa paucity of astrocyte foot processes, allowing for more pro
inflammatory markers and cells to enter the b[f482]. Microglial morphology is different in
thePFC and limbic regions among MDD patie[#83], particularlyfor those who have
completed suicidg484-486], afinding which iscorroboratedn analyses of rodent models of
depressio487-489].

The antidepressant effects of ketamineassociated with the function of glia in both
rodents and fishin rodentsthe astrocyticK* channel, Kir4.1was examined with regard its
potential role irboth the manifestation of behavioral deficits irodent LH model as well ake
underlyingpathophysiology in LHb neurons and gi&7]. Thisstudybuilds on previous work
demonstrating that ketamine suppresses burst firing in LHb newlools increases normal
tonic activity associated witltheremediation of behavioral deficiis two rodent depression
models[426] (seeFigs. 1.9and1.10. Theauthors suggeshat depression may be encoded via
upregulation of Kir4.1 channels on astrocytes surrounding LHb synapses which leads to
increased buffering dk* causingneuronal hyperpolarization; this can thenimkctivate Ftype
VDCCsleading to potentiation of NMDARslIltimately causg a pathophysiological bursting
behaviorin LHb neuronsin this modelketamine treatment regularizes LHb neuronal firing by
blockingNDMARSs, thereby accomplishing a similar reduction in both bursting activity and
depressiotlike behavioras with Kir4.1 knockoutodents[427] (Fig. 1.11A). In zebrafish,
ketamine induced antidepsast effectsluring abehavioral task of futilityinduced passivity
(FIP)[490] (Fig. 1.11BD); this task had previously been shown to elicit FIP associated with the

accumulation oC&*inside brainstem radial astrocytes driven by NE signaling to thereby
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suppres swimming[491]. The current study found that ketamine treatment indGz&d
accumulation within radial astrocytes of the hindbrain in much larger and Hasgeigwaves
than seen during FIP, with the former sufficient to suppgpassivebehaviorand the latter
occurring during passive behaviptisus,the degree to which accumulatiohCa*in astrocytes
occurs drives either passivity its overcoming, providing a stlb yet robust marker of

ket aminebds ef f ec t(Big. bldE-Fr mteresanfly, thhdehavierdietiects ab r
ketaminewere not blunted by blockingssociateseuronal activity, suggesting a neuron
independent mechanism by which ketamine eesitsl antidepressant effed#90]. These
results indicate that ketamine may alter the function of astrocytes as a means of rescuing
behavioral deficitsindeed, esketamine administration has been showalteioate behavioral
deficits in a rodent model of depression wialso enlarging HC astrocytg&l0]. Furthermore,
ketamine has been shownatffect many functions of astrogliaacluding upregulating
membrane cholesterdensityto mediate increased neuroplasti¢ia$?2]; in turn, astroglia may
hel p mit i g adteatiallexditaoxic effertétssubanesthetic dosg®3]. While
SSRIs were not shown to affect passivityCaf* signaling in astrocytes in the aforementioned
zebrafish assag90], there is evidence thdteycan rescue astrocytlysfunction inarodent
model of depressiof@74] as well as in MDD patienigorrelated with relief of symptorn{169]
and may even depend on astrocytic functions to exert their edéets Conversely, MXE may
not depend on astrocytes and mediate its effects solely through nRirbjpshough these
findingshave been demonstrated omitro.Inalb, k et ami neds ef fects on as
species may distinguish its antidepressaethanisnirom other medications anday provide

the key to understanding the phenomenon of its nagief of symptoms in MDD patients.

1.6.4. Neuronal Anatomy

Anot her question regarding ketaminebs antidep

the neuron on which it exerts its effects. Different parts of the neuron contain varying densities
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Figure 1.11.(A) In this modelnormaltonic output of LHb neurondeft) can be altered to burst firing in the
depression statenjddle via upregulation of Kir4.1 channels on astrocytdésch causes enhanced K
sequestration and therefore l&ssavailable for the neuron to release during an action potential leading to
hyperpolarizationThis can then cause deractivation of Ftype C&* channels which leads to NMDABursts
due toCa*+ flux. Ketamine treatmentight) blocks NMDARs and reduces neuronal firifgdapted from Fig. &
of [427].) (B-D) During closed loop (CL) swimmingestrainedish receive congruent visual feedback, while
during open loop (OLswimming, the visual feedback is incongruerdil movements are more vigorous and
sustained during OL swimmirgfter 1 h of ketamine exposure vs. con{®). The amount opassivity decrease:
substantially after ketamine treatme@) (n a dosedependent mannebj. (E) Before ketamine treatment, glial
Ca* physiology demonstrates a large brief peak of fluorescemeesponding with futility Ieft, peaks in
middlg; duringl h ketamine treatmerthie brief peaks are replaced by a long (~15 min) fluorescence peak
correspondingo decreased passivitgn{ddle pink); after ketamine treatment has been washedurtiter futile
swimming demonstrates low&gs" activity (right) corresponding ttess passivity behavior during OL
swimming.(F) Significant differences in the size 68*transients between prand posketaminetreated fish
during OL swimming.{P < 0.05, **P < 0.01; adapted from Figs. 1 and 4450].)
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of transporterandchannels, geometries, and proximities, which could be important for
discerning where and with whig¢tamine mteracts Two main regions deserve attention:

dendrites and axons, the principal players in the formation of synapses.

Dendrites are involved with receiving and transmitting information via
electrophysiological signals. Spines are small extrgssdrmembrane populating the terminal
points of shafts, which branch out from the cell haglydalmost uniformly compose the
postsynaptic half of neural synapsdsvhich the vast majority signal wiesxcitatory
neurotransmitterf195,496] Neuroplasticity is largeltheresult of remodeling current spines or
creating new on€gl96], and changes to dendritic formatiaargongoing process occurring
over the liféime of an animal which can become dysregulated in response to negative
environmental stimulj497]. Rodent models of depression show alterations in both dendritic
density and function: iboth the PF(384-387,497]and HC[403-405,497] dendritic spine
atrophy occurs (while in other regions, such as the amygdalauatelis accumbern(®lAc),
spine formation is more typicfd97]), consistent vih changes in overall neuronal density seen
in these areashen animals are subjecteddaronic stressCorroborating the findings in
animals, MDD patients likewise demonstrate reduced spine dassitell as volume both the
PFC and HG394,498500]. Themechanisms by which particular regions undetgodritic
decayor formation in response to chronic strassnot well understoo{497], but the fact that
spineatrophy and dysfunction appear before the manifestation of symptoms in several
neuropsychiatric disordef496,501]suggests thatacking such changes could ibgperative in
the treatmentdf MDD. Ketamine can partially reverse PFC spine atrophy in rodent models of
depression318,502]as well asnduce spine formation after transieqplicationin vitro [503];
additionally,fluoxetine[504] as well aghe psychedelic antidepressant candsla&D [503],

TBG (an ibogaine derivativgp05], and5-MeO-DMT [506] have been shown to engender
synaptogenesisll of which mg operate viwommon downstream signaling pathw#&3]

(see Chaptet.7). Future work is required to narrow down whietechanismsre causally
connected to RAABspecificallyversus other antidepressariiat there is no question that
dendritic remodeling and spine formatiarecrucial to both the underlying pathophysiology of

depression as well as its amelioration via neuropsychiatric compounds.
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Axons are responsible for propagating action poterftiaia cell bodies tderminals the
latter of which in ramified form composie presynaptic half of most synaptic clefts. Terminals
are involved with the release of neurotransmitter through vesicles and contain both reuptake
transporters for the recycling of synaptic transmitter as we#@ackaging architecture to allow
for repeated release eventus, anystudy demonstrating a reduction or dysfunction in synaptic
transmission secondary to chronic stress odiagnosis of MDD will necessarily involve
changes to axongVhile axonal Iss or dysfunction has not beeell-studied as aauseof
depression, there are studies demonstrating that degeneration of monoaminergg axons
implicated in the pathogenesisd#pressive behavipspecificallyPar ki nsonés di seas
patients with depression and anxidgmonstrateeduced dopaminergic innervation of the
limbic system{507-509] as well aglistributed loss of serotonergic innervation throughout the
midbrain with the degree of depression and anxiety correlatédincreased serotonergic
lesions[509,510] In PD patients, nomotor symptoms such as depression precedesitugnal
motor signg511], which could suggest thane manifestation of MDD occurs along a spectrum
of monoaminergiennervation loss among critical midbrain structures of which the more extreme
version is the development of PD motor signg.odent models, @struction of monoaminergic
neurons using thearkinsonisrinducingcompound B0HDA canalsocausedepressiodike
symptomg512,513] and monoaminergic neuron damage is seen in rodents exposed to various
types of chronic stre§514-516] or toxins[517], potentially providing insight into one
pathophysiological mechanism by which depression can manifest. Administration of SSRIs to
rodents with chemicabr behavio-induceddegeneration of monoaminergic axaasmitigate
theselosseqd518], as canTCAs[514,515,519hnd atypical antidepressafd9,520] fluoxetine
seems to be unable to regenerate catechiodaigic axong520] but can affect serotonergic
neurms[518,521] There has not been much investigatio the abilityof ketamineto
regenerate axonis animal models of depression, though one study demonstrated that
esketamine can prevent cell death in axotomized primary HC culture neurons with effects
apparent within a dajp22], suggesting a possible rapid effect of ketamine on axogedwh,
whereas chronifthree to four weekgjeatment with typical antidepressaimts/ivowas required
to regenerate axoi§14,521] One possible #ory regarding the difference in the time course
overwhich SSRIs and other typical antidepressants act concerns the amount of time that axonal

regeneration takg$23] (aboutl mm perday[524]), which could indicate that different
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pathophysiologiesf MDD may manifest with similar symptoms but require separate treatment
paradigms to addresas well as suggest that the relative differendarie till therapeutic benefit
could be a function of the manner in which each underlying pathophysiology is addregsed by

optimaltherapy

1.6.5. Distribution in Compartments

As mentioned previousliseeChapterl.5), the effect thabiochemical propertiesuch as pk,
LogDpH7.4 and W have on the ability of neuropsychiatric drugs to achieve clinical effects is a
chief consideration in the investigation and development of medication regimens. Practical
aspects oRAAD developmentoncern the potential location{gs)the CNS(both aroundand
inside cellsyatwhichthese compoundsight appeay this wouldmore fullyinform our
understanding aheir pharmacokinetic and pharmacodynamic profiles, allowingsight into
what isimportant for ketamine to achieve its antidepressant effeetelaas exert oftarget
effects Therefore, in this section, we will review tbellularcompartments in which ketamine
and other RAADs have been found as welvasitmight interact with ketamine; ultimately,
many spaces in the body, such as subcelagdarpartments and synapclefts can achieve
drastically higher concentrations of drgg,one goal ofuture investigationshould be to
redefine the physiologically and pharmacologically relevant concentratamtoant for site

specific accumulatian

Plasma drug concentrations are crucial for determining effective dosing regomens
account for clearance and metaboligxa.described previously, the concentration of ketamine in
plasma aftetV or IM administration for anesthesiads. 3 [106Mwith awakeningdbccurringat
plasma concentrations of 2477 M [106,116,525] esketamine is about three times more potent
than arketamine for inducirenesthesifl16]. IV or IM administrationof ketamine for analgesia
results inlower concentrationf).290 . 6 7[98g1M-116]), with both esketamine and
arketamine displaying similaffective concentration®(840.95¢M [116,526). Antidepressant
doses of ketamine administered IV are achieved at plasma concentrations similar to those used
for analgesid0.320 . 7 8[116,Mi4,147)and with the aforementioned differences between the
potencies of arketamine and esketamine for exeb@gviorakffects in animal modelsf

depressiorfseeChaptersl.3 and 1.4)IN esketamine, the FDApproved route of administration
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for the treatment of TRD, likely induces antidepressant effects at sptalEmaconcentrations
to IV administration, though this has yetbe confirmed in humarj§27]. Two other large
compartmert of the bodyareimportant for discerning the effects of RAADAErst,
cerebrospinal fluid@SH receiveketamine fronplasmathrough theéblood-CSF barrie[528] as
well as the brain once ketamine has crosse@Bi[174,528] Thecontinualexposure of the
brain to ketamine from the CSF and the time course over which this ietikedy different
thanthe brain exposure to ketamine from plasasmhepatic metabolisrapidly diminishes
ketamine plasma concentratifmearzerowithin a day ofadministration following subanesthetic
doseq116]). Deletion oftwo membrandound efflux transporteis rats led to CSEL.74 times)
and plasma (1.93 timesdncentratioa higher tharseenin WT [529], indicatingthat ketamine is
a substrate for efflux transporterbich would impact brain exposur&nother major
compartmentthe interstitial fluid has not beeavaluated as a potential reservoitdaling
ketamine administratigrbutit couldneverthelesserve as anothanternalsource of ketamine

after distributioninto tissueas occurred

While the interactiorbetweera compound and PM-boundreceptoiis considered to be
the canonical means by which downstream intraceladacadeare initiated, the effect of
moleculesvhich can traffic intracellularlyhas more recently become of interest for investigating
the mechanisms underlying pharmacothe{&3@-532]. dnside-outdpharmacokineticgvolves
drugscrossing into the intracellular spageand, further, into organellé€s which at
physiological pHhaveelectrochemically neutrdbrms [533]; many antidepressants are weak
baseg530] (see Chapter 1)&nd thussignificant numbers afinchargednoleculescan cross
membranes without the need for transporters or chafg82% Once inside cells, these
molecules can likewise crosgo the lumerof many organelles, including vesicles, endosomes,
lysosomesthe endoplasmic reticulum (ERhe Golgi apparatusand the nucley&31]. It has
been demonstrated that nicotijpa = 7.5-8.1[533]) canenterthe ER in its uncharged forta
induce the upregulation of NAChRs on the Riich has beeassociated with the development
of addiction[532-535], indicating that other weakly basic drugs could potentially interact with
targets inside organelles¢aert boththeir main andide effects. In several membraneund
organelles, the intrarganellar spaces are held at pH values up to sdegrahits lower than
physiological pH531]; onceacidicorganellegake upthe neutral form of a weakly basic drug,
some large portion of those molecules become charged aga@hbytipeeventing them from
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crossingback into the cytosoln the case of antidepressanith@ugh the empirical data for the
consequences of such a concentrating effeoined acid trappinfp36]) are lackingjntra-
organellaraccumulatiord demonstratewvith weakly basic antipsychotic druggich become

~50-100 timesmore concentratedithin acidic vesicle$537]d coud undoubtedly provide a
mechanism by which everything from chaperoning of a receptor population within the ER
[530,532,538}0 the elease of neuropsychiatric drugs as part of typical vesitralasmission

[537]is explained. For membrasess organellethat presenpotential intracellular targets for
ketamineds anti depr es s anhenudeoltsi consitleyation may ben as
given to protein phase separation, a pescn which a welinixed solution containing proteins
separates into a dengkaseand a dilute phag®39]. The dense phase can in certain instances
function as an intracellular compartmentjich could increase the concemtion of certain
moleculednside itto influence biochemical pathwaysich compartments have diverse potential
roles in cellular processes, and there is evidence that neurodegenerative diseases are associated
with aberrant protein phase separation dualtered solubilityf539], providing a potential

paradigm in which the actisof artidepressants on underlying pathophysiology can be

evaluated baseah the formation, maintenance, and repair of intracellularforganellar
condensates. Evidence that both ketarfbd€] and MXE[214] increase the phosphorylation of
ribosomal protein S@ marker of synaptic plasticiglsoactingas a markeof pathophysiology

in animalmodels[541]) indicates that interactions within phaseparated copartments could

be involved inthe mechanisms by which RAADs exert their effects.

Another compartmenwithin which ketamine and other antidepressants could accumulate is
thePM itself, as membrane partitioning is the other main way weakly basic drugs éecom
trapped in cell$536]. Typical antidepressant drudggve high \ (escitalopram20 L/kg[277];
fluoxetine 11-88 L/kg[278]; TCAs: 10-50 L/kg[279]) as well as generally lipophilic behavior
(seeChapterl.5and Chapter )3 indicating that they interact significantly with membranes.
Indeed, the accumulation of both escitalopramflraketine as measured vitro areamongthe
largest recorded for any dr{g42,543] which indicateshatboth the longime coursdor
achievingtherapeutidbenefitas well asindesirablgphenomena such as antidepressant
discontinuation syndromaredue at least in part to tiegh uptakeoy membranes€sketamine
has been shown twoss the PM andnterthe ER within second$44], which means it can

interact with membrane lipidshough likelyto afar leser extenthan fluoxetine or



49

escitalopam), additionally,the more rapidime course oits entry and exitnto cellular
compartments comparedttte SSRI§543] may provide some insights into the reasons why
their therapeutic effects ensue over much different periods of time. The composRigHipids
influences the accumulation of compounatsthe membrane phag§@42,545] and othephysical
properties of the PMuch as curvaturi®46], thicknesg547], and fluidity[548] all effecthow
drugsinteract with the PMthese featuresay alsovary across cell types as a result of
underlying pathology. Membrane fluidity is influenced by the presence of lipid rafts, which are
cholesterol, sphingomyelin and cytoskeletonich regionghatstiffen the membrane and
regulate cellular signalinfp49]. Lipid rafts can also storesGthe subunit of Gthat stimulates
cyclic adenosinenonophosphatece AMP) to activate downstream intracellular signaljs§0],
whereits ahility to upregulatecAMP is reduced551,552] Interestingly, &y canbe translocated
to nonraft membrane sections after tleonic (multiday)administration of various types of
typical antidepressantsuch asTCAs [553,554] SSRIg553-555], SNRIs[554], and atypical
antidepressan{854]. Recently, the interaction of ketamingth raft domainguring ashort (L5
min) incubation was demonstrated to #xee same effecisn Gs dranslocatiorf549],

indicating that tis may present a common mechanism for increasing intracellular signialing
patients with MDD(who mayhave dysregulated cAMP signalifigh1]). The degree to which
ketamine and other RAADs differ from typical antidepressants in @&gidisplacing effectss
as yet not well understodqthough (2R,6RHNK likewise displaces &drom raft domainsfter
transieniexposurg549], indicating a potential commonality among RAADs&)X maydepend on
thar ability to access lipid raft domains onlyiefly, asthe accumulation of typical
antidepressants in rafs56] may ke sufficient but not necessary to upregutierrant cAMP
signaling andouldinsteadreflectthe tendencyf nonRAADs tostay in the membrane phase
thereby slowingheir therapeutic effec{543].

1.7.Potential Common Mechanisms of Antidepressants

Thus far, we have discussed the direct effects of ketamine and other antidepressants on receptors,
neuronal subpopulations, and CNS cells. However, the downstream mechanisms by which
antidepressants lead tbanges in underlying physiology and thereforengender longerm

changes ibehaviord are critical to understanding how ketamawts but, more broadly, may
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provide explanations as to how various antidepressant drugs belonging to different classes with

vastly differentchemicalproperties can achieve similar therapeutic results.

Brain-derived neurotrophic factoBDNF) is aneuralgrowth factor involvedn the
growth of new synapses well asneuronal maturatiofb57]. BDNF is produced within
neuronal and glial soma where it can either travel along to axon terminals to be released into the
synaptic cleft[558] or transported to dendrites wherenédiates activitydependent translation
independent of transcriptidf59]. Because of its role in synaptic plasticity, BDNF is crucial to
the inductiorof LTP, particularly in the HJ557,560] Presynaptic BDNF expression is thought
to contribute to the &tiency of neurdransmitter releasg61] while postsynaptic BDNF helps
upregulategeceptor trafficking particularlyU-amino-3-hydroxy-5-methyk4-isoxazole propionic
acidreceptorAMPARS) in glutamatergic synaps§s62]. BDNF binds potently ttropomyosin
receptor kinase BTfkB) [563], a receptor tyrosine kinase which meée&aBDNF Beuroplastic
effects both preand postsynapticalljp57,564] Because of the association betwdeficitsin
neuroplasticity and the pathophysiology of depresg6é0], BDNFTrkB signaling has been
proposeds a mechanismo explorein bothanimalmodels of depression as well@gperiments
assessingesponse tantidepressarteatment. In rodent models of depression, BDNF has been
shown to be reduced the HC [565-569] (thoughnot always clearlyso[570,571) and PFC
[568,569] additiondly, rodents with focal loss dbrebrain(only amongfemales)572] or HC
[573] BDNF expressiomlemonstrate depressitike behavior. In MDD patients, postmortem
analysis reveals thakpressiorof BDNF-related genesom cortical samplefs74] is reduced
furthermore BDNF mRNA was lower ithe amygdalae of female patiefdg5] as well as the
HC and PFC of suicide complet¢856,577] and TrkBexpressiomwas likewise reduceith
cortical samplef574] as well asn the HC and PFC among suicide complefg#6] (though
perhaps not a[b78]). Serum BDNHs lower among MDD patientthan control§579-583],
thoughit does not consistently track depressienesity [583]. Direct infusion of BDNF intdhe
midbrain and Hilateraly amelioratedbehavioral deficits in rodemtH models[584,585]
which were observed within three days of intervention and were blocked by administration of a
broad-spectrum tyrosine kinasehibitor [585], suggesting a causal connection between BDNF
TrkB signaling and antidepressant effects. Interestingly, while B&NFTrkBdeficits in the
PFC and HC argypically associated with depressifs86], BDNF activity in the VTA and NAc
may be associated witts onsetintra-VTA infusionsof BDNFin WT rodentded to the
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development of depressidike behaviord587], while selectiveddetion of BDNF genes in the
VTA abolished the behavioral deficits from S[®88]; furthermoreplocking BDNFTrkB &

but not DAJ signaling in the NAdnterrupted the instantiation of depressilike behavior
resulting from SDSwhile optogenetic stimulation of the VFNAC circuit during SDS
exacerbated behavioral deficj&89]. These findings have been corroboratetbitent models of
depression in which increases in NBDNF areassociated with behavioral deficj&68,569]as
well as inpostmortem analysis of MDPatientswhich demonstratesignificantly increased
BDNF in the NAc compared to contrdi90]. As far as treatment with antidepressants is
concerred,their dependence on BDN& more welcharacterized thaany causal relationship
between BDNFTrkB signaling and the pathophysiology of depres§i@®]. The first evidence
that antidepressant treatment increases BDNF expressioa froma rodentstudy
demonstratinghat ECTanda variety of antidepressants administered over the course of weeks
causectlevationsof BDNF and TrkB mRNA irboththe HC and PF{591], commensurate with
the time period in which these treatments ameliorate the symptdwis@f560]. Further

rodent studies have corroborated these refi86), as havepostmortem analyseshowing
increased HC BDNF expression amangdicatedMDD patientscomparedo their unmedicated
counterpart$577,592]as well as consistently higher serum BDI¥els[580]. HC
neura@enesiss increasedby chronicadministration of typical antidepressamtsgsodents
[593,594] while TrkB mediatesaantidepressarihduced neurogenesis in the € well as
improvamentson the NSF and TS[b95]. Chronic (multiweek) teatment with SSRIs increases
dendritic spine density in tHeFC[596,597]and HC[598,599]andreverse HC spineatrophy
seen irrodentchronic stress model600]. Similar to the dependence of tgpl antidepressants
on BDNF expression, ketamine likewise alters BBNKB signaling concomitant witthe
amelioration of depressidike symptoms in animal models. Ketamine has been shown to
increasehe activatiorof HC TrkB within hourgpostadministraion while also increasing BDNF
protein translation there, and BDNF and T#kB animalswere insensitivéo ketaminé s
antidepressant effect801]. Infusion of a neuglizing BDNF antibody into the rodentPFC30
min before ketamine injectidolockedits antidepressant effecf§02], while co-administration
with a TrkB inhibitor reduced the ability of both-esd arketamine to produeaantidepressant
responsén two behaviorinduced rodent models of depressitumthermore, both eand

arketamine ameliorate dendritic atrophy fr&BS in the HC but do not rece dendric
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arborizationn the NAc[169]. In humansketamine infusion to tredtRD leads to a rise in
plasma BDNF within hours concomitant withinical improvemen{603,604] higher BDNF
levelsare foundamong clinical responders than among-nesponder§605] and thedifference
is sustained out to one wepkstadministratiorf606]. In one study, the rise in BDNF was
correlated witlreducedesting state functional connectivitiR SFC)from the mPFQo other
cortical area$604], the connectivity of which has been found tcalberranin MDD patients
[607]; these functional changes may provide a-imyasive measurement of ketamimediated
neuroplasticity in RSFC correlated witlief of symptoms withirl d of treatmen{604].
Although studies assessing ttedationshipbetweerthe Val66Met mutatiod whichleads to
decreasedynthesiof BDNF from its precursor molecu[608] 8 with susceptibility to
depression in both midé09,610]and patient$611] do notprove a conclusive linketween the
two, this genotypés neverthelesassociated with a reduced responsiedtt ketaming/609] and
scopolaming612] in rodentgwhich was corroborated in a small human stiédy8]) potentially
demonstrating that a subpopulation of MDD patients may bérkesble byRAADs and
providing evidence tha deeper understandingmfiarmacogenomids requiredor more
patienttailored antidepressant regimeRgrhaps the most interesting recent tagglardingthe
role of BDNF-TrkB signalingin mediating the antidepressant effect of both RAADs and typical
antidepressanthowsthat ketamine, (2R,6RHNK, fluoxetine, and imipraminall bind directly
to the transmembrane domain of the TrkB recejpitentially even at the same 64 4].
Mutations to the transmembradomain substantially decreased bindiggll compoundsvhile
attenuatinghdar antidepressant effecits severarodent behavioral taskperhaps most
interestingly, all tested antidepressants facilitated upregulation of TrkB receptor expression in a
cholesteroldependent manner at clinically relevant concentrafi®@is] (Fig. 1.12A-1). These
results implicate not only BDNFrkB signalingbut alsocholesterokignalingas common
mechanismaby which antidepressants exert their effedisect binding to TrkB receptors by
antidepressanthiusmight berequired fora compound to act as an antidepressahich would

help provide another necessary feawhen consideringhe development of fute therapeutics.

The mammalian target of rapamycin (mTOR) is a serine/threonine kinasedonasd
species with a conserved set of functions, including regulation of cell growth, proliferation,

motility, survival, synthesis, autophagy, and transcripfdd]. mTOR is organized into two
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Figure 1.12.(A-C) Binding of biotinylated fluoxetinebtfluoxetine;A), biotinylated (2R,6RHNK (b-R,R-HNK;
B), and tritiated imipramindld3]-imipramine;C) to both WT TriB receptors (TRKB.wtblack and mutant
TrkB receptors (TRKB.Y433Fed) demonstrates thaach antidepressédns bi nding t o Tr k
decreased at physiologically relevant concentrations when a binding site mutation i§Dh&detamine
substitutes for ffluoxetine at physiologically relevant concentrations at the TrkB recggpBoth fluoxetine
(left, gray) and (2R,6RHNK (right, red) have increased binding potency to the TrkB receptor in the presen:
increasing concerdtions of cholestero{F and G) Immobility time on the FST is decreased from fluoxetifg
and ketamine@) administratiorbut only wherthey carbind to theWT TrkB receptor (ctrl = controlH andl)
Both fluoxetine H) and ketaminel§ depend on the TrkB receptorfaxilitate fear extinction across multiple
sessions of a conditioning ta&ond = conditioning, extl and ext2extinction sessiongicraphs are mean
values with SEM}P < 0.05 adapted from Ks. 2 and ®f [614].)

complexes with mansimilar functionsmTORC1 and mTORC@ghe latter of which has special
function as a tyrosine kinase activate downstream growth fact¢84.6]). Bothcomplexes
interactwith manydifferent subcellular organellewjth mTORC1 localing significantlyto the
lysosomeo regulate protein catabolisi®l7,618] Aberrant mTOR signaling is implicated in the
pathogenesis of MDD, with reductionspathway functiorfound in the PFC of both MDD
patient§619,620]and in rodent models of depress[681-624]. In particuar, mMTORCL1 has
been demonstrated to be a common target for neurotrophic factors such as BDNF and is

therefore implicated in synaptic plasticity, a key mechanism which can be defective in
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neuropsychiatric disorders as well as a target for antidepref82bfsSome SSRIs

(escitalopram and paroxetine) as welb@8AOI (tranylcypromine) have been found to

upregulate phosphorylation of mTOR in HC primary cultures which causes dendritic growth
while otherantidepressan{$luoxetine, sertraline, and imipramine) do not; the positive effects
can be blocked by either rapamycin or other mTOR inhibj&#6]. In other studies, however,
imipraminehas been found to inhibit mMTGR an autophagic manngar glioma cell§627], two
weeks offluoxetine(in combination with methylphenidatajiministered to juvenile rodents
induced mTORactivation[628], and sertraline has been shown to inhibitOR-dependentell
proliferative functions in cultured cell629], suggesting thanhdividual antidepressanisteract

with mTOR signéing in different waysindeed, the antidepressant effects of the SSRI paroxetine
appear to depend ¢tC mTOR activation in a @S rodent model of depressif@B80]. The long

time course over which typitantidepressants exert their therapeutic effidotdy mears that

their interaction with mTOR signaling is necessarily more compitde RAADs may more

directly signal through mTOR to achiemeuroplasticityf631]. The most interesting findings
regarding the role of mTOR in mediating antidepressant effects regard its interaction with
ketamineWorking from the hypothesis thetet ami nedés rapid activity i
NMDARs onGABAergic cortical interneuron®90], the subsequent surge of glutamgite
transmission from downstream cortical neurons can leadtigation of mTOR via BDF-
mediatedsynaptogenesi®32]. Supporting this claim,dtamine has been shown to increase
MTORCL1 activitycausingncreasedynaptogenesis ithe HC [633] andthe PFC[298] of
rodentswhich correlatesvith antidepressant effe¢t@apamycinthe eponymous mTOR inhibitor,
canblock ketaminanduced synaptic changf&34] andits intra-cerebraladministratio in SDS
model rodentsnay reveal that esketamifigut not arketaminedepends on mTORctivity to

exert its antidepressaattivity [635]. Interestingly, different downstream mechanisms may be
involvedwithdi f f er ent phases of ketaminebs etbect s,
initial stimulation(within 1 h) of dendritic growth while mTOR mediates longerm (within 3

d) neuroplastic effectf503]. Ketamine may act in part as an upregulator of mTOR via its
inhibition ofglycogen synthase kinase G%K-3), a known inhibitor of mTOR636,637]

indeed, a subthreshold dose of ketamine along with the &i8Kibitor lithium has been shown

to both activate mMTORCL1 as well asliease PFC spine density and exert antidepressant effects

greater than from ketamine aloimerodent§637], and further evidence supports the necessity of
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GSK-3 i nhibiti on aastidgprassant medhanisneatrodemtiLid maildbecause

mice with constitutively active GSR si gnal i ng are reda3goOfant to ki
note, in a trial of MDD patients, pteeatmentwith oral rapamycin not only did not block IV
ketaminedbs antidepressant atwvdveeekiperiodtd®df even po
However, in a followup studyassessing suicidaligmongTRD patients, préreatment with

rapamycidi d not enhance ket ami ne &0]3hegernesuftanag ant an
suggest that systemic rapamycin has different neuroplastic effecthéhanordocal

administratiorused in animal stues but could also indicate that the underlying

pathophysiologyf depressioin humans represents a more complex set of targets for treatment

[639]. Furthermore, ketamities gener al ant i deperaesisdidferent pr oper t |
downstream pathways than its amelioration of suicidal idegt@inents with low suicidality

(such as those assessethim aforementioned stuggnay notdemonstratelecreaed riskdue to

floor effects[640]. Other RAADsd scopolaming612,641]and (2R,6RHNK [382] (though

this is notyetclear[174]) 8 as well as RAAD candidatés rapastine[642-644], the mTORC1

activator N\V5138[645], the mGIluR2/3 antagonist LY 34148%16], and the NDMAR GIluN2B

antagonist Ro 26581[299] 8 mayopeatethrough the mTOR pathway as wahsuringthat

its potentialimportancan mediating antidepressaattivity per sewill remain alively subjectof

inquiry.

While the direct effects of ketamine at NMDARSs are veelcumented, investigations
into theactions ofketamineon AMPARS have proved crucial to understanding the downstream
mechanismsef antidepressants more broadhMPARs are tetramers with four different subunit
types (R1R4), with double dimers being the most common configurd@dii]. Whereaghe
permeabilityof NMDARSs to Ca?*on the postsynaptic membrane is conditiamaboth
presynaptic glutamate release and membrane depolarization, AMPARS' atgaNaels thadre
opened simply from glutamate bindirggjacent to NDMARSs on the postsynaptic membrane,
AMPARs are involved in the perpetuation méurotransmission via pisgynaptic neurcal
depolariation[648]. In rodentsthe effect oboth acute and chronic stress on AMPAR
expression is uncleawnhile several studies report decreased expresgiBMPAR subunits
(particularly GluR1in the HQ, others report either no change or even increased expression
[649]. Perhaps the length of the chronic stress paradaympartially explain the discrepancies
[649], as rodents subjected 18 weeks ofstres§650-652] had increased HC GluR1 whereas
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those undergoing greater than four weeks of sf&s3655] had reduced HC GluRP.ossible
reasons for the overall unclear relationship include diff@ennstress paradigms, variation in
animal age, anthconsistent GluR1 detectionethodg649]. In MDD patients, thevidence for
dysregulation of AMPAR activity is largely lackinthoughpostmortem studs have
demonstrated increased AMPAR binding in the cingulate c(@t] as well ageductions in
GluR1 and GIuR3 mRNA around the HE54,657] Much like for the association between
aberrant BDNF activity andepression, the evidence for the necessity of AMPIAR
antidepressantchievingtheir effects is clearer than any associations between AMRAR
underlying pathophysiolog}AMPAR upregulation has been demonstratecbdents treated
chronically (several weeks) with TCAs and SSRIs in both[688-661] andcortex[596,661] In
terms of behaviogo-administratiorof fluoxetinewith an AMPAR blockereducedhe
antidepressamesponseén CUS rodent$662], though the AMPAR antagonist NBQX was
unable to blockhe antidepressant eftsaf imipraming649]. The connection between AMPAR
activity andthe antidepressant effeaiEketamine are even stronger; indegldarer evidence
supports the role of AMPAR signaling than direct NMDAR inhibitj663]. Part of ketan
long-lastingclinical potency isnediatedby changes in AMPAR signalin@84] (including
longerterm mediation oflendritic growti{503]), with ketamine upregulating AMPAR
excitatory activity inthe PFC[286,664]and HC[601,665,666pothin vitro andin vivo.

Ketamine can specifically cause increased expression of both GluR1 andsBluR#sin HC
synapses one day afteeatmen{174], providing amore direct linkto previously mentioned
postmortem studies indicating tHaith rodents and MDD patientsck GIuR1 subunits in HC
[653-655,657] Most crucialto thetheorythat AMPARS aranecessaryor the antidepressant
effects of ketamine is the effect of inhibition or direct stimulation of AMPARs. Administering
NBQX 10 min prior to injection with ketamine abolished both the steorh (vithin 1 h) and
longerterm (L d) antidepressarmffects of ketanme in roderd [174,633,667,668JandNBQX
administratior23.5 h after ketamine injection block#ét longeftermantidepressant effext
measured durinthe FST 30 min latgl 74]; perhaps unsurprisinglarketaminé s ef f ect s ar
likewise blocked by NBQX169,173,174]AMPAR positive allosteric modulato{®AMSs)
[662,669671]as well axhronic administration cAMPA itself [672] act asantidepressants in
rodents, though thaMPAR PAM Org 26576 hafailed to consistently relieve depression in
clinical trials[673,674] perhapsuch compoundarebest used as adjunctive treatments for
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MDD [670,672] In rodent models,thercompounds® includingRAADs such as (2R,6R)
HNK [174,197] MXE [216], andscopolaming641]; RAAD candidates such as MXE
derivativeg221]; andfluoxetine[661] 0 appear talependon AMPAR activationfor their
effects with the RAAD candidatgS)-NK proving a possible excepti¢g@02]. Interestingly,
acute { h) DBS ofthe infralimbic cortex in a rodent model of depression leads to increased
synthesis of BDNFstimulaion of mMTOR, andincreasedranscription of GIuR1 subunif675],
suggesting thaherapeutidBS maymanipulate the same downstream mechanisms as
antidepressant medicatioris.parallel, the rapid phosphorylation of mMTOR by ketamine
necessary foneuroplasticityis blocked by AMPAR inhibitioj676], and inhibition of both in
the PFC diminishes ketamineds anti d28@,r essant
corroborated by botim vitro [677] andin vivo [633] results demonstrating that AMPAR
activation upregulated mTORCL1 in a BDNMEpendent manner and that both keteras well as
direct activation of AMPARSs upregulak#C mTOR expressiof672]. These findingsend
credence to the idea that AMIR signaling(along wit activation of mMTOR and BDNR3 a
common mechanism by whi¢®AADs in particularoperate to relieve depression and provide
anothempharmacological propertpr which future RAAD candidates can be evaluated.

In all, the foregoing survey demonstrates that, while there are many protaaisgith
respect to determining where RAADs go inside the body, how fast they arrive there, and what
they might interact witha exert both their antidepressant and side effects, there are as of yet few
tools developed to help address these questions. The goal of our research in the Lester and
Prober labs has been to develop just such tools which can be appliéaatthandin viva
We have thus produced RAAS§pecific genetically encoded fluorescent biosensors, targetable to
boththe PMas well asubcellular compartments, which allow for both classic pharmacokinetic
measurements as well povidea platformuponwhich to investigate braikwide changes

resultingfrom RAAD administration.
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CHAPTER 2: GENETICALLY ENCODED SENSING FLUORESCENT
REPORTERS FOR RAPIDLY ACTING ANTIDEPRESSANTS IN CELL
CULTURE AND ZEBRAFISH

2.1.Development of théDrugSnFR Paradigm

Over the past decade, a varietygehetically encodegroteinbased sensing fluorescent

reporters (SnFRs) have been developed, allowing for the cellular and organellar expression of
biosensors responsive to both endogenaastylcholing678], dopamingd679,680] GABA

[681], glutamatd682], serotonir[683]) and exogenouetketamineg544], nicotine[533],

nicotinic agonist$533,684] opioids[685], SSRIs[543]) compoundswe have termed thiamily

of sensaos createdor the latter grouphe iDrugSnFRsThesesensorgpermit thepharmacokinetic
evaluationof pharmaceuticaland drugs of abusa live cellsto answer questions concerning

how thesecompoundsnteract withas well agegulate target (and ofarget)structureso

produce their effect3 her ability to detect physiologically and pharmacologica#ievant
concentrations afirug bothin vitro andin vivo marks the iDrugSnFRas powerful took which

can inform the devepmentof novelmedicineswith wider therapeutic windows

Theisolation ofwhat is now called green fluorescent protein (GFP) ff@guoreavictoria
[686] inaugurated a paradigm shift in molecular bioloblye GRP gene was successfully cloned
and sequencead 1992[687], after which it washownto be viableas atag tomonitor protein
expression688] beforebeingmodestly mutated to improve its fluorescence characteristics
exhibiting the nowclassic excitation peak a@@nm and emission pkat 510 nn{689]. Since
then, a multitude of othdluorescent proteinf-Ps)have beemsynthesizedvith the ability to
emit light of many color§690], allowingfor multiplexedimaging to visualie biological
material in many different applicatiof@91] (see Chapter). The popularity of C& sensors
(e.g. GCaMH692,693) to measure redlme physidogical activity inneuronal cultureas well
asin the brains obehaving animalf94,6%] led to the development of additional functional
FP-based sensors which can detect either endogenous or exogenous molepagally
discrete and temporally sensitive measurem@98]. Genetically encoding such sensuis
transfection, transduction, or other transgenesis technajogss for stable and repeatable

imagingin a region, cell, and compartmergpecific mannef697], superior tafluorescentlye-
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based imaginge(g.BAPTA [698]) which is inherently lesspatiallyprecise.Theinitial design
principleof GCaMP sensors, wheref®#* binds tocadmodulin causing a conformational
change to a linked GHRBee Chapter 2.4.3)asexpanded to include other proteins which
likewise natively bindo molecules of interesBacterial periplasmic binding proteins (PBPS)
from species liké&scherichia coliwere known to bind to small molecules such as amino acids
(AAs) as part of theibiological function; the Gltl proteirwhich forms part of theATP binding
cassetteABC) transporter complexindsto both glutamate and aspartfi82], and this PBP
was then incorporated detect glutamat& both dyebased sensof699] as well as those based
on Forster resonance energy tran§if®ET)[700,701] FRET sesors rely orenergy transfer
between two adjacent FRsclose (<10 nm) proximity[702]: one FP acts as the donor
undergoinganinitial conformational change when the target molecule binds tecognition

site, causingthe orientatiorbetweerthe two FPgo shiftsuch that the donor Ribwfluoresce

in response texcitation[703]. A pair of FRET FPsharespectral properties such ttlihe
emission spectrum of the dorelP overlapssignificantlywith the excitatbon spectrum of the
acceptor FFP704]; as the donor FP fluoresces, it will thus excite the acceptor FP, thieich
emitslight. While FRET sensors have sevelakirable features (e.g. the abilityléoerage the
ratiometric output of two FPs to more precisely and reliatidasure intracellular concentration
[705], relative ease of engineerifigd6]), the drawbacks are substantial, includiingted
multiplexing (FRET sensors have two emission spgc®é]) andinsensitivity to small
concentration chang¢882]. In contrastsingle FP sensoggesent distinct advantages oveeir
FRET-basedorebearsincludingbetter signato-noiseand higher sensitivity to smalrget
moleculeconcentration§707]; while being intensiometric itsad of ratiometri¢thereby

limiting their ability to act aprecisereporters of concentratiprsingle FPsavoid thescattering
differences amongiavelengths commoim FRET-basedmagingas well axontaina simpler set
of emission and excitation specfaa usergo monitor[706]. Another major innovatiors the

use of circularly permuted GFPs (cpGFPs); thehd Gtermini of GFP face the same direction
which allows forsimpleconnections to be made to the PBP, and circular permutation

which theAAs at the N and Gtermini can be altered while keeping the same overall protein
sequenc® increases the number of possible fusion configurasoch thathe conformationin
theabsence of target molecuiasa lower baseline intensityn or der t o i ncrease

dynamic rang¢704]. Short linker sequencesgveralAAs long) are then engineereddot as
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bridges between the two new termini of the cpGFP and siteah@®BPnear the hinge region

[706]; linkers allow forgreater conformational mobilitip helpmaximizeGFPemission

efficiency[708]. Upon bindingof the target molecujéhe PBP changes conformatigalling on

the cpGFRsuch that the chroaphore is in a photoexcitable state. The foremost theory of how

this occurs inDrugSnFRsinvolvestheaction of the PBP interface with the cpGFP through the

first linker which contains a cluster of thréé\s with polar groups thah the unbound statean

form H-bonds with the chromphore to quench its fluorescence and in the boundrsiates

away from the chromophore &dlow its fluorescace[684,706](see Chapter 3 for more details).

The firstSnFR developedGluSnFR demonstrated botin vitro andin vivoviability [682].

It senses glutamatturing physiological eventsn the PMwith a halfmaximal response (Eg)

Figure 2.1 Cartoon Xray crystallogaphic structure of
iNicSnFRL1 in the presence of nicotine (not shown). The PB
(cyan is connected t o-barrdl@reed u
via two linkers @ark blug selected for their ability to produce
maximal fluorescence response over baseline. O€00
mutants were screened to optimize the binding site (partiall
obscured residues are showrgmay); other sensitive and
specific iDrugSnFRs are constructed using similar methods
(see Chapter 2.2). (Adapted from Fig. 7%83].)

of 4 M i n si@G8&,mwall i an
within physiologically relevant limits

for extracellular releag@09]. Since

then, he Lester lab has used iGIuSnFR
as a springboard for the development of
numerousDrugSnFRs to detect
exogenous compounds(aub
)micromolar concentrationa vitro and

in vivo. Using the OpuBC protein from
T. spX513s the PBRwhich has

natural affinity for choline and betaine)
ourgroup has developeBrugSnFRs

for nicotine[533], eketaming544],
nicotinic agonist$684], opioids[685],

and SSRI$543], createcby modifying

the AAs in the bindingpocket[710]

such that specific and sensitive binding
to the compound of choice is achieved
(see Chapter 2.2.1 and Chapter 2.2.2)

OpuBCis part ofthe Cluster Fclass of PBP®/hich includesa hinge region connecting two

domainsthatboth move upon ligand bindif@11] (Fig. 2.1). One linker occurs before the new

c
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N-terminus of the cpGFP while another occurs after the négrr@inus each linkers fourAAs
long[712] (Fig. 2.7). The cpGFP is &Guperfoldedversionwhich hasdramatically improved
robustness of fluorescent labeling allog/for reliable expression even when fused to poorly
folding proteind713]; additionally, this variant expresses well in the [Z[R4], a crucial feature

for applications to subcellular pharmacokinetics (see Chapt&)2/Zhile the sensors have been
customized to detect a wide varietypbfarmaceuticatompoundsof most interesareweak

bases whicftat physiologeal pH will thus have a significant portion of their molecules uncharged
and therefore able to cross membranes more eas#bapterl.5and Chapter 1.6)5Thus far,

of the compounds for whidDrugSnFRs have been developadotineis the mostwvell-

documentednd isknown tooperate viahe insideout pathway(Fig. 2.2 because iexersits
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Figure 2.2 (A) Chemical structures of nicotine demonstrating its protonatgli énd deprotonatedbétton)
forms(the tertiary amine of thpyrrolidine ringbecomegjuaternized)(B) Diagram showing the interaction of
nicotine with both the PM and ERrgeted versions of iNicSnFBoth deprotonated and protonated nicotine
molecules can interact with the PM sensor (shown on the outer paetBfMhwvhile only the deprotonated form
can cross the multiple membranes required to interact with the sensor population targeted to the ER (sha

the smaller compartment within the cartoon cell). (Adapted from Fig[338i.)

pharmacological effects in paria interactions in the EIR715], possiblya property obther

weally basc compound$530,531] Indeed,in the ER jnicatine not only helps chaperone nascent
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b2 nAChRs[534,535]but also acts on the unfolded protein respgl§tR), whichis
responsible for managing misfolded protdayshalting translatiomr, if sustained, triggering
cellular apoptosi§716]; by upregulating=R export of NAChRSs, nicotine can reduce the UPR
leading to neuroprotective effed&32] (potentially explaining the association betwéelacco
use andliagnosisof PD[717]). Others of thelrugsmentioned haveeen shown to interaatith
intracellular receptor populations, such as several opioid agonist&®is in the Golgi
apparatu$718] and varenicline with the sani##b2 nAChRs as nicotin719]. Thus,developing
iDrugSnFRsexpressedn the PM or in subcellular compartmeaés allowfor a greater
understanding of whedrugsof interestmay trafficand what they might operate tmexert

their (main and side) effects.

2.2.Methods for Producing SnFRs for RAADs

The following methodsvere used talevelopthe family of IRAADSnFRgdetecting esketamine,
arketamine(2S,6S)HNK, (2R,6R}YHNK, MXE, and scopolamine) btite protocols described
are generalizable to the entire family of SnFRs previously desd6B8d720]

2.2.1. Creating aNew iDrugSnFR

The ligand binding site lies at the interdomain interface of the BB#mutations in this pocket
are engendereid increase the sensitivity and specificifythe sensofor thedrug of interest
(DOI). The initial screeimg protocolinvolves using several differeakistingiDrugSnFRs

versus a panel of drugs fronpharmaceuticatlass of interest for which we wist develop
sensorsthese are typically weak bases (see Chapter 1.5 and Chapter 1.6&xwkh < 10

with an amine group and molecular weight < 500 g/jvia0]. For a fully developed iDrugSnFR,
the two factors evaluated are the change of fluorescence over bageliRe @nitles3 and the
half-maxmal effective concentration (E&6;in € M; the formerindicatesthe potential dynamic
range over which thgensorreportsvarying concentrations @Ol while the lattemeasures the

ability of the sensor to detect the DOlpditarmacologicallyelevant concentration$heir ratio,

S-slope=——hine M,
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reports the sensitivity of theensoiat low (submicromolar)concentrations and allows feasy
comparisons among candidates t h di f f er el tpk/Mpvalueybdd] Theogoal F
of theiDrugSnFR developmemirocess is to generate a concentratesponse curve which can
be fittedto the Hill equation

0 ’

where F is the fluorescence response, A is the ligand concentratigns B€escribed above,
and n is thedill coefficient (measuring cooperativismong multiple binding eventsjfter
normalizing the fluorescence values, the maximal F value regpd#is/Fo, thus providing
estimates fob o t ha/Fgehd EGo of the particularDOI-sensoiinteractionin vitro. The
concentration range of each DOIltesduring development encompasgésrmacologically
relevant concentratiortbatspan~5 orders of magnitudeithin the range of htM to 1 mM
(following roughly therange of concentrations of transmitter in the synaptic [d2tt]).

Because the eventual mixture of lysate or protein @{@H will halve the effective concentration
of each, thé>Ol solutionsmust be made such that concentrationsretwice the desired final

concentrations.

To begin the process of screenfogdrugs ensor 6 hi t RSH)EB0), (def i n
we first create a drug plate containiignL of up to 93 DOIsn a 96well storageplate(2.2 mL
squarewell storage plate, Thermo Fisher Scienjifitach DOI is solvated in 3x PBS, pH 70
a concentration of 2 mM with appropriate accounforgH adjustmentthree wells are filled
with pure PBS to act as contratsmonitor for crossontaminatiorf720]. Next, purified protein
(see Chapter 2.2.8f several candidate iDrugSnFRs from whgite-saturatednutagenesis
(SSM; see Chapter 2.2.8) construct the new targeted sensdr be performed is thawed on ice
at room temperature (R8nd dilutedm 3x PBS, pH 7.0 to 111 nM to account for the dilution
from mixing with drug (the final sensor concentration in each wdllbe 100 M); enough
sensor solutionismadesoth@t@ e L can be ad®€@6evdllassayplatach wel |
(Costar, Corningalong with 11e L o f  eusieghn alt@natic pipetting system (ePMotion
5075, Eppendo)f[720]. Once allwellsin the assay plate are filled,istplaced isidean

automated 94vell plate reader (Spark M10, Tecan) where it is first shaken to mix the contents
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of each well before the reader (excitation0#&n; emission 35 nm) measures D@hduced

fluorescencgthe resulting fluorescence values #ren scaled and normalizeding the equation

©'q 00’060t OB ki DLWE 0OC O¥HI DV
-0 8 Gi QiQt QY OY '

where (Drug Biosensor F)s the measure®OI-induced fluorescence, (BaselilrugSnFRF)

is reported from the three wells containing just sensor added to PBS, and (Baseline D¢ F) is
fluorescence responsejakt the DOI (measured separately addi ng 11 €L of ea
eL of 3x PBS, pH 7.0 in an assay péandplate usi ng
reader sequencg)20]. Hit pairsare identified andhe best DOIDrugSnFR combinations are

carried forward for further sensor development.

Once candidate stamty iDrugSnFRs have been cho$enone of the DOIsS600 ng ofthe
bacterial vector sensor plasmid is transformed into TARt0li cells for amplification on
ampicillin selection plates; the plasmids encode the ampicillin resistancam@fig22] which
helps prevent growth of invasive microorganssiifter transformation vialectroporatior723],
the TOP10 is atkedto 750 pL of SOC autoinduction media (Thermo Fisher Scientific); the
mixture is then incubated in a 37°C water bathlfobefore 560100 pL is spread over an
ampicillin selection plate using sterilized glass beads. The plates asthetine lid facng down
(to prevent condensation) overnight for ~18 h in a 37°C incubator before being retrieved the next
morning. One colony from each plate is picked and grown in 5 mL of-Bertani (LB) growth
medium (which increases bacterial yigf@4]) along with 5 pL of50 pg/mL ampicillin; these
tubes are then placed in an incubator shaker set to 37°C and 250 rpm for ~24 hours. The next
day, thetubes are spun down in a centrifuge at 4000 rpm and 4°C for 15 min after which the
supernatant is removed; the pellet is then resuspended in 5 mL of 3x PBS, phke7.0.
resuspended pellet is flash frozen in liquid nitrogen andttiemedat RT, after which the

process is repeatégice more to extract as much sensor protein as possilte lysate

To perform a lysate screen with measurements made in tripkeatérst makea 2 mM
stock solution of the DOI in 3x PBS, pH 7.0 with gpeopriate pH correctiowhichis pipetted
into the first three rows of the first column of a@6ll storage plateafter whichtheautomatic
pi petting system is used to perform alo dil ut
with the last ctumn filled with 3x PBS, pH 7.0 as a control. The DOI plate is store¢P@tand



65

thawed at RT before usé/hen ready to perform a concentrati@sponse experimerdll wells

in the firstthreerows of a 9éwell assay plate are filled with0 pL of lysate Next, theautomatic
pipetting system is used to afd pL of DOI to each of the first three rows of the lysate plate in
the corresponding well3 he plate is then placed theautomated 96vell plate reader where it

is first shaken to mix the contentseach well before the reader measures-D@uced
fluorescencas described abové&éhe data can now be exported as an Excel file for offline
analysis ingraphing softwareQ@rigin 2018 OriginLab) to generate estimatesgptmad/Foand

ECso for the ligandsensor pailas described abovA.small correction to the typical Hill equation
fitting function must be made to account for ligand depletion, a phenomenon which arises when
the concentration of sensg@[f25iwithsaeverallew t han 10 %
concentrations of DOI (e.g. 10 nM, 100 nM) compared to sensor concentration (100 nM), we fit
the data instead to a modified Hill equat[@@6,727] After assessing th max/Foand EGo

values among the variol@OI-iDrugSnFR pas, the oneavith thehighestS-slope ratias carried

forward as the template upon which subseq&&#lis performed.

2.2.2. lterative SiteSaturated Mutagenesis

Once this initial survey is completed, the next stap IscateAA residues in the PBP binding
pocketwhich can beanutatedo increase DOIDrugSnFR sensitivity and specificity.
Mutagenesis can be performed in parallel on multiple sites at the samaltoweng for faster
development of the final sensor constrddte resolved crystal structureibficSnFR3a both
with and withoutthe addition of 10 mMarenicline[684] has beemised to determinehich
residues arbetter candidates tautatefor engenderindpigher binding fidelity the structure can
berenderedn amolecular visualization softwapgogram(PyMol, Schidinger)to allow for
more informed choiceve currently lack computational methods to help predict which sites can
befavorably mutated, though these tools are in tigraent) Residues which have been
mutatedto develop pasDrugSnFRsare likely candidates upon which to perform additional
mutagenesisTheseoftenmake cation’ bonds first-shell residues witromatic ringsvithin
seven angstroms tfie binding pockef533] (tryptophan, phenylalaningyrosine)have negative
charge densitieg -bonds)which can make noncovalent bonds with nearby cafit2®], such as

themethylamineon n i c pytrdlidinerimgwhichexists in a charged forr60% of the time
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at physiological pHKig. 22A; seeChapter 1.5and Chapter 1.6)50ther important siteat

which mutationgan improve fluorescence response include three Linker2 restoersll, the
variousiDrugSnFRsdiffer among at least6 first- and secondghell residugswhile 10residues
have been found tiee either crucial to SnFR function or unimportantboth cases, they remain

unchangedcross the various sensors

SSMis amethodwherebydifferential fluorescence response carelaluatedacrossall
20 canonicaPAs at a particular residyé29]. This directed evolutiotechniquecan be
accomplished via a 2@odon approacf¥10] which allows for minimal redundan@nd can
generate 5% AA coverage using single96-well plate assaylt relies on the use t#vo sets of
degeneratprimers NDT andVHG, plus TGG (tryptophannixedin a12:9:1 ratiq respectively,
to represent the proportion of the codon space they each regid€ntVe desig three sets of
forward primersand one reverse primper desired SSM locatiomhich ae synthesized
(Integrated DNA Technologigand then concentrated via butanol precipitatorfilter out
shorter abortive segmentss pelletdefore being resuspendednucleasdree water We then
use a spectrophotomei{@anoDropND-1000UV-Vis, ThermoFisher Scientific) taneasurghe
concentration of each primer solutjafter whichthe three forward primeffer a particular site
arediluted to a concentration of 100 uWhese are then mixed in a 12:9ird L) ratio after
which this mixture is diluted to a final concentratiorbgiM, the same as theverse primerTo
perform the polymerase chain reaction (PCR) amplificad@CR master mibs first made,
containingl pL of pareniDrugSnFRplasmidat 60ng/uL, 10 pL ofbuffer (Phusion 5X HF
Buffer, New Englandiolabs),1 uL of free DNA bases (dNFs; dNTP Solution Mix, NEB)and
33.5 L of nucleaséree waterNext, 46 pL ofthe master mixs split into1.5 mL
microcentrifugetubes (Eppendorf) to which is added 2 pL of forward primer mix. E&qllL4
mix is now split intoPCR tubes (USA Scientifigyith two tubes (24 uL) for every SSM siteFor
this first PCR, the denaturation temperatur@8iC (50 s) the annealing temperatureSg’C (30
s), andthe extersion temperature i82°C (5 min)run over four total cycleg\fter thePCR plate
warms to itdenaturation temperaturthe program is paused to aplolymerase.25 uL per
tube;Phusion HF DNA Polymerase, NEB3 the plate temperaturew exceeds thepecific
primer annealing temperatufesually 5560°Cy t hi s 6 hot ®pravet 6 met hod
nonspecific primer extensiat lower temperaturgg30]. After polymerase is added, the four
cycles with just the forward primer mix are run tadthe final PCR product towards mutant
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sequences over parent sequenilext, the two tubes for each SSM are combined and 2 pL of
reverse primeis added which will allow for completion of th@eferentially amplified mutated
plasmidsPCR is then performed with the same conditionataseexcept that the denaturation
time is 40 s and there are 16 total cychdter the second PCR is completdioe two tubes for
each SSM are recombined amuithon a0.8% agarose g&lith ethidium bromiddEtBr) dye (to
visualize the DNA)n Tris-acetic acieEDTA (TAE) bufferagainsta 1 klobase pair (kp)

ladder The~4.4 kbp fragmentsare then exciseand the DNA purifiedollowing agel extraction
protocol(QlAquick Gel Extraction Kit Qiagen) After measuring the concentration of the
resuspendedlasmid DNA we perform an overnight digasta 37°C incubatousing Dpnl

(NEB) whichdigests methylated DNA (therelsglectively targeting parent sequences as newly
formed DNA is not methylate[¥31]). The next day, th®pnl-digested SSM iglutedvia PCR
clearrup (QIAquick PCR Purification Kit Qiagen)o remove the enzyme and other digestion by
products.The SSMmix then undergoes electroporatimansfornationinto TOP10 cells as
previously described and plated for overnight growth as beftwenext dayfive colonies per
SSM plate are pickeandeachgrown in 5 mL of LBwith 5 pL of ampicillinat 37°C overnight

for ~18 h after which thesultures are spun down, the supernatant is pulled off, and the pellets
miniprepped QlAprep Spin Miniprep Kit, Qiagerefore being sent for sequencing (Laragen)
to confirm that there is not a high proporti@ero or one out of fivedf parentAAs at the SSM
siteamongthe pickedcolonies. Once confirmethe plate is washed with B) mL of LB
(combining all of the indirdual colonies into one suspensipaiter which that solution is
miniprepped as described previously; after reading the concentration via spectrophotdifietry, 3
ng ofthe plasmid miniprep miis nexttransformed into chemically competent BL21(DE3)

coli cells via a 30 s heat shock at 42 °C, incubated in a 37°C water bath fond plated as
previously describetbr overnightgrowthin a 37°C incubatoiThe next daygolonies are picked
from the platewith oneplaced intoeachwell of a 96 well deepvell plate with800 pL of ZYP-
5052 media (to improve yield via unblockitegZ [732]); the plate ighen covered in cheese
cloth and placed inreincubatorshakerset to 30°C an@d50 rpmfor 24 h.The next day, aeplica
plate is made by pipettirig0-80 UL of each culture into the corresponding well &Gawell

assay platevhich iscovered angblaced ina-80°Cfreezerto be thawed when a promising
candidate mutation has been identifidee original SSM plate is spun dowa described

previously the supernatant is pulled off, and the peletstored in a80°C freezer When
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ready theoriginal SSM plate is thawed at RT and the pellets resuspen@@@000uL of 1x
PBS, pH 7.0. The plais thensubjected to one round of the previously described liquid nitrogen
freeze thaw, after whici is spun dowras describedbove Next,200 pL of supernatant is
withdrawn from each well, with 100 pL dispsa to test DOJinduced fluorescenae the
corresponding well abne 96well assay platand100uL dispensedo test cholineanduced
fluorescencdcholine is a natural ligand fahis PBP seeChapter2.1) in the corresponding well
of another96-well assay plateTwo stock solutionsf both the DOI and cholingremadein 3x
PBS, pH 7.0 with appropriate pH adjustments; solutionsnaigee such thavhen D pL of DOI

or choline solutiorare pipetted into each well with 100 uL of lysate, the final concentrafion
eachwill be equaltothe oncent r at i o nof hwas agheved hgaimrst thp pareht
plasmid for both compound$he DOI solution is loaded into tljector of the awdmated 96
well plate readerlO pL of DOI is then addeautomaticallyto each well, the plate is shaken, and
fluorescence measurements are taken as described previousiyjetta is then rinsed and the
process repeated for the choline solutoided taa second lysate platéfter the data is
exportedthe ratioof the DOI-induced fluorescence to tleolineinduced fluorescenaaf each
corresponding welk calculatedAfter assessing th&tios thebest mutantéqF/Fo > 1.3, or a
30% increasever cholind533]) are then selected for further analysige first step of which is
sequencing taonfirm that the candidates are mgntical to theparent plasmidEach non

parent mutant is thenoculated from the corresponding replica plate weth 1.5 pL pipetted
into 10 mL LB with 10 pL ampicillin and grown ia37°C incubator shakéor ~18 has
previously describedlhe next day, the cultures are minipreg@and the resuspended DNA is
guantified via spectrophotometiy check if the concentrations are high eno(¥k15 ngfiL)
before beingent out for sequencing. Onite absence of the parent sequenegan
confirmed,100 ng of mutant DNA isransformed into BL21(DE3}. coli cellsandplatedfor
overnight growthn a 37°C incubataais beforeThe next daythe mutants ar@elleted and lysed
asdescribed abovehenassessed with full concentratioesponse curves against the ad
cholineplates as previously describedfter the besperforming mutant (highest8ope) has
been identifiedthis mutant is carried forward into the next round of SSM; additional rounds
following the protocols specified hereaine performed untithe ECso in lysateis within the

pharmacologically relevant concentratiamge t k&Fo \@alEeis typically 2-8, with higher
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values preferred due to the decrease in maximal fluorescence when the sensor is transfected

transduced intaells/neuronal cultures (see Chapter 2.2.5

2.2.3. PurifyingiDrugSnFRProtein

After we havesettled on aew iDrugSnFR sequenc&e next generate purified protein for use in
further characterization protocdi&20]. Compared tdysate, purified proteicontains fewer
contaminants and more faithfully reports the performance cf@hsoiin response to the DOI.
First, thenewiDrugSnFR plasmid isransformed into BL21(DE3) cells, incubated, and plated
overnightas previously describet@he next day, we colony is pickedor growth in 100 mL of

LB along with ampicillin, MgS®@(for stabilization ofDNA [733]), ZYP-5052medig andextra
salts theflask is loosely covered to allow for aeration and placed in @ B@ubatorshaker

(250 rpm)for 24-30 h.Once ready, the contents shoafzbealgreenishyellow; the mixture is

then transferred to two 50 mL tubtesbespun down in a centrifuges previously describedhe
supernatant is pulled ofind the pellets gently rinsed several times using 1x PBS 0 before

beingplaced in a80%C freezerovernight(or for longterm storage).

When beginning the purification procettse frozen pellets are thawed on &el
resuspended in 5 mL of 1x PBS, pH.7Thecells are then sonicatétl3% amplitude, 0.7 s time
on, 0.2 s timeoff, 30 stotal) 3-6 timeswith 3 minin betweeron ice to increase lysis efficiency
[720]. After another round of centrifugatipthe supernatant is pulled off and pas$edugha
0 . 2 filterniSyringe Filter VWR) to remove additional debrand unlysed bactertzefore
beinginjectedonto a prevashed NiINTA columnin a fast protein liquid chromatography
(FPLC)system(AKTA Start, Cytivd. The SnFR protein is eluted into glass vials using an
imidazolegradient (26200 mMin 1x PBS, pH 7.4 solutigrj720]; the bacterial expression
vector contains a His6 taghich interacts with the Ki ionson the columratlower
concentrations of imidazole and is washed off at highacentration§734]. To make sure the
purity of the protein fractions is high 85%) and that the molecular weight of the protein eluted
is correctwe dilute 7.5 eL samples of representative fractions from across thegye@érated
(usually 11 total) n 7 . Blycerdtbasedouffer (4x LaemmliSampleBuffer, Bio-Rad)
mixed withb-mercaptoethandBME) [720]. After denatunmg the proteins at 95°C for 5 min, we

injecteachinto separate lanes of a gelTris-glycine bufferalongside a ladder (1850 kD,
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Precision Plus Protein Dual Color Standards;Baul) the glycerol buffer helps weigh down the
proteins to decrease loskprotein duringelectrophoresis. After30 min at 200 V, we remove
the gel and placi inside of achamber filled with dye (Coomassie brilliant blue, #tad) on a
shaker table overnight for staining. After rinsing theigeleionized wateseveral times the next
morning,we examine the purity of the fractioffsig. 2.3; once purity is confirmed, altactions
(excluding the first fractionyith significantproteincontentare combine@nd concentrated via
centrifugation(8 minutes at 2000 rpreind4°Q) in afilter unit (Amicon Ultra15, 30 kD cutoff
Millipore). Once concentrated approximately 500 ulthe protein is buffer exchanged into 3x
PBS, pH 7.Mefore being readn a spectrophotometer to determine itsofwhich measures

UV absorbancef AAs with aromatic side chaipsThe final concentratiofC, in M) is

determined yvia Beerds Law
0O O0-,0

whereA is the Agq, Uis the molar attenuation coefficient (specific to each protainnits of M
femt), andl is the path length (equal tocin). The final step involves testing the purified protein

e . e s Figure 2.3 Picture of fractiongwith the lanes
labeledat the topdenoting the fraction number
from iDrugSnFR protein purified via FPLQhe
ladder (eft) is used to measure teize of the
proteins (in this casepproximately 6XD). The
presence of extra banisa fraction olessresolved
bands disqualifieg from inclusion in the pool of
proteinlater used foin vitro concentratiorresponse
experiments(Image and annotatns courtesy of
Aaron L. Nichols.)

against theforementioned DOI platdhe

- first threerows ofa 96 well assaplate are
filled with 50uL of 200 nM purified proteimising theautomatic pipette systewhichis then
used tacreate a mixture between sensor and ligamah the DOlplateas previously described.
The plate is then placed in the automatic plate reau#the DOI-induced fluorescence response
measureas previously describe@€oncentrationmesponse curves are generatetiefsre All
concentratiorresponse experiments using purififdughFR proteinareperformed in triplicate

and he standard deviatidn calculated for eachoncentration
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2.2.4. Characterizing iDrugSnFR Protein

Isothermal titration calorimetry (ITC) ismaethodof characterimg areceptofligand binding
interactionby evaluatingts thermodynamigropertied735]. The technique involves
automaticallyinjecting small volumes (~100 uibtal, in increments of-2 uL) of ligand into a
sample cell containing the receptmxt to a reference cell in water, with both cells contained
insidean adiabatic jackeb precisely control heat evolutioBhanges to enthalpy) are
measuredvhich determine if the interaction is exothermic (negative) or endothermic (positive).
Theinjection peaks (in units afcal/mol) are integrated to generatplot ofmolar ratio
(betweemmoles of receptor and moles of ligand) verguidwhich can then be fittetb the Hill -
Langmuirequation(similar to the Hill equation described in Chapter 2.2.1 but concerned only
with binding[736]) to generateKq (dissociation constant) and n (occupancy numbetesfor

the reactiorwhich can then be compared to those generfited the aforementioned
concentratiorresponse experimentse accept at most a 50% difference betwe€eandECso
[684]. To perform ITC experimentsye preparéwo solutions, both in 3x PBS, pH 7.0:
iDrugSnFR at a concentratia@t leastLO times theurified protein EGg; and DOI at a
concentration 10 times above the SnFR concentrf@i®4]. Thesesolutionsare then carefully
injected into the injection syringe and sample cell, respectioéel TC system(Affinity ITC,
TA). The volume of each injection is held constant arthasen based on estimatiprotocols
within the proprietarysoftware(NanoAnalyzeTA). The experiment is run at RT and both the
syringe as well as the cell are carefully rinsed in 3x ,RiB7.0 before and after the experiment
is performedAll solutions are degasseahdinspectedo prevenbubblesforming inthecell

which can disrupt measuremerExperiments arperformed in triplicate and the standard error
of the mean (SEMis calculatedor each thermodynamic parametseeFig. 3.2andFig. 4.9.

Stoppedflow spectrometrcan determineeaction kinetic®f a ligandfluorescent
receptor pai[737]. The reaction ordeanformsour understanding of how the underlying binding
mechanism affecthe speef fluorescence dynamigs vitro andin vivo. Amongthe
iDrugSnFRs developed, both firstder (the rate of fluorescence change increases proportional
to theconcentration) and pseudiost-order reactions have been obseradditionally, multiple
phases (represented by double exponential fits) have likewisebserved, suggesting that at
least soméDrugSnFRs have an intermediate state or staj@esentingdditional
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conformations required for ligardduced fluoresaece[683,684] Stoppedflow involvesthe

rapid mixing of two solutiongone with a FP)n achamber which can be reaih fluorescence
spectroscopyvithin millisecondsgeach solution is injected via syringe pumps equipped with
baffles to ensure turbulent flow and therdagtermixing. The injection occurs over a certain

time course preset by the experimenteriséhe rate at which fluorescence is measuisdth
apparatis has a dead time, the delay before the solutions are mixed but after the syringes have
been plungedwhich must be accounted for in subsequent analyses. In our experiments, we use
an apparatugApplied Photophysics SX2&urrey UK) equipped with duorimeter(490 nm

LED excitation and 510 nm lorggss filte) designed for measuring the fluorescence response of
GFPs Concentrations ranging frothe M to 2 mM of DOlare mixed wih 200eM of

iDrugSnFR(all in 3x PBS, pH 7.pat RTwith results averaged across fivealsin 1 s
experimentsand collected only onde 100 s experiment3 o account for instrument dead time

as well as any mixing abnormalities, the first 3 ms of data are disd&&dKinetics traces are
fitted to single and double exponentifdsised on goodness of fit) analysis software
(KaleidaGraphSynergy Software; an@rigin 201§ to determingime constants and maximal
fluorescenceThe observed apparent rate constasgs(kor the 1 s data is generated by inverting
the time constants for each concentratitve values arplotted against concemtion andhen

fitted by a Michagk-Menten curve to generatémax (the reaction rate when all binding has
stoppedrandKg (the dissociation constantqluesfor the ligandreceptor interactiofseeFig.

3.2 andFig. 4.6).

2.2.5. Targeting iDrugSnFR& Mammalian Cells and Primary Culture

The ultimate goal of developing the iDrugSnFRs is to use themibetitio andin vivoto
investigatethe pharmacokinetics of pharmaceutical compounds as they transit into subcellular
compartmerd. Thus, the sensonsustbe cloned into an expression vector which lcamused to
transfectmammalian cell culturevhile also separatelyackaged into virusdsr transduton

into primary rodent neuronal cultures as weliragivotissue Currently, only one set of
iDrugSnFRs theiOpioidSNFRE have been successfully transduced Iiv® mouse neurons
(data not yet publisheggo the following sectionwill describeonly transduction ofnouse
primaryHC culture(PHC).
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For expression in mammalian cells, the iDrugSmé€dmbinant plasmidsrecloned into
pCMV(MinDis), a variant of pDisplay (Thernmisher Scientific]533,682] This plasmid is
suited for expression on the PM, as it contai@sterminalMyc tag ¢o help detection of
recombinant proteing38]), an N-terminalimmunoglobulin kappa light chain (Igg@ader
sequencéto target theSnFR to the secretory pathwigB9]), and a Ctermiral plateletderived
growth factor receptoPDGHR) tag (to help anchor the SnFR to the PM facing outésa]);
ahemaglutinin (HA) tag is removegdasit interferes with the overalldorescence response
[682]). To target the ER, the Myc tag is removed and the-1dr@inus AAs are replaced with
an ER retention motQTAEKDEL) [533]. To synthesize both the PMind ERtargeted
versions we employ circular polymerase extension clgnimhich relies on erigeering
overlapping regions at the termini of both an insert sequence and a vector speaemcses
the other as a template for extension during P&k leftover nicks repaired during bacterial
transformatior740]. First,we use PCR t@xtend thenew recombinant plasmgknsoi(the
insert)to include oveapping regions with a vector sequendach will be harvested from the
backbone of an alreadynctionalmammaliarplasmid (the backbonédrgeted to either the ER
or the PM.This requiresa master mix for four total PCRs (insert for ER, insert for PM, vector
for ER, vector for PMromposedf3 5. 5 e L dfr ereu awlad @235 ¢ ah@ dL cdf ol
dNTPswhichist hen s p | i faliquots Neat, sgeéficosimegslareaddedl €L each of
forward and reverséd everyreaction tceither engineer overlapping regions (the two inserts
have separate forward primers and the same reverse panteremove an oldDrugSnFR
sequence tamplify the mammaliarvector (the two backbonésmve the same forward primer
and separate reverse primessth identical overlapping region$heinsert pasmid( 1 is L)
then added to the twaliquots withprimers for extending the insert; the ER vector plasmid (1
elL) i s adiguetdith primers tb learvest the ER backbone and the PM vector plasmid
(1 L) is added t o hankes theaPMibackbonEhetatal\tolomemeachme rr st
aliquotis thensplit between two PCR tubésr each of the four aforementioned reactibefore
pol ymerase is added dur i nganadrundfdr20tcyclestusingP@R as d
conditions @scribed previouslyOnce thaunis completedithe fourPCRs are added the wells
of an agarose gel as described previously, after which the grapds(inserts: ~1.8 kbp
backbones: ~3.5 kb@re cut outthe DNAIs elutedvia gel exraction and the fouPCRs are
digestedbvernightwith Dpnl as describedefore The next day, we performRCR clearup as
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described previouslgnd quantify the concentrations using a spectrophotometer as described
previously before preparing for the CPEC reat{ive expect 2660 ngtéL). We thus prepare

two PCR mixtures: 10 eL insert (either ER or
to the insert), 1 @ahbddHl38P Sreeswhtdr.nToeovixiiesate asplit

into PCRtubesandpalyer ase i s a d dcganthe RCR is éuh wsing settingsr t 6
described previouslhfOnce the PCR is completed, we perform ano@R clearupto elute

each of the two completed plasmids (iDrugSnFR_ER and iDrugSnFRwRigt) are then
transformed into TOP10 via electroporation as described previandgdded to ampicillin

plates which arencubated overnight at 3796r 18 h. The next day, we pick five colonies per
platetogrowin5mLLBand 5 dlln ovemmghtinan incubator shaker at 37&@d 250

rpmfor 24 h. The following day, we centrifuge the 10 total cultlref®reminipreping each of
themfor sequence analysi®nce the sequences have been confirmed, the plasmids are ready for

use in mammalian cells.

We can synthesiza series of additional mammalian vector plasmids targeted to various
subcellular compartmenbsy using specific primers to add and delete the sequences listed below;
all PCRconditionsareas described previouslixcept for the cytosehargeted constructs (which
we also designed for two iISSRISnFR%!3]), only the IRAADSNnFRs have been modified to
target these other subcellular compartmehtsmakeiRAADSnFRstargetingthe cytosoland
thenucleus weremovethe ER retention motif from th&R-targeted plasmid as welk theN-
and Gterminal tagssia PCR For cytosolic expression, we use PCR to add a nuclear exclusion
signal (NES DIDELALKFAGLDL ) at the Nterminug[741] after the start codoiT.o localize
the RAADSNFR to the nucleus, we UBER to add nuclear localization signé\LS)

(PKKKRKY) [742] appended to th€-terminus Next, we mé&e additimal changes and appl
other techniques tiocalizeiRAADSnFRsto the peroxisome and mitochondrigor targeting the
peroxisome, weise PCR tansert a peroxisome localization sequence (SKUB] atthe G
terminws of thecytosottargetedconstructFor targeting the mitochondria, we aithé@ GOX-VIII
tagto thecytosottargetedolasmid right after the NES;@X-VIII is a duplicated mitochondrial
localization sequence derived from the VIl subymécursor of human cytochrome c oxidase
[744] (which we ordered as a synthetic gene; IDHipally, to target the remaining
compartments of interest, we Uséson assemblZ45], an approach which leveragbe
presence obvelappingendsshared by at least two (but sometirseseral DNA fragments to
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perform an exonucleaseediated singlstep ligation An exonuclease, a polymerase, and a
ligase are added treaction mixture containi@02-0.5 pmol of total fragmensnd 10 &L of
master mix (NEB)in a single 30 min step 80°C;t he exonucl ease removes
end thefragments anneal along their overlapping regions, the polymerase fills in remaining
gaps,and the ligase joins the segments togefhemakethe common starting sequence for the
remaining plasmidsye firstdigesta cytosottargeted RAADSnFR construct using the
restriction enzymes EcoRI and Bgtivernightin a37°Cincubator We then run the double
digest product on a gel and purify using gel extraci®escribed previousliFor targeting the
Golgi apparatuswe purchased theynthdic fragment [IgK}[B4GALT1]-[KDPPVAT]

(B4GALT1: b-1,4-galactosyltransferaseg With overhanging endd'wist Bioscience)the IgK
leader sequendargets the secretory pathway mentioned previously and BAGALTas an N
terminal sequence which localizes the protein to the Godd]; the last sequence is a linker
After PCR amplification of the synthetic fragment, we use Gibson assémiate the

syntheic gene with the doubldigested backbone as described previowslich comprises the
final Golgi-targeted construct. The same stratesggmployed to assembtbe construcs targeted
to theautophagosomevith the only difference being the middle targgtsequence
(microtubuleassocited protein light chain 3; LC8747]). For Factinlocalization welikewise
purchase a synthetiagment containing [NEgLife act], the second sequence beirgnaall
peptidetag for actin748]; thisis PCR amplifiedfor Gibson assembly with the same backbone
as described abovEortargeting focal adhesions and the nucleoluspurehasenRuby-Zyxin-

6 (AddGene #55887) anchPlum-Fibrillarin-7 (AddGene#55969 to PCR amplify with correct
overhanging sequences each of the targeting sequences from them without thibeafedd-P
performing Gibson assembly with the same backbone as descrivezliphe (An example

plasmid map is shown ifig. 2.4)

We use three different mammalian cell lines for iowritro experiments: HelLa cells,
Neurda cells, and S¥BY5Y cells. HeLds an immortalized cell line derived from cervical
cancer cells taken from human patierjfZ49] which means thathe manner in which transgenes
are expressed in this line has obviapglicatiors to human medicine; the main disadvantage is
that HelLa cells are not neurofi$hey have a doubling time 88-35 h[750] andare ths
advantageous fgrerforming experiments on a shortiene scaleHelL a cellshave a flat
polygonal structuréaverage diameter~16¢ nf751]), forming a monolayeat the bottom of
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the dishNeuro2as an immortalized cell line derived from mouse neuroblas{@®2]

possessing neuronal featuyresich is advantageous for neuroscience researdhnliagn

disadvantages that they are not human derivélthey have a doubling time approximatelyl0

h [753] andgrow as a monolayer of round loosely attached ¢ebsv e r age di amet er =
[754]). SH-SY5Y is an immortalized cell line derived from human neuroblastoma[Zéltg

which has the advantage of being blotimanderived as well as braiterived These cellhave

a doubling time oR7-67 h[756,757]andgr ow s mal |l er as confl uence i
17 em d[T5&met er

Peroxisome. iR-KetSnFR
6622 bp

Linker

Peroxisome-Targeted Sensor for Arketamine

CRGFP
Linker, cpGFP hCMV Promoter/Enhancer

NES, X5130puBC

Figure 2.4. Example map of Peroxisome-lketSnFR showing the general construction of the mammalian

targeted plasmids. The hCMV promoter/enhanpat] is carried over from the pCMV(MinDis) backbone. Tt

entire iDrugSnFR sequence (Peroxisenaegeted Sensor for Arketamingllow) comprises the Nerminal

NES (yan), the first part of the PBP (X5130puB@ray), Linkerl (orange, thecpGFP ¢reen segmes},

Linker2 (orangg, the second part of the PBP (X5130pulB€ay), and the peroxisome targeting sequence

(SKL; brown. (Map courtesy of Kallol Bera.)

To begin a cell cultureg vialof cells (ATCC)is thawed and passajthree times using

suggested préices(ATCC). Weuseeagl ed6s mi ni mal essenti al me d i
Fisher Scientific\HeLaand SHSY5Y) or Dul beccods modi fied Eagl ¢
(Neuro2a)supplemented with 10% fetal bovine serum (FBS) (Thdfmber Scientificand 1%
penicillin-streptomycinThermo Fisher Scientifi@s mediaTrypsin(ATCC) is useduo lift the
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cells during passagingvhich is performed every-3 days; afte©20 passaggd 58], thecells
are bleached and a new linangiated Cells are stored in an incubator set &C3With 5% CQ
in 35 mm dishes with a 14 mm coverslip (MatTéir transfection of mammalian cells, we use
Lipofectamine 300Q@Invitrogen) a mixture of lipidforming aliposome around plasmigthe
cationic charges of thepheres contact the negatively charged PMkvhilows fortransfer of
plasmid inside the ce]¥59]. To prepare for imaging experimengither ~100,00QHeLa) or
~50,000 (Neuro2a and S8IY5Y) cells are plated on 35 mm dishes and incubated foir2¢hle
aforementioned condition$he cells are then transfectetth a mixture 0f0.251 eL of plasmid
at 500 nggL, twice that volumeof P3000 yhich aids the transfer of plasmid across the PM;
Invitrogen andthree times tat volumeof Lipofectamine 30000pti-MEM media(Thermo
FisherScientific) is addedio bring the totamixturevolume to~0.5 mL.This is then added tihe
dishesalong with1.5 mL of OpttMEM. Transfection occurs within 24 hfter which the dishes

are either used for imaging or swapped into EMEM for an additional 24 h of growth.

Creating recombinant virusesasstandaranethod for introducing transgenes imtovivo
tissuefor focusedprotein expressio[yY60]. One of the mostommonviral vectors is adero
associated virus (AAV), whichas a number afdvantages over other common straissd for
transductior(e.g. lentivirus adenovirus)includinga lack of pathogenicity to humans (AAV can
only infect tissuavhen aided by another viryghe ability to target a variety of tissue types
minimal immunogeasis androbust and persistent expressj@f0]. The main drawbacis the
sizeof theDNA fragment that can be packaged, asAB& genome is 4.7 kbp761] and the
maximaltransgene size is 5 kijp60]. For our purposes, we want to creddeugSnFR viruses
which arecapable ofransdutng rodentcell cultures and arecompatible with expressian the
rodent brainn vivo. Assessing pharmacokinetic properties of DOIs in mammalian cell culture
versus in primary neuronal cultures can demonstrate key differgst@jswhich suggests that
important dynamicsf iDrugSnFR activitycan be missed experiments are performed in only
one type otell. Thus far, we havproducedAAVs for ER, PM, and cytosehrgeted
iDrugSnFRg543,684] We begn by synthesizing a AAV-compatible plasmid which we
partially harvestfrom a previouwiral vector(pAAV.hSyn.iGIuSnR.WPRE.SV40, AddGene
#98929)usedpreviouslyto transduce iGIuUSnFR in mouse brfg82]. The human synapsin
(hSyn) promoteis generic for mammeln neurons and allows for broad expression across

various subtypel’62] while woodchuck hepatitis virus posttranscriptional regulatory element
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(WPRE)i n t he 306 u nhelpsexprassicm tf eedombirery virosrprotebys

increasing MRNA levelf763] andSimian virus 40 $V40) is apolyadenylation signalhich

helps terminate trangption and stabilize mRNA764]. We firstperform a double dige$br two
hours at 37°Qvith the restriction enzymes EcoRI (NEB) and Hindlll (NEB) to remove the
iIGIluSnFR sequence as well as the IgK leader sequence aBdB&FRsequencafter which

we purify the digestising bothPCR clearup and gel extraction as dathed previoust; the

band cut out from the gel (backbgme~4.5 kbplong. Next, wedigest the backbone with
Antarctic phosphatase (NEB) an enzyme which dephosphoryl at e:
prevent seHigation, for 2 hat 37°C thebackbone is then heated to 80°C for two minutes to
inactivate the enzyméeforethe concentrations quantified on a spectrophotometéhe ER

inserts are prepared liyst performing PCRn theER-targetednammalian vectoplasmid
version of theDrugSnFR(e.g.pCMV(MinDis)-iDianiSnFR_ER AddGene #777/50) to amplify
the entiresequence using melting temperature of 82 over 15 cycles with other settings as
described previously. Next, tRCR product isun on a gel andxtractedas describetiefore

with the ~1.8 kbfER insertfragments excised for elution. The ER insarts therdouble
digestedwith EcoRI and Hindll overnight at 37°Go make compatible ends for ligation to the
backbonebefore being purified usingCR clearup as described previoustigle next morning.

The PM inserts are preparb first performing a double digeswernight at 37°@nthe PM-
targeted mammalian vectplasmid version of the SnFR.g.pCMV(MinDis)-iCytSnFR PM;
AddGene #17743) with EcoRI and Not(NEB) to remove théDrugSnFR_PM sequencé&he

next day, the PM insert murified viaPCR clearup followed by gel extraction as described
previously; the-1.8 kbp bands are excised for elution and quantified with spectrophotometry.
Next, the PM inserts are PCR amplified using a melting temperature of 60°C over 16 cycles with
other settings as described previously.increase the yield of PM insert DNg precipitate
themovernight in 95% ethandleforespinning down the DNApellets and using a vacuum rotor
to drythem the pellets are rsuspended in elution buffer (Qiagen) and quantified via
spectrophotometryWe then rurthe inserton a géand extract the ~1.8 kbp band to elute the
PM insert as described previouskhisPM insert is then digested overnight at 37°C with EcoRI
and Hindlll poth added during the PCRIth the ends noweady forligation to the backbone.
The next morning, we perform PQiRanrrup on the digested PM insert and quantify with

spectrophotometry as described previoushe fragmentsargeting cytoplasmcfto inserts) are
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prepared by performing an EcoRI and Hindlll double digest as described previously except the

starting plasmid ishe cytoplasrrtargeted mammalian vector plasmid version of the SnFR

(including the NESgand the backbone was prepafienm analreadycompletedAAV plasmid
(e.g.pAAV 9-hSyniEscSnFR_ERAddGene #182818) via thiecoRI and Hindllldouble digest

17 32 S

2l (_mu

Figure 2.5 Gel with EtBr gradient
run in TAE showing four different
miniprepped ligation products
(numberedL-4) with both un
digested left lane3 and Smal
digested iight laneg helping to
demonstrate that each has been
correctly constructed (the twe2
kbp bandg in the digest lanes

confirm the proper ligation).

describedabove Ligation is performedising T4 DNA ligase
(NEB) which canquickly ligate both blunt and sticky eaaf
DNA fragmentsacross many conditioff$65]. For ligations
we found that a molar excess>050:1 (insert:backbone)
gave best result$Ve added the required volumesrdert

and backbone into a mixture with T4 ligase and
correspondindpuffer (NEB), letting the reaction proceed for
20 mn at RTbefore transformingheligation product
(PAAV_hSyn) intochemically competent NEB Stalite coli
viaa 30 s heatshock at 42%etheradd 900 €L of
Stable media (NEB{p the transformatiowhich is then
incubated in a@C shakerfor 1 h and platedor overnight
growthin a 3°C incubatoffor at least 24 hThe next daywe

pick five coloniesvhich are grown in 5 mL ahe nutrient

rich 2x yeasttryptone (2xYT) medigwhich aidswith production of the more delicate ligation

product[766]and 5 €L
described previouslyartli gest 1 eL of DNA from each mini

Smal (NEB)at RT fortwohourb ef or e running on a ggationtheesi de

onfa 308Crghaker forl24 h. We then miniprep the cultures as

presence afwo smaller bandbetween 23 kbp in the digest lane confirms theper plasmid

assembl\j767] (Fig. 2.95; the ligation products which pass this check are then sequenced and

minipreps which shareommon correcsequences are combined.

To produce viruses for transduction, we followed two different protot®€R- and
PM-targetedAAV plasmids (pAAV-ER and pAAV(PM) were produced usirthe AAVpro
Purification Kit (Takara Bio) while the cytoplastargeted AAV plasmids (pAAWYyto) were

produced using the protocdéveloped in the Gradinaru labCaltechto generate viral vectors

for in vivotransductiorf768]. We used the former protocol to make pA/AR and-PM because

the processs less timeconsumingeven though the final product is less pure and less

N E

pr
1
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concentrated; this was not an issue because we did not plan to use these to transduce rodent
neuronsn vivo. However, we did plan to use the pAAYto constructs for that purpose, so we
followedthe later protocol because of the increased purity and higher concentration of the final
product.Both protocols rely on the production of AAV and helper virusrtammaliarcells

which help package an added recombinant plasmid into the AAV capsid, after whigrughis
purified, quantified,and stored ai80°C for longterm useWe chose to use AAV@ gift from

the Gradinaru labds our viral vector owing to itsell-studiedefficacyin rodent neuronal tissue
[769]; AAV -PHP, a newerseries of capsids capable of more efficiently crossing the BB8),
presated no distinct advantages because we wistatsduce neurons with iDrugSnFR via
direct infection (eithem vitro or in vivo). The cell line chosen fariral replication ishuman
embryonic kidney cell 293-antigen HEK293T|[768]) becaus¢hese cells possess both
adenoviral genes which aid in viral prodoctias well ashe SV40 Fantigen whichinteracts

with the SV40 sequence of the recombinant plasmidd®ase replicatiof¥70,771] We

followed the instructions fgpreparation of HEK293T cell preparation and seeding as described
in the Caltech protoc¢¥68], af ter which we used the protocol
determine the mixture of AAV9 capsid DNA, pAAER/-PM/-cyto, and pHelper plasmihAV
HelperFree System, AgilenpHelperencodeseveral adenoviral genes necessary for AAV
infection[768]). Transfection anthandling of media changese performed as described in

Steps 24 of the Caltech protoc¢¥68]. While transfection and production proceed in the same
mannerlin bothprotocok, eaclrelies on different methods céleasing and then purifyirthe
recombinant viruses. In tlAVpro protocol, virus is released from cells in a seriesteps:

citric acidbuffer (pH = 5)is used to lyse HEK293T cell membrarjég2], the supernatant is
treated withTris-HCI to stabilize the pHunincorporated RNA and DNA is degraded wat
endonuclease (Cryonase Ga@dtive Nuclease, Takara Bisgpdium deoxycholatg 73] and
another volume of citric acid aegldedsequentiallyto furtheraid cell lysisto increasevirus

yield, and the precipitate is filteragsing dfilter unit (Amicon Ultra15, 100 kD cutoff,

Millipore) several timesThe final virus product is then stored4&C until quantifiedIn the

Caltech protocolyirus is released from cells in a different series of stepsasalte nuclease
(HL-SAN, ArcticZymes)with extra saltss added tdhe spurdown HEK293T pellet tdyse the
cells[768] andthe supernatant is treated wgblyethylene glycol (PEGSigmaAldrich) to
precipitate virug773] so as to increase final yiebfore treament with HL-SAN; these
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productsare then combineand carefully pipetted on top of an iodixadeinsitygradient
(OptiPREP, Cosmo Biaoyhichis spun in an ultracentrifuge (thweert and nontoxic iodixanol
helps separate lysis fproducts from th@ure virug; the pure virusorms aclearlayerabove the
60% iodixanolstratumand below the separated cell protein debris whicaisfully extracted
using a syringe; the virus is then purifieddRBS (Thermd-isher Scientificyia filtration
throughafilter unit (Amicon Ultra15, 100 kD cutoff)and stored at®€ until quantified. Viruses
made usinghe AAVpro protocol have a shorter shelf lifg/pically 3-6 months}than viruses
made using the Caltech protocol (up to one year for viruses stoi&@P@) due to thaigher
purity of the latter preparation. All viruses were quantifedording tdSteps32-42 of the
Caltech protocd]768] usingquantitative PCR (qQPCRTOWER?, Analytic Jenayunning a
program developed in the Gradinaru.l&his method ofjPCRrelies on the addition & dye
(SYBR Green, Thermbisher Scientific) which binds to doukd¢randed DNAas it is amplified
[774]. The recombinant plasmid limrvested from a small volume of virusfingt digesting
unincorporated DNA using DNasB@che Diagnostigsand then digesting the viral capsising
Proteinase KRoche Diagnostigsa master mix containindye (SYBR Greenand primers
(targeting a conserved sequence of the open reading frame such as the WPRE&Sjese¢hen
added to the released viral plasm&veell asto a series of dilutions of a DNA standdadown to
contain the targt sequencéifter quantification, viruses were distributed intd® ¢ L al i quot
for long-term storage aB0°G when the titewas higher thad x 10 viral genomes per mL
(vg/mL), thevirus was diluted and fiteredto preventunwantedaggregation during storage
[768]. We transduce®HC neurons harvested fromouse pupsemoved in utero from a
pregnant femalgs33]. To prepare PHC dishes for transductidre temale is euthanized at
embryonic day 16after which the uterine sac is removed and the pups insiépitktedThe
brainis carefully removed and sliced down the midlia#er which the striatum imoved aside
to reveal the HC which is removed; HC from several pups can be conjb#igdThese HC are
then digested in papaiittijermoFisher Scientific) for 15 mito dissociate neurojg76] after
which DNase is added tdegradeextracellular DNA and enzymeghe cells are then added to
Hankd6s balanced salt sol uti on céntdiBiigy5% eq@neBCO, T
serum andtrituratedvia glasspipetteafter which theneurons are spun dowm solution
containing 4% bovine serum albuns83]; the sera are added to provide additional nutrients

andother factors which support cell growif77]. The pellet is resuspendedglating media
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(NeurobasalThermoFisher Scientifichefore being platedt a density of 70,000 neuroosto
35 mm dishes coated wigoly-D-lysine, polyL-ornithine, and laminifi533] to improve
neuronal adherencafter one hour, 3 mL of plating media is addEaree days latehalf of the
media is changefb33] andthe dishes are infecteudth the desiregpAAV (from an aliquot
thawed at 4°C the night befora)a multiplicity of infection (MOI, the ratio betweenieinsand
neuronspetweerD.05-1 x 1®; the neurons are imagee32veeks latef543].

2.2.6. Imaging Live CellsExpressing iDrugSnFR

To imageboth transfected mammalian cell cultures as well as transduced Rid@sehile
performing concentratieresponse experimenise use the same apparatus and conditions as
describedor our experiments witiNicSnFR[533]. Dishesareplacedin a perfusion ringDH-
40i, Harvard Apparatusyupported by atageadapter $A-TS100,Warnerinstrumentyunder an
inverted widefield epifluorescence microscopé-81, Olympug equipped withan oil

immersion objective (40, NA = 1.0). Images are capturedth abackilluminated EMCCD
cameraion DU-897,Andor) throughproprietarysoftware(Andor 1Q2, Andor)at 34 frames
per secondWe installed two lightemitting diodes (LEDs$70 nm and @0 nm (Z1-10DBO0O0,
LED Engin), using currents from 4800 nA anda 40 nm bandpass filter centered at 480 nm
(ET 470/40X,Chroma TechnologySolutionsareflowed via gravityinto thedish using elevated
reservoirscontrolled by solenoid valvg&utomate Scientificyvhich enter a common manifold
at rates of % mL/min. All drug solutiongremade in HBSS buffer toitigate against pH
change which casubstantially increaghe Fo of iDrugSnFR4533] and thereby artificially
constrainDOI-induced fuorescence changes; we Uslontubing (Versilon,McMasterCarr)
with a fluorinated ethylene propylene linifgy the same purpos8olution inflow and outflow is
through stainless steel tubes 4 mm apart with a vacuum aspatoected t@ trap pulling

solution across the monolayer to create laminar flow.

Imaging data is analyzed offlinssingthe ImageJorime Series Analyzéplug-in. The
brightest cell® those whicloftensaturag pixelseven at baselin@ are excluded as the
fluorescence response exceeds the dynamic i@rtge detectionRegions of interest (ROISs) are
selecteased orwhich construct has been imaged; idrugSnFRs targeted to intracellular

compartments (e.g. ER, peroxisome), the BQIrawn around the entire fluorescent region,
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whereas for iDrugSnFRs targeted to membranes (e.g. Rigjy, ROlsaredrawn only around
the perimeter of the celi=/F, time-series traceareproducedoy first subtracting the
backgroundextracellulay beforetaking the difference between theginning 3 s of the time
series datand all ensuing frame®e thenuseanalysis software(rigin 201§ to plot the traces,
correctng for any baseline drift using a splite®lbox Traces for a minimum of five cells
(across at least two fields of viewWOV9 are averaged and shown with standard error of the

mean (SEM) asesnitransparent shrouds around them.

Visualizing thedetails of iDrugSnFR expression in subcellular compartments or on the PM
requires a degree of resolution not available under tKeotfectivedescribed above. Thus, we
alsoimagecompartmentargetedsensorsinder amotorizedspinning disk laser scanning
confocal inverted microscof&clipse T+E, Nikon)with a 100X oil immersion objective
(numerical apertureNA = 1.49 working distanceWD = 120 um) using@ 488 nm laser at 15%
power[543,684] The micralensing of the spinning disk as well as the IMCCD camera allows
for low light imaging, mitigating photobleaching and extending the duration of viable data
collection.Imagingoccurswithin acustomincubator(Okolab)held at 37 C and5% CQ. Initial
imagesarecaptured with the cells in HBSS only;italuce fluorescengeve double the bath
volume by addindpOl dissolved in HBSS using a haheld pipette at a concentration
approximately equal to the purified protein&{684]. We also perforntolocalization
experimentgo validatethatthe expression of the compartmeatgeted DrugSnFRis in the
desiredorganelle This technique relies on usingeadfluorescenprobe(e.g. DsRed2: excitation
=561 nm, emission = 587 nm; mCherry: excitation = 587 nm, emission = 61@Plmn:
excitation = 590 nm, emission = 649 nmikuby: excitation = 558 nm, emission = 605)nm
known to targethe compartment or membrane of inté@sd cetransfecing mammalian cells
with both the probe and tltwmpartmenspecificiDrugSnFR To assess celmcalization,
transfection of Neuro2a cells was as previously desc(ime Chapter 2.2.5) withe additionof
0. 5 redgFPomhplementaryDNA (cDNA) to the transfection miXxVe have previously
demonstrated proper localizationafr ER-targeted constructs using thiasmid DsRedZER-5
(AddGene #55836ve can also use mCherBR-3, AddGene #55041) in HelLa ce]&833). For
the PMtargeted constructsvewere satisfied with images showing intense peripheral
fluorescence with little to nmternal signaln HeLa cell§533]; for nucleustargeted constructs,
clear labeling of the large nuclei of Neuro2a cells with IRAADSNFR which excludes the rest of
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Figure 2.6. Lysate development of the six IRAADSNFRES-KetSnFR3.04), iR-KetSnFR B), iS-HNKSnFR
(), IR-HNKSNFR D), IMXESNnFR E), and iScopSnFRH) i showing both intermediate constructs as well a
the final versionslue). Sensors were evaluated against concentrations of their target drug from 1 nM to :

€M and fitted to the Hill equatiorgd-ma)/Fo, EGso, S-slope, and mare reported in the table inset for each set ¢

constructs. (Images provided by Kallol Bera and Edim.)
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the soma was sufficient to conclude robust nuclear labeling; and for cytetalegsted
constructs, there is clear exclusion from the nucleus with iIRAADSxgfiearingn both soma
and dendritef543]. Amongthe new iRAADSNFR constructs, we useCherryPeroxisomeg
(AddGene #54520) to elabel peroxisomesnCherryMito-7 (AddGene #551020 cclabel
mitochondria, mCherriolgi-2 (AddGene #55052) to dabel Golgi,mCherryhLC3B-
pcDNA3.1 (AddGene #40827) to tabel autophagosomes, mCheAygtin-C-18 (AddGene
#54967) to cdabel Factin,mRuby-Zyxin-6 (AddGene #5588%) target focal adhesions, and
mPlum-Fibrillarin-7 (AddGene #55969p targe nucleol.

2.3.Results: IRAADSNFRsn Vitro
2.3.1. iRAADSNFR Developmeint Lysate and Protein

Based on the most compelling RAAD compounds/candidates, we developed iDrugSnFRs for
esketamine (iKetSnFR3, a newer version apreviously publishedensof544]), arketamine
(iR-KetSnFR), (2S,6SHNK (iS-HNKSnFR), (2R,6RHNK (iR-HNKSnFR), MXE

(IMXESNnFR), and scopolamine (iISC®pFR). These sensors were developed using SSM in
lysate (see Chapter 2.2.Bid. 2.6); we then transformed the cDNA into BL21(DEB) coli to
harvesiRAADSNFR purified proteinn order to perform moraccurate concentratienesponse
experimentgor eachRAAD-IRAADSNFR pair(see Chapter 2.2.3). The purified protein
concentratiorresponse relations for the optimized iIRAADSnFERs iS-KetSNFR3 ECso =

180N M, maddt=3.0, Sslope =17uM?; iR-KetSNFRi ECs0=150Nn M, madfb=3.3, S

; ; -1
iRAADSNFR ECso, UM o max/Fo, unitless  S-slope pM Table 2.1 ECso, Fo and S

IS-KetSnFR3 0.180 3.0 1 slope valuesor the iRAADSNFRs in
IR-KetSnFR 0.150 33 21 purified protein generated from fits t
iIS-HNKSnFR 1.4 4.2 3.0 . .
the Hill equation.
iR-HNKSnFR 1.4 4.2 3.0
IMXESnFR 0.20 6.3 32 Slope :21 uM-l; Is_HNKSnFRI
iIScopSnFR 0.51 2.8 5.5

EGo=14eM, @F0=42S
slope =3.0uM%; iR-HNKSNFRi ECs0=1.40 M, mafio=4.2, Sslope =3.0uM;
IMXESNFRiT ECs0=200n M, madft=6.3, S-slope =32 uMt; iScopSnFR ECso = 510 nM,
P maxFo = 2.8 , Sslope = 5.5uM™ (Table 2.1). We alsoperfamed concentrationesponse
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KetSnFR B), iISHNKSNnFR C). iR-HNKSnFR D), IMXESnFR E), and iScopSnFRH) 8 in purified protein
(50 nM). Almost every compound vs. iIRAADSNFR concentratissponse curve is unable to be fit to the Hill
equation save for five: ACh vs.iRNKSnFR, choline vs. iHNKSnFR, epinephrine vs. IMXESnFR, ACh vs

iScopSnFR, and choline vs. iScopSnFRANIP = cyclic AMP; Ch = choline; Epi = epinephrine; Glu =

glutamate; Gly = glycine; HA = histamine;[DOPA = levodopa; OA = octopamine; Tyr = tyramine; SEM are

shown for concentratieresponse curves fit to the Hill equatiofilfages provided by Kallol Bar)
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experiments with all six IRAADSnFRs against a panel of 15 endogenous molecules and their
precursorgo validate their selectivity for their target compounds ltitro andin vivo (Fig.

2.7). None of the IRAADSNFRs interact with any molecules gspiogically relevant
concentrations; both HRINKSnFR €ig. 2.7D) and iScopSnFRAig. 2.7F bind to ACh (EGo:
iIR-HNKSnFRT 310uM; iScopSnFR 120uM) and choline (E&y: iR-HNKSNnFRT 14 miM;
iIScopSnFR" 18 nmM) but very weakly, while IMXESnFRHg. 2.7E) binds to epinephrine

(EGCso: 1.2 mM) at similarly irrelevant levels.

2.3.2. Characterization of iRAADSNnFRs

To examine the thermodynamics of the IRAADSARRAD interaction, we conducted ITC
experimentgsee Chapter 2.2.4Fig. 238). The experimentally determined; &f iS-KetSnFR3,
296+ 27 nM, waswithin a factor oftwo of the experimentally determined Efn purified
protein, BOnM; for iR-KetSnFR, the experimentally determinegl K20+ 5.0nM, wasnearly
identical tothe experimentally determined Efn purified protein 150 nM; for iS-HNKSnFR,
the experimentally determinedi K49+ 14 nM, wasabout arorder of magnitude lower thahe
experimentally determined EB€in purified protein1.4eM; for IMXESNFR, the experimentally
determined K, 522+ 104nM, waswithin a factor of three ahe experimentally determined
ECso in purified protein200nM; andfor iIScopSnFR, the experimentally determineg 6.6+
97 nM, waswithin a factor of 1.%0f the experimentally determined Efn purified protein, 510
nM; we have not yet performed ITéxperiments for IRHNKSnFR(Table 2.2). ThelTC data

demonstrate different reaction thermodynamics across the iIRAAD8AMAD interactions: for

Table 2.2 Affinity, occupancy number, and thermodynamic data calculated from ITC.

iS-KetSnFRe s ket ami ne, the reaction is exothermic (

Biosensor Ko( & M) n (kcgl)/rt']ol) (kc_;/ﬁj) (kcgl)/riol)

iS-KetSnFR3 ~ 0.296+ 0.027  0.960+0.138  -3.04+0.815  -5.86+0.805 -8.90+ 0.055

iR-KetSnFR ~ 0.120+ 0.005  0.747+0.024 -5.84+ 1.94 -3.31+1.81 -9.15+ 0.14

iS-HNKSNnFR ~ 0.249+0.014  1.21+0.041 -16.5+ 0.501 7.29+ 0.663 -9.25+ 0.163

iR-HNKSNnFR -

iIMXESnFR 0.522+0.104  0.804+0.098  5.76+0.725 -14.3+0.611  -8.57+0.154
iScopSnFR 0.616+0.097  0.747+0.024  3.13+0.699 -11.6+0.814  -8.51+0.142
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(positiveentropy o S, Jeading to an overall exergonic reactioregativeqis); for iR-KetSnFR

arketamine, the reactionagso exothermiand entropicallfavorable (though the enthalpic

component is larger than the entropic component, the oppositKetEhFResketamine),

leading to an overall exergonic reaction; f&ftHNKSnFR(2S,6S)HNK, the reaction is

dominated by its exothermic componerntn though its entropicallyunfavorable(positive® S, )
leading to an overall exergonic reactiéor both IMXESnFRMXE and iScop8FR-

scopolamine, the reactions are endothefmpr o s i t buteach rgaktipn is dominated by its

entropic favorability which leads to an overall exergae&ction Fig. 28 andTable 2.2.
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KetSnFR, R-KetSnFR, andS-HNKSnFR were exothermic, whiledkefor IMXE SnFRand iScopSnFRvere

endothermic(Bottomrow) The resulting fits for each iDrugSnFR:drug pair from the integrated heats

comprising each series of injectioifB) Energy calculations. All iDrugSnFRs show exergonic reactions, but

relative enthalpic and entropic contributions vary amibrem. (Images provided by Kallol Bera and Elaine

Lin.)
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We alsoinvestigated the pH dependence of the IRAADSnERsilarly to previous
characterizations of iNicSnFR33], we compared ptdependent ¢values for both 400 nm and
485 nm excitatiofirom pH 5.5 to 9as the former waveleng(thought to be close to the
isosbestic point for cpGFBased sensofg78]) was shown tanduce a consistent value across
the pH rangetested while the latter varied by up to three orédérmagnitudg533]. In purified
protein from pH 5.0 to 8.5, the IRAADSNnFRs demonstrated a similar relationship, whereby
excitation with 400 nm lighihducedFo variation well withinone order of magnitude while
excitation with 485 nm light inducedgh variation from at least one order of magnitude (iR
KetSnFR, IRHNKSNnFR, iMXESnFR) to approximately two (€etSnFRiS-HNKSnFR,
iIScopSnFR)Fig. 29). We also performed concentratioesponse experiments for each
IRAADSNFRRAAD across the aforementioned pH raifgey. 2.10) with concentrations
centered around the Bg&alues previously determined in purified protelialle 2.1) and found
thatgp maxFowas highest at pH 7.5 for only-#setSnFR Fig. 2.10A), while for four sensoré
iR-KetSnFR Fig. 2.10B), iISHNKSnFR fig. 2.10C), IMXESnFR Fig. 2.10E), and iScopSnFR
(Fig. 2.10F) 8 o ma’/Fowas highest at pH 7.0 and for-HRNKSnFR it was highest at pH 6.5
(Fig. 2.10C). Interestingly, while th@H giving thelowest EGovalue tracked thhighest
o maxFofor several sensors (iRetSnFR, iISHNKSnFR), this was not true for the majority of
the IRAADSNFRs (iKetSnFR, IRHNKSNnFR, iIMXESnFR, and iScopSnFR). These results
may indicate that the IRAADSNFRs display more pH tolerance than at least iNi¢S3%]R
especially inweaklyacidic environments such as the nucleus, ER, and (&3]

Characterizing the reaction kinetics of each RAIRAADSNFR par will be performed
using stoppedlow (see Chapter 2.2.4); however, we have yebtoduct these experiments.

2.3.3. ConcentratioAResponse Experiments with Compartriearigeted iIRAADSNFRB

Mammalian Cells

We synthesized a broad array of IRAADSNFRs targetede aforementioned
organelles/membran@s mammalian cell§see Chapter 2.2.5pur nomenclature involved
appendinga compartmenspecific prefixto the name of theensor Table 2.3); as we have yet
to perform full sed of experiments with either focal adhesitamgeted or nucleolusrgeted

IRAADSNFRs, we exclude those from furtlaralysis To ensure that our constructs are
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Figure 2.10. (A-F) Concentratiorresponse tracetet) and trendlines for IRAADSNHRAAD fluorescence
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values comprising the pHependent fluorescence characteristics are also displayed in tabulaugren lef}
along with m (right column which corresponds to the Hill coefficient as reported from the fits to the Hill

equation (see Chapter 2.2.1). (Images provided by Kallol Bera and Elaine Lin.)

expressed in the desired compartments, we performéxtalization experimentor six out of
theninecompartmert using spinning disk confocadicroscopy(Fig. 2.11) (seeChapter 2.2.6).
We found that alkix doubletransfected Neuro2a cells displayed correct localization of the
compartmentargetedRAADSNFRs Fig. 2.11A-F) and that théhreeconstructs (PM

cytoplasm and nucleustransfected withRAADSNnFR only likewise showed dispositive labeling
of the ajpropriate structuress we have seen in previous stud&33,543](Fig. 2.11H-1) (see
Chapter 3.3.6)
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Sensor ER PM Cytoplasm Nucleus Mitochondria Golgi Peroxisomes F-Actin Autophagosomes

iS-KetSnFR ER.iSKetSnFR PM.iS-KetSnFR Cyto.iSKetSnFR Nuc.iSKetSnFR Mito.iS-KetSnFR Golgi.iS-KetSnFR Per.iSKetSnFR Act.iS-KetSnFR AP.iS-KetSnFR

iR-KetSnFR ER.iR-KetSnFR PM.iR-KetSnFR Cyto.iR-KetSnFR Nuc.iR-KetSnFR Mito.iR-KetSnFR Golgi.iR-KetSnFR Per.iRKetSnFR Act.iR-KetSnFR AP.iR-KetSnFR

iS- ER.IS PM.iS- Cyto.iS Nuc.is Mito.iS- Golgi.is Per.iS Act.iS- .
AP.iSHNKSnFR
HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR
iR- ER.IR- PM.iR- Cyto.iR- Nuc.iR- Mito.iR- Golgi.iR- Per.iR Act.iR- .
AP.iIR-HNKSnFR
HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR HNKSnFR

iIMXESNFR ER.IMXESnFR PM.IMXESnFR Cyto.iIMXESnFR Nuc.iMXESnFR Mito.iIMXESnFR Golgi.iMXESnFR Per.iMXESnFR Act.iMXESnFR AP.IMXESnFR

iScopSnFR
ER.iScopSnFR PM.iScopSnFR Cyto.iScopSnFFk Nuc.iScopSnFR Mito.iScopSnFR Golgi.iScopSnFR Per.iScopSnFF Act.iScopSnFR  AP.iScopSnFR

Table 2.3 List of all compartmentargeted iRAADSNnFRs synthesized for expression in mammalian cells.

We next performed concentratioesponse experiments with alhecompartment
targeted IRAADSNFRs in Neuro2alls (see Chapter 2.2ad Chapter 2.2)@®ver concentration
ranges appropriate for teCso of each IRAADSNFRas determined in purified proteifable
2.1). For certaintraces, we corrected the baseline pkbefore the first concentratiovas
administered to establish a consistent comparison point for subsequent washout parites.
PM.IRAADSNFRs we expect to have a) stronger overall signal since the RAAD molecules have
the least amount of cellular matd to traverse, and b) faster kinetics for the same reason, while
for the constructs targeted to intracellular organelles with membranes (ER, mitochondria, Golgi,
nucleus, peroxisomes, autophagosomes) as well as withaatifFand cytoplasm), we expect
lower overall fluorescence response and slower dynamics. For tHarB&ted construs(Fig.
2.12), we see a fluorescence plateau reached within seconds as well as rapid returns to baseline
between administered concentrations for the ketaoongounds even after only 20 s of
washout Fig. 2.12A-D); however, for MXE, the return to baseline is never complete after the
administration of any dose (though if the washout period was extended for evéradéline
would likely be recaptured)qig. 2.12E). Perhaps the most notable dynamic is how rapidly
scopolaminénduced fluorescence occurs across all tested concentrdtign2.(2E), which
contrasts with scopolaminebds transi tseed i me i nt
below).Notaly, scopolamine is the only compound among the six RAADSs tested which
matched our prediction that Pidrgeted sensors would demonstrate the highest maximal
fluorescence; this may be due to scopol amined
Chapter 26.3) compared to the ketaminkass compounds, all of which have LogP values

around two orders of magnitude high€hus, for PM.IRAADSnFRstheoverall fluorescence
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Figure 2.11. (A-F) Representative spinning disk confocal imagescetransfected Neuro2a cells showing+ed

shifted compartmerdpecific probes]( left), GFRbasedcompartmentargeted iRAADSNFR<2( middlg), and
merged images of the tw8, (right) for six of the nine constructs synthesiz&diRAADSNFRs in theER (Al-
A3), mitochondria B1-B3), Golgi (C1-C3), peroxisomes§1-D3), Factin E1-E3), and autophagosomdsi¢
F3) 8 demonstrating appropriate labeling of thegetedstructures(H-J) iIRAADSnFR-labeled Neuroa2a cells
showing appropriate labeling of the PM)( cytgplasm (), and the nucleusl) based on previous
characterizations performed in mammalian cells (see Chapter 3.3.6). (Images provided by Kallol Bera an
Lin.)
maxima reached per concentratfonthe ketamineclass compounds no higher (and, in the
case of MXE, far lower) than those observed in experiments using orgamghéed constructs

(see below).

Turning to the intracellulatargeted constructse see for the IRAADSNFRs localized to
the ER Fig. 2.13) that the pharmacokinetics appear slower compared to the PM.IRAADSnFR
tracesthough not appreciablso, as all of the ketamine drugs wash out fully over the same
respectivdime scals (seeFig. 2.12). Interestingly, MXE induces higher thuescence values
interacting with ERtargeted IMXESnFR than with Pitérgeted IMXESNnFRKig. 2.13E) and
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Figure 2.12 iIRAADSNFRs targeted to the PM showing concentrat@sponse traces for esketamiAg, (

arketamine B), (2S,6S)HNK (C), (2R,6R}HNK (D), MXE (E), and scopolaming=). Administration and
washout periods a0 sand20 s respectivelyf(A, B, C, E) and40 sand40 s D, F), respectivelyBaseline
been on(6EMsaas describdd prteviousindyes prgpsidedroy Kallol

periods have

Bera and Elaine Lin.)
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Figure 2.13 iIRAADSNFRs targeted to the EfRowing concentrationesponse traces for esketamiAg, (
arketamine B), (2S,6S)HNK (C), (2R,6R}YHNK (D), MXE (E), and sopolamine F). Administration and
washout periods a0 sand20 s respectively(A, B, C, E), 30 s and 90 s, respectively)(and40 sand40 s
(F), respectivelyBa s el i ne peri ods have oHSEMB sasdescrivegéviouslg.)d t
(Images provided by Kallol Bera and Elaine Lin.)
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also has faster kinetics (only a few of the later lower concentration traces fail to washout), a
phenomenon we have not encountered before imoutro experimentsAs noted above,
scopolanme entersand exits the ER roughly an order of magnitude slower than the PM (tens of
seconds versus seconégy. 2.13F). Overall, however, all six constructs targeted to the ER
demonstrate washout periods for which the fluorescence does return to zero, indicating that,
while the dynamicshow some variation, the overall behavior of the RAADs resembles most of
the weakly basi drugs we have assessed for entry into the ER in mammalian cells (nicotine
[533], 9-bromao10-ethylcytisine and dianicling84], Smethadon¢685], escitalopram and
fluoxetine[543]). For the cytoplashtargeted construst all four of the ketamineompounds
appear to reach maximum fluorescence responses across all concentrati§gfgyuedA-D),
suggesting that the entry of these compoundscellsis nearly limited by solution changeghe
waveforms for scopolamine and especially MXE, however, do not appear to level off during any
of the concentrations used, with MXE eliciting distinctive wastvaveforms reminiscent of
other compounds which enteglls on a slower timescale (e.g. cytisj684]) (Fig. 2.14E-F).
Additionally, the maximkfluorescence response for (2R,8R\K is approximately four times
higher than that of scopolamine and about three times higher than arketamine ;K286 8)
scopolamineKig. 2.14D). For iIRAADSNFRs targeted to the nucleus observed similar
fluores@nce dynamics as for tlogtoplasmtargeted constructsvith MXE and scopolamine
evincing slower wasin kinetics than the ketamirgass drugs; however, both arketamine and
(2S,6S)HNK display a trend towards slower kinetics as well, with both responsessaall
concentration$ailing to reacha stablepF 5 (IHg. 2.15); this may reflect slower transit across
the two nuclear membranesgain, the maximal response to (2R,8R)K is the highest among
the six IRAADSNFRsKig. 2.15D), though the relative discrepanclestween it and the other

five RAADs are less pronounce@verall,thesix constructs demonstrate complete washout
between cocentrations, recapitulating the dynamics observed forytoplasmtargeted
constructs. IRAADSNFRs targeted to the mitochon(fig. 2.16) demonstrate similar behavior
to those targeted to the nucleus, with the exception that the waveforesponseda MXE (and,

to an extent, fo(2S,6S)HNK) demonstrate an odd biphasic washout wigmall local

maximum during the last 10 s or so of the periddg.(2.16CE), a phenomenon we have seen
only during incomplete washout from the ER (e.gflli@rocytisine,seeFig. 4.98). TheRAADs
interacting withGolgi.iRAADSNnFRs(Fig. 2.17) showedoverall slower kinetics than virtually all
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Figure 2.14 iRAADSNFRs targeted to the cytoplasm showing concentraéisponse traces for esketamiAg, (
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Figure 2.15 iRAADSNFRs targeted to the nucleus showing concentraéisponse traces for esketamiAg, (
arketamine B), (2S,6S)HNK (C), (2R,6R}HNK (D), MXE (E), and scopolamin (F). Administration and
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respectively.
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Figure 2.16 iRAADSNnFRs targeted to the mitochondstaowing concentratieresponse traces for esketamine
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Figure 2.17. IRAADSNFRs targeted to the Golgi showing concentratesponse traces for esketamiAg, (
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other compartments, as no RAAD other than (2RJARK appeared to display fluorescence
responses limited by solution changes; furthermore, both MXE and scopolamine exhibit
incomplete washout (no returntbaseline fluorescence) after the higher concentrations, and
scopolamine in particulas not close to reachirgfluorescence plateaduring the wastin

periods Fig. 2.17F). Perhaps the unique membrane architecture of this organelidaere folds

of membrane are stacked on top of one and@hepntributes to the observed pharmacokinetic
phenomenaRAAD binding to Per.iRAADSnFRE&ig. 2.18) shows similar behavior to the
Cyto.IRAADSNFRs, with the ketaminr@ompounds inducinfiuorescence responses nearly
limited by solution changesvhile MXE and particularly scopolamine show slightly slower
kinetics including the triangular waveforms indicating slow entry into the targeted digyane
(Fig. 2.18EF); however, all washout periods induce a return to baseline between concentrations
Sensors targeted tedetin (Fig. 2.19) demonstrate lower overall maximal fluorescence (with the
exception of (2R,6RHNK) thanvirtually all other organedls targeted possibly a reflection of
the minimal amount ddictinbasedstructure in which IRAADSNFRs can be expressed, resulting
in a smaller sensor populatidn but the waveforms likewise appear to demonstrate faster
kinetics than virtually any othertsef in vitro experiments detailed in this sectjdikely due to
actin existing across the cell as well as not being contained within a secondary membrane.
IRAADSNFRs targeted to autophagosorffag. 2.20) show slow kinetics similar to
Golgi.iRAADSNFRs Fig. 2.17) which couldresult fromtheir doublemembrane structure. Of
interest, the maximal fluorescence reached for (208 is the lowest among all of the
targeted compartmentBiy. 2.20C), and compad to (2R,6RHNK it induced a maximal
fluorescence response about three times loRigr 2.20D). All six RAADs washout from

autophagosomes completely acrosstéistedconcentrations.

2.3.4. Serendipitous Discovery of HRNKSnFRSensitivityfor TCAs

When we were seeking to develop iDrugSnFRs for TCAs, we discovered tHAKRnFR had

substantial sensitivityo all five testeddrugs (amitriptyline, dosulepin, doxepin, imipramine,

protriptyline) Fig. 2.21A). All had EGo valueswithin one orderofmagi t ude (0. 485 ¢ M
doxepin to 4. 068 ¢adpkrhk/Bogreatertian 3 amap $-sjopeigreatey thawi t h

1.8 Fig. 2.21B), making the iIRHNKSNFR a sensitive (if nonspecific) reporter TCAs.
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Figure 2.18 iIRAADSNFRs targeted tperoxisomes showing concentratimsponse traces for esketamiAg, (
arketamine B), (2S,6S)HNK (C), (2R,6R}HNK (D), MXE (E), and scopolaming=). Administration and
washout periods aréd4 and 4 s respectivelyBaseline periods have been normalited ~ O.XSENIS/

as described previouslymages provided by Kallol Bera and Elaine Lin.)
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Figure 2.20 iIRAADSNFRs targeted to autophagosomes showing concentrasponse traces for esketamine
(A), arketamineRB), (2S,6SHNK (C), (2R,6RYHNK (D), MXE (E), andscopolamineR Administration and
washout periods ardd3 and D s respectivelfA, B, C, E, F) and40 sand40 s D), respectivelyBaseline

periods have been n(BBEMsas$ descrbed pteviousimayés prpidéedrby Kallol
Bera an Elaine Lin.)
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Figure 2.21. (A) Structures of the TCAs demonstrating their similarity; the secondary amine of protriptyline

appears to decrease the affinity ofHRIKSnFR for this TCA compared to the other four which contain tertia

amineswhile the ether in doxepin confers greater affinity than the sulfide in dosul8pi@ohcentration

response curves for the TCAs demonstrate sensitive (nanomolar to micromgjaddt€ction by iR

HNKSnFR. (Images provided by Kallol Bera and Elaine Lin.)
NeuroZ2a cells transfectadth Cyto.iR-HNKSNFR versus the TCAR both Neuro2a as well as
SH-SY5Y cells(Fig. 2.22) demonstrates slightly slower kinetics than for the target compound
(seeFig. 2.14D), with all five TCAs exhibiting incomplete wash dynamics coupled with
slower retursto baseline during extended washout peridti® performance of the
iIRAADSNFRsin detecting the TCAsvas nearly identical in both cell types exceptiRyr
HNKSNFR in Neuro2a cells detectidgxepin, which showed both slower kinetics as well as

around six times lower maximal fluorescence than iRSM3Y cells Fig. 2.2C).

2.3.5. Summary ofn Vitro Resultsand Next Steps

Ourin vitro experiments demonstrate thRAADSNnFRs can be successfully leveraged for
detecting RAADs in various cellular compartments veiiparentlyminimal effects on
fluorescence due to the pH of the various locations (ranging from 6.5 in the Golgi to 7.4 in
extracellular solutiof531]); however, a further characterization of compartasgecific ko
values is warranteathich will provide a useful comparison to the data alreadyegatl in

purified protein Eig. 29), especially because more acidic organelles such as the Golgi may also
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Figure 2.22 (A-E) Concentratiorresponse experiments (30 s drug followed by 180 s washout with HBSS)

both Neuro2al) and SHSY5Y (2) cells acoss the same concentration range for all five TGABA)

amitriptyline, red; (B) dosulepinplue (C) doxepin,green (D) imipramine,blue (E) protriptyline,gold)

detected at pharmacologically relevant levels bYHIRKSnFR. Both the maximal fluorescengewith

amitriptyline (A1) demonstrating the lowegf-/Fy values and dosulepii{) the highesd and

pharmacokineticd with protriptyline E1) the slowest and doxep(C2) the fastesd were similar across all

five TCAs as well as between cell types, with the exception of the notable discrepancy in detecting doxe|

Neuro2a C1) versus SHSY5Y (C2) cells. (Images provided by Kallol Bera and Elaine Lin.)
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cause more acid trappif@85] and thereby increase the fluorescence respdingevarious
RAADs transit into and out of these compartments withilar pharmacokineticgvith some
exceptions which do not indicate drastically different behatich as has been seen with
nicotinic agonist$684] or with SSRIs in PH{543]) and induce appreciable fluorescence
responses such thalharmacologicallyelevant concentrations can be detected discretely.
Additionally, we have deonstrated once again the ability of a relatively small number of
RAADs to detect an abundance of D@884], as we discovered thatdRNKSnFR can detect a
panoply of TCAs for which it was not specifically engineeielcause the location(s) in which
RAADs may in part exert their antidepressant effects within the cell are unknown (see Chapter
1.6.5), the implementation of compartmeatgeted iIRAADSNFRs can provide a first step in the
investigation oRAAD activity.

In order to study these sensor@imore ethologically relevant manner, we decided to
explore their implementation in amvivo model. To this end, we chose to work with zebrafish
(Danio rerig), which we had access to through our collaboration with the Prober lab. The
following sections will cover the most recent experimentation that we have performed using
transgenic zebrafisexpressing the six iIRAADSnFRanneuronallyheretofore validated and

characterizedh vitro.

2.4.Larval Zebrafishasa Model for Depression
2.4.1. Zebrafsh Basics

Zebrafishhave beem part of theanimalresearch repertoire since the 19700 eywere among
the first vertebrate species to be clofiétl] and have beomea popularmodel organism used
to investigate a broad array of topretated tchuman medicine, frornancer to devejumental
biology. However, it is their role in neuroscienparticularlythe study of neuropsychiatric
diseasewhich makesthem a compellingption forinvestigatinggheiIRAADSNnFRsin vivo we
have developed transgenic zebrafish lidesne for each of the six aforementioned
IRAADSNFRsd thatshow expression of sensor throughout the bsdiich can be imaged

using microscopy before and during the administration of. DOI
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The features of zebrafisfonducive taneuroscience research agay maintenance and
breeding, small size, low cost, ease with wigehes can be manipulateshd the ability to
image the whole brain of larvae through translucent [§180,781] Zebrafsh embryos are
fertilized externally, withemales releasing unfertilized eggs which are fertilized by sfremm
the maleEmbryos develop quicklygandhatching occugbetween 4872 h postfertilization at
28°C; full morphogenesigloes not occur until 8ays posfertilization (dpf) [782]. Because
zebrafishlarvae are viable without food up &mound 7dpf [783], and because we have noticed
that feeding can affect skin transparertbg, optimal age range within which to imagd-g dpf
To improveoptical transparency, various mutants with less pigmentation have been developed,
such asacre[784] andcasper|{785]; additionally, WT larvae can be treated witipheny}2-
thiourea PTU), a depigmenting agef#86]. Larvae at this stage have bragmnposed of
approximately 100,000 neurgnaith approximatedimensionsf 400 x 800 x 25@m3[787];
their neural complexityhus liesbetween insects and rodentst their smallbrain volumeallows

for a wniqueinsight into the neural dynamics of an intact behaving organism

2.4.2. Depressionn Zebrafish?

Modeling something as complex and overdetermineshagnanneuropsychiatric disordém an
animal species is a daunting task, and models derived from species further down the
phylogenetic ladder present even greater challenges owing to their evolutemanye (for
instance, rodents share a common ancestor with humans-12smillion years ag¢788],
whereas zebrafish share a common ancestor with humans-4&thmillion years ag$789]).
However, whilemanifestatios in patientsareundoubtedlyspeciesspecifig certain ofthe

common symptomef neuropsychiatric disorded as well as potential causes, varied and
additive as they may ki can be approximated in animal behavlarthe context of depression,
the rodent literature ieplete with both etiological models and behavioral assays seeking to
model andassess its causae=mach with varying levels of validity based on our knowledge of the
pathophysiologynd symptoms d¥IDD [790]. In zebrafishmodeling depressiois relatively

new and exploratorythe sophistication of the rodent brain in comparison to that of the zebrafish
necessarily further constrainsthea t t e r 6 s[69Jy®weelen tharesissreason to believe that

zebrafishbrains share many commonalities witlat ofthe manmalian (and, specifically,
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primate), supported by studies demonstrating neuroanatomical and neurophysiological j\omolog
(e.g.[791-795]). Over 70% of zebrafish genes are higsipilar to mammalian ortholodg96];
additionally,70% have a human ortholog a#d% of human genewe directly comparable with
those specific to zebrafigiAi97]. In practice zebrafish models dIDD symptoms such as
anhedonia, changes in appetite, changes in locomotion, changes in sleep, and &xisidlacef
been designed and tes{é®,798] suggesting thdindings in such studies cdmoaden our
understanding of depression at the levgdlofsiology Construct validityd thecomparison
between known human etioliegandtheir recapitulation irotherspecie® is a useful criterion
by which to judge animal models with respect to their relevance to human digg@jsand so
experimenters hawesedCUS[799-801], mutations of neurdbRs[802,803] and exposure to
reserping37,38,804}to mimic known etiologies d¥IDD (stress beyond physiological response
capacity is a major contributor to the development of affective disoi@@s§ dysregulated
cortisol signalingria GRs contributes to the development of depred8i@6], andobservations
regardingthe depressive effects of reserpine among patiestsarucial to the development of
the monoamine theory of depress|8d]) (seeChapter 11). Further evidence is needed with
respect to theehavioral and physiologicaffects induced by any model regardlesgof
construct validity but the facthat, for exampleglevated cortisol levels are seen in
pharmacologicallyinduced[37,38] mutagenesiduced[802], and stressnduced
[799,807,808Febrafishmodels of depressimuggests thaguchinterventions which produce
depressio#like behaviorthroughdifferent etiologes could provide a strong basis for concluding

thattheresuling findingswill help in understandingommonpathophysiology.

Althoughinvestigations so faarepromising, as with angnimal experimerition,
unforeseen challengéave arisen in the interpretation of the behavior displayed by depression
model zebrafishThere is ongoing discussion as to the reasons why symptoms of depression and
anxiety seem linked ithesemodelg[798] to a degree not seen in humaheugh anxiety is
indeed &nowncomorbidityfound among MDDpatientg809,810] it is yet to be determined if
this reflects the particular neurobiology of zebrafish or if this is an artifact of unrefined
behaviorakssayg [69,798] One possible means by which specific behaviors associated with
depression could be parsed out is to assess the effects of typical anxiolytic drugs (e.g.
benzodiazepines) versus typical antidepressants (e.g. SSRIs) in téhmbeaifavioral deficits
amelicatedafteradministratio of each[798]. Predictive validityd demonstrating that
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compounds which relieve the symptoms of a hudiaeaseadisordercan successfullyreatthe
same types addymptomsvhenmodeled in an anim@ has beemssesseh several zebrafish
models of depressiamsing both classes of compourjl9,780] After treatment with a
benzodiaepine, WT larvae exhibireduced thigmotaxis (the tendency to swim around the edges
of an environment)811] while adultsexposed tdoth acutestresd812] andCUS[813] can
recover exploratory behavioks for SSRISWT adultsgivenfluoxetinechronically (over two
weeks) exhibitedess anxietylike behaviorupon exposure to a novel environmgit4]; fish
subjected to acute stregsponded to a single sl® of fluoxetinewith normalization of
locomotion[812], while fish exposed to CUfeated with fluoxetinéor 7-21 days demonstrated
reduced levels of anxiefike and depressioehke behavio815] with a trend towards reducing
stresselevated cortisdi68,813] Additionally, adult zebrafish with point mutationn thenr3cl
gene(which encodes the GRhowincreased freezing behavi@scued by both acute
administration of diazepam as well as chronic administration of fluexdtie latter of which

also significantly reduced the elevated whbtmly cortisofound amondiomazygous mutants
[803]. Thus farthe main limitation in teasing out anxietglated versus depressioglated
behaviors concerrthe sensitivity of the tests as well as the lack of a deeper understanding of

zebrafishaffect both of which continue to be areas of active research.

As for ketamine, itsnost common use in zebrafish has been to investigate neural
development (zebrafish nervous systeyam functionalityat4-5 dpf) [816], as ketaminactsas
a teratogen and neurotoXximhumaninfants[817-819]. Studies using embryonic zebrafisave
recapitulated these finding®20-824], though here is no evidece that exposure to ketamine
during the larvaktageis associated with any developmental deficits or neurotoXg#§,825]
More recently, ketamine has been studiedtfoeffects orzebrafishaffect, specifically related to
aggression, anxiety, and depressigetamine can caugesychomimetic side effectd
subanesthetiantidepressant dosg91,342,826pnd sedation at higher do4&86-108] among
patients in rodents and zebrafish, ketamine exerts biphasic effects on aggressive behavior,
whereby lower doses increase and higlused decrease aggressi®a7-829], providing an
analog to the aforementioned daependent effects on affect in huma®gbanesthetic doses
administered to WT adults can also have anxiolytic effesgsosing fish tdigher 84eM, 168
e Mand 25Z N but not lower 8.4 M foncentrationsf ketaminefor 20 mincaused
anxiolytic behavioin a dosedependent manng830,831]concomitant with decreased whole
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body cortisol[832]. However,whole-body cortisol was found later to be increaaeti68s Mbout
decreased at & M831]while 84¢ Mketamine combined with fluoxetine likewise increased
cortisol[833] andno significant anxiolytic effects of acute ketamine exposwere found24 h
lateror afterrepeated exposuf@0 min per day over seven day831], suggesting that the
connection between behavior and hormone responses is perhaps difficult toStaskéss have
also reported increased stereotyped behd8&i,832,834}vhich corroborateprevious results
in rodentq835]. More recently)arval zebrafish exposed #12¢ Mketaminefor 20 minwere
found tohaveproonged coping behavior in responggan aversive stimulu836] while futility
behavioramong larval zebrafisim a virtual environmenivas found to decrease response to
ketamine in a dosdependent manner (froA2 ¢ Mo 800 M [490]. In all, these results
demonstrate that, while tilstudy of anxietyand depressichke behavior in zebrafish is in its
nascent stagesyitial findings are encouragingnough tanotivate the discovery of more robust
behavioral paradigms which can serve as reliable methods with which to test the éffects o
RAADs.

2.4.3. Imaging Larval Zebrafish

Single-plane illumination microscopy (SPIM) (also known as light sheet microsé®py)
technique whereby a single plane of laser light is defleatenssa sample to producezastack
which can be resolved axalumetic imagewithin a short (secondeng) time frame[837].

When employed for imaginigve larval zebrafishSPIM allows for wholebrain near

simultaneous timseries recordinggroviding an unprecedented level of accegh¢oCNS of a
complex organisni838]. Creating a light sheet involves passing a collimated laser beam through
a cylindrical lensnto an objectivevhich can generate a fluorescent resmfrom a thin (several
micronsthick) optical section, thereby mitigating photobleaching and out of plane illumination
(see Chapter 2.5)se of two light sheets is common, with some orientations comprising
bilateral light sheets on either side of theapée while others involve a front light sheet coupled
with a lateral light shegeach is deflected in tandem to produce highelity emission. The
detection objective is positioned perpendiculéolyhe illumination objective(s) such that ttod

view of each optical sectiois captured Compared with confocal microscopy, which samples
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one pointin&OVat a ti me, SPI M6és planar il lamdni nati on

more comprehensive whelwain imaging

Imaginglive larvaehas typicallybeen in furtherance of examining physiological responses to
DOls or environmental stimuli (e.f#91,795,839), with fish lines expressing GCaMP in
neuronal subpopulations or across the entire brain. As mentioned previoushégter2.1),
GCaMP is a geneticallgncoded CH indicator which consists of calmodulin, a second
messenger effector with native binditegC&*[840], bound to a halved GFP molecule via a
peptide sequencedm myosin light chain kinase (M13). When?Chinds to the C4-
calmodulin binding domain, the GFP halves dimertaisinga conformational change such that
the chromophore of the GFP can fluoresce in response to incident light in the GFP excitation
spedrum[841]. C&* concentration is tightly controlled inside the cell (existing at concentrations
around 100 nM at re$842]), and cells use minor changes to signgtiadevents. Because one
of the most important functions 6f* inside cells is to trigger neurotransmitter release via
synaptic vesicles, intracellul¥a* changes can be used as a primxyneuronal activityThe
tools now available for leveraging braivide C&*imagingallow for access to neuronal network
dynamics correlated with behavi@&39]; whole-brain GCaMP imagingt singleneuron
resolution[843] can be performedn larval zebrafish engaging in a virtual environmehile
paralyzed491] as well as during free swimmiri§44]. GCaMRbased physiologcan also be
analyzed in response to neuropsychiatric medications; a study investlyaiimgide
physiology innr3c1 GR mutantdound that fluoxetine and ketamine earmalizeddifferent
functional imaging parametefas measured by graph analysietareaberrant irmutant larvae
compared tWT [845]. Additionally, GCaMP targeted to glia has been used to demorisizate
futility behavioris encoded byncreased Cd accumulatiorin radial astrocytept91] which is
reversedy ketaminemedided inhibition[490], expanding thecope ofwhat is possibl¢o
measurevith C&*-based imagingn terms ofiDrugSnFRbased imaging in zebrafisiGluSnFR
in the optic tectum (OT[682], IGABASNFRIn the cerebelluni681], and iAChSnFRn spinal
motor neuron$678] canreport physiological activityn vivo, suggesting that the expansion of
additionaliDrugSnFRsd including the IRAADSNFRS® into zebrafishs feasible and promises

to yield interesting findings.
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2.5.Methods forCreating Transgenic Zebrafisttxpressing iRAADSNFRs

We decided that using cytoplagargetedRAAD SnFRS(iIRAADSNFR_cyto)in vivowould
allow for the most robust labeling of neurpas we thought PM targeting might provide too
faint of a signal while targeting intracellular compartmenight provide too localized of a
signal and mighbe of more interest once the paradigm has kes&blishedAs forwhere to
express the IRAADSNnFRyto constructsye decided to target neurons (thougfgetingglia is
acompellingoption for future experimen{g90,491); because we are agnostic about which
areas might be of most importance with respettteéonechanism of actioof RAADs, we thus
createdtransgenic lines with wholbrain neuronal IRAADSNFR_cyto expressidine promoter
best suited for wholerain neuronal expressionatavl3HuC, an RNAbinding protein
orthologoudo a human gene of the same namtéch is expressed iall neurons and has a role
in neurogenesiB46]. Theelavi3promoterhas beentoownto successfullymediate pan

neuronal expressiaof other transgenes in multiple zebrafish lifesg.[839,845,847,848]

The first step in deveping aplasmid for expression in zebrafishcisdon optimization.
Because the genetic code is degenerae@ddons encode 20 AAshultiple codongorrespond
to each AA (except for methionine and tryptophahich are encoded by one codon each).
Codon sage bias refers to tispecifictypes oftRNAs availablein a speciesindreflects higher
or lower usage gbarticularcodonsfor their correspondingdAs [849]. Thus, in designing a
plasmid synthesized for expression in mammalian cell lines which now wildxin zebrafish,
the usage bias must be accounted for in a process called codon optimi¥atiosed CodonZ
(National Institute of Child Health and Human Developmerttichincreases$unctional protein
expression by changing the codon usage rates afiplié sequenct match those of the desired
specieg850]. CodonZ has codounsagdibraries for both mice and zebrafighe latter of which

was used to optimize the IRAADSNFR_cyto sequences.

After optimization, we purchased each IRAADSNnFR_cyto sequence (with a NES
immediately upstrearfY41]) as a gene fragment (Twist Bioscience) of roughly 1.8 kbp. Next,
we found a suitable backbone for the fragment laygua previous plasmid engineered for
whole-brain neuronal expressi@n Tol2-elavi>MTSIRESmKate2(Fig. 223) 8 which was
synthesizedrom Tol2-elavi3H2B-GCaMP6s(AddGene #5953(0B851] using the same protocol
as described belawol2 sequences added to the left (200 bp) and righ60 bp) ends ok
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cassette of interefih this caseelavi3MTSIRESmKated suchthatthe Tol2 transposase

enzyme can excise the desired sequence and mediate its integration into hg86RRB3] To
prepare the backbone, we performed a digestion using Agel, as there are compatible sites
immediately preceding and following tMT-IRESmKate2sequencéFig. 2.23). We then gel

purified the larger (~12 kbp) band before treating it with calf intestinal phosphatase (CIP) (Quick

Tol2 RE_150

Tol2 LE_260

SV48 polyA

elavl3 Exon 1

Tol2-elavl3-MTS-IRES-mKate2

15857 bp

elavl3 Exon2

Figure 2.23. Plasmid map fofrol2-elavi3MTSIRESmKate2 The cassettim this case codes for a GHrased
melatonin sensor (MTS; MBensorprange co-expressed with the constitutively active red fluorescent prote
mKate2 prangg separated by an internal ribosome entry site (IRE&)ge sequence (which mediates intern:
ribosome binding854]). The two Tol2 enzyme binding sites (Tol2_LE_200 and Tol2_RE_rEapflank the
cassettedink) to be transposed. Within the HuC Promotigih¢ blue), theelavi3intron (blue) is shown
separately from its promoter and exogeegr). A polyadenylation signdfom SV40 (SV40 polyA;purple) [764]
follows the mKate2 sequence. Agel enzyme cut skt were used to linearize the plasmid. (Map courtes)

Chanpreet Singh.)
CIl P, NEB) which nonspecifical Inyd c3adt aelnydzse so ft hDeN
RNA phosphomonoesters to prevent-digiation [855]. Next, we used PCR to both amplify the

IRAADSNFR fragment as well as engineer 15 bp overhangs on either end to match sequences at
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the 56 and 306 ends of the bad7d3)(eeCGhapterRi2pal | vy,
to construct the final plasmid; we then performed ethanol precipit@gnChapter 2.2.50

generate a concentrated pellet which was resuspended in ndfobsagater. To verify the

success of the synthesis, we inspected the entire sequébddip)using a wholgplasmid

sequencing service (Primordium Lalgsg@eFig. 224 for an example)

Tel2 RE 158

Tol2 LE_208

5V49 polyA

Tol2-elavl3-Cyto.iR-KetSnFR
14164 bp

) elavl3 Exon 1

Figure 2.24 Plasmid map folrol2-elavI3-Cyto.iRKetSnFR The cassettim this case codes for the NES
(yellow) and the codowptimized CyteiR-KetSnFR ¢rangé. As in Fig. 223, thetwo Tol2 enzyme binding
sites (Tol2_LE_ 200 and Tol2_RE_15e) flank the cassettgink) to be transposed. Within the HuUC Promot
(light blue), theelavi3intron {lue) is shown separately from its promoter and exgnsgp). A polyadenylation
signalfrom SV40 (SV40 polyAppurple) follows the iRKetSnFR sequence. (Map courtesy of Kallol Bera.)

The California Institute of Technology's Office of Laboratory Animal Resources
supervised animal care, and all zebrafish expearimweere carried out in accordance with the
Institutional Animal Care and Use Committee regulations (Protocol #1836). To generate
transgenic lines, embryos froma@nossed WT zebrafishereinjected at the oneell stage with
a mixture of intact plasmid dnTol2 transposase MRNPB56]; as the transposase is translated

quickly, it can act on the emjected transgenic plasmid to excise ¢hevI3-NESIRAADSNFR
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sequence, after which it integrateto host DNA at randorsites (sometimes several timesp
prepare the ioff exltdomi dni &t, 12 % LnTpl2raRNAW.AES mi X e ¢
eL of phenol red (for vi $reeavdtar. Zlemixtoreayas allevedd 7. 5
to sit on ice during further preparations. Next, a microinjection pump (PV 820 Pneumatic

PicoPump, WPI) operated by a foot pedal and connected to a micromanipulatbb2M

Narishige) attached at an angle to a magnetized post was positioned under a stereoscope (10X
magnification; Stemi 2000, Zeiss) illuminated with a lamp (EKE Illuminator, Kramer Stegnti

A prepulledglasspipette(long-taper, WPIwas | oaded with 2 L of inj
into agasket and cap attachment onitieromanipulatorThe pipette tip was guided into a 50

mL dish filled withdeionized wateand te tip was broketo a diameter of1 mm Next, the

hold pressure was set1e3 psiand the ejection pressure set-20 psj theinjection mix was

ejected into oil under the stereoscope such that a ~1 nL bubble formed (as measured by grating
marks underneath). The needlas kept in oil between successive rounds of injections to

prevent leaking. WT zebrafish (agel32 months) kept on a 14:10 constant lidhtk cycle and

housed in 1.4 L tanks (ZT140, Aquaneerinoghtainingno more than six sarrsex fish were

paired in breding tanks overnight separated by a plastic divider; at the beginning of the light

period (after the injection setup described abawe)dividers were removed and the fish were

allowed to mate (se€hapter2.4.1). Embryos were collected within 15 mirfedtilization,

caught with a strainer, and washed into E3 medium (containing salts for maintaining proper pH)

[857] mixed with 1% methylene blue (blue E3) as an antifungal/ansp@raneasurg¢d58].

Embryos were then pulled up with a glass pipette and gently transferred to a 2%e alistno

with preset grooves (~0.5 e€m) to restrict mov
positioned so that the needle could access the embryos; the preferred target for injection is the

cell (though the yolk sac was chosen if access was impedlachessful injection into the

embryo was confirmed by visualization of the dyed mixture in the cell. After a round of

injections was completed, embryos were washed into 50 mL dishes filled with blue E3 at a

density of 50 embryos per dish and stored in°C28cubator (on a 14:10 ligitark cycle)

overnight. Additional rounds of matings and injections were repeated as necessary. The

following day, 1 dpf larvae were cleaned by removing cellular debris and dead eggs. The larvae
were then swapped into clean &3 placed back in the 28°C incubator. After the larvae hatch

between 23 dpf, we screened the fish on 3 dpf for expression of IRAADSNFR in the whole brain
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with the larvae temporarily paralyzed a¥% solution of the N&channelblockertricaine
(SigmaAldrich) using an epifluorescence microscope (M205 C, Leica) equipped with a filter
wheel(Em01-R488/56825, Semrock) whictpasesblue light at 470 nm; larvae with the

brightest baseline expression (founders of the transgenic line, FO) were stored gr&$sof

no more than 50 per dish in the 28°C incubator. On one of the following several -dagpfj4

FOs were swapped into egg water (deionized water with sea salts) in 0.8 L tanks (ZT080,
Aquaneering) with 125 larvae per tan{depending on the relis of the fluorescent screenjng

and rotifer feed was commenc@59]. At 15 dpf, the tanks began receiving circulating system
water, and at approximately six weeksjenile fish were swapped into 1.4 L tanks atso

system water with no more than six fish per tegdeivingjuvenile feed At around two months

of age, the fish were sorted by sex into separate tanks (zebrafish do not begin to differentiate by
sex unti 20-25 dpf[860]). Once sorted, the FOs were able to mate aB 2ronths old860] and

were outcrossetb WT fish. First, we collected and cleaned the embryos before adding them to
blue E3 up to 50 embryos per dish. The larvae were then handled as before: they were exchanged
into E3 at 1 dpf and screed for baseline fluorescence at 3 dpf, with the brightest F1 larvae
stored in larval water betweer74dpf under the same conditions as the FOs. The growth and
maintenance of the F1 fish was as previously described for the FO fish. Once of mating age, the
F1 fish were outcrossed to WT fish, with the embryos collected and cleaned as previously
described. On 3 dpf, the brightest larvae were selected to be the F2 final transgenic line; F2 fish
are considered to have stable germline expression of the traii8g&heénce these fish were
raised(as previously described for the FO andiRgés), all future crosses were considetede
generative of additional F2 embryos with stable iIRAADSNFR expression. For SPIM imaging
experiments, F2 IRAADSNFR lines were crossed with T and enbryos were collected and
cleaned as previously described. At 1 dpf, larvae were swapped into tagoan10% PTU to
increase optical transparency for imag{RJ U treatmenimay affect eye developmeintlarvae

[862] sobehavioral results should be treated with cagtiéih 3 dpf, larvae were screened as
previously described before being swapped again into E3 containing 10% PTU and placed back

in the incubator. Larvae from@& dpf were used in all imaging experiments.

The SPIM imaging we performed is based on a previous design with the following details
adapted863]. Two continuous wavelength (CW) eploton (1P) lasers at 488 nm (for
excitation of GFFbased iIRAADSNFRs) and 561 nm (see ChapiBrare employable both
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singly and in tandem. Each beam is collimated and expanded to a diameter of 1.5 mm which is
then passed through periscopes to raise the beams onto a 24%0p6@dal breadboard. Half

wave plates and polarizing beam splitters hemtapplied to both combine the two beams as well
as split them into two paths (one for lllumination Arm 1 directed towards the left side of the
sample and another for lllumination Arm 2 directed towards the front of the sample) of
equivalent length. Nexgll illumination beams are directed to a 2D scanning galvo mirror
positioning system in which the first mirror scans the beam laterally to establisly fhlane of

the light sheet while the second mirror (conjugate with each of the back planes afithigoex
objectives) translatebe light sheet on theaxis (normal to the detection plane). For scan

lenses, two achromatic doublets with a 150 mm focus and 50 mm diameteMIf¥ ¥9-391,

Edmund Opticsjeceive the light sheet which is then passedutina tube lens with a 200 mm
focus and 50 mm diamet@/IS-NIR 49-391, Edmund Optics)This scheme was chosen

because the desired optical performance remained diffraction limited with no chromatic
aberrations for thd88 and 561 nm beam3.he front andside excitation objectives are low
magnification (5X), low NA (0.1), and have a long WD (23 mm) (LMPLN5XIR LWD M PLAN,
Olympus)which completes a 4f optical system among the three lenses to avoid aberrations and
tilting of the lightsheet during axial scathe light sheets from the front and side excitation
objectives are orthogonal. Total excitation light loss in the system is aroetP4@nd final

laser power entering the excitation objective was measured at 10 pW (488 nm). Using a 0.1 NA
illumination objective allows for the generation of a thin light sheet with a gaussian waist of 3
pum. Thus, the final light sheet was created by scanning galvo mirrors allowing forseugtan
resolution across the full volume of a larval zebrafish brain with totektlimensional FOV of
400 x 8080[78X]. 250 &m

Once the fluorophores in the sample are excited, the fluorescence is collected by an
upright watesimmersion detection lens with 20X magnification, 1.0 NA, and 2 mm WD
(XLUMPLFLN-W, Olympus) arranged ortgonally to the two excitation objectives; this
detection objective is chosen to maximize both resolution and light collection. The sample
emissions then pass through a filter wheel (LambdB,18utter Instruments) which blocks stray
excitation light befag the signal is shone onto another tube lens projecting the image onto a
scientific complementary metakide-semiconductor (scMOS) camera. The detection objective
is scanned using an attached piezoelectric scanning collar synchronized with the seg@)d (z
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galvo mirror in lllumination Arms 1 and 2; the

f galvo and the piezo are scanned axially across a
B rangeoft500 em which all ows fo
b collection along the-axis of a larval zebrafish
Qi Q o brain within seconds. The sample chamber was

\ | CNC machining withdimensions 19 x 30 x 38
g gl mm? and total volume of 2inL (before
u accounting for liquid displacement by the
Figure 2.25. Cartoonof the sample chamber objective and sample mounting). The chamber has
showingits three windows (thbousing is shown

fabricated fron ABS polymer using commercial

three windows (round 25 mm #1 microscopy
for only the front window)(Figurecourtesy of

Andrey Andreev.) cover slips)pne each for the front and side

excitation beams and another to allow for heart
rate monitoring (see below), and is open at the top to accommodate both thennagesion
objective as well as the mounting systemHbolding the larvdFig. 225). The mounting system
consists of a caddy on which the sample is mounted and a dive bar which sinks the caddy into
the sample chamber below the objective, all of which can be moved using a manual 3D stage
stack. The sample chamber sits on top of a 25thick copper heat block which allows for the
maintenance of a constant temperature of 28%@archamber; a commercial film heater and
temperature sensor inserted into the copper block control the temperature through a thermostat
(PID). An eye mask (cut out of black aluminum foil) is mounted on a 2D translational stage to
allow for more precise coverage; the mask covers the left eye to partially block the side
excitation beam which limits light scattering as well as protects the larva from ocular
photodamage. We use an additional camé&1L65MU Thorlabs)with a 780 nm badtpass filter
positioned on the opposite side of the chamber from the side light sheet to monitor the heart rate
throughout the experimerd; 780 nm LED illuminates the sampéeprovide contrast for imaging

the heart.

Imaging was performed using eMOS canera (ORCA Flash v4, Hamamatsu) with final

pixel size of 0.78 um and exposure time of 100 ms per frame for the 3 s per volume volumetric
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Figure 2.26. (Top) Voltage trace of signals for the entirety of a 3 s volumetric scan-§80es) sent by custom
MATLAB scripts to cameragrangs indicatingwhen each image is taken (downward deflection every 100 r
overlaid on voltage signal to piezoelectric scanning collar (Pkdae) which correlates with detection objectiv
movement across the 36fn z-range. Botton) Zoomedin trace showing two images captured by camera

(orangé@ again overlaid on the piezoelectric signal with the voltage trace for the 2D galvo scanning miyor

(Galvo X,black demonstrating the constant lateral deflection ofitite sheet. (Figure courtesy of Andrey
Andreev.)

scan rate and 70 ms per frame for the 2.1 s per volum@-igt€.2%). Custom software scripts
(MATLAB) were designed to provide signals that control the position of the galvos, the piezo
objective colar, and the triggering of camera exposure through a digi@halog converter

(DAQ, National Instruments). While the galvos are continuously sweeping at a 1 kHz frequency
to create the lighsheet, the axial (z) position is synchronized between the gatvib piezo to

allow for volumetric scanning. The exposure signals are synchronized withptisition to

ensure that frames in individuaktacks are taken at the same physical location for each time

point. Final volumetric imaging is performed overG®3im span (z) with 30 frames collected
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per zstack. Temperature in the chamber was recorded using a cAsdamo-controlled

thermometef864] and the output data was collected alongside the imaging file.

To run an inaging experiment, the aforementione@ dpf PTUtreated larvae are
paralyzedusing-b ungar ot oxi n ( 8@ SignkAldach) add moumtédnoh the
caddy in 1.52% low-melting point agarose. The caddy has a groove to constrain the larva by
limiting pitch, roll, and yaw. Once the agarose has congealed, a scalpel is used to carefully
remove a section near the head, which allowslif@ct contact between the larva and the
solution in the chamber. The caddy is then attached to the dive bar and the entire mounting
system is fixed to the 3D movable stage stack. For preparing DOIs, dilutions at the desired
concentrations are mixed in B8ext, we set up the same gravity flow perfusion system as
previously described (see Chapter 2.2.6); solutions are flowed into a common manifdld at 3
mL/min which descends into the sample chamber while the bath solution is withdrawn using a
peristaltic pmp (MP II, Harvard Apparatus) with the outflow tube positioBedmabove the
surface of the solution to ensure the detection objective remains submerged and that solution
does not overflow the chamber. The larva is then positioned using the 3D stagndtac
baseline wstack time series is recorded for approximately 10 min to characterize baseline
fluorescence. Imaging experiments frord.b hours duration are then conducted, with the DOI
at various concentrations applied over3minutes followed b30-180 minutes of E3 as

washout.

Data are analyzed offline to: sort the images, adjust the brightness/contrast, choose ROIls, and
generate timeeries data for-glices of interest (FIJI); generate tiffrequency spectrograms for
the heart rate traces aatign ROIs with a standardized atlas (Python and MATLAB); and create
plots of the ROI traces (Origin 2018. We used an eqmence library (ANTsPy) to correct for
any drift and to register data to a standardized atlas of zebrafish brain regBrzsn(Atlas
[866]).

2.6.Results: IRAADSnFRSn Vivo
2.6.1. ConcentrationResponse Experimenn Awake Zebrafish
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Figure 2.27. Time-frequency spectrogram (shdime Fourier transform with window = 1000, 50% overlap,
sampled at 100 ms) of heart rate data from a single larval zebrafish over the course of the 260 min exper
The heart rate shows normal variation around a & pécval zebrafish rate 6f3-3.5 Hz[867] with no significant

drop-off from beginning to end.

We performed concentratienesponse experiments in larval zebrafish usipgoégocol(20 min
baseline with E3 followed by thr&® min drugplus60 min washout with E8equencésvhich
privilegesthe return to baseline fluoresceniging washout period§ hese parameters were
chosen after initial experiments demonstrated that the timseower which fluorescence
changes occur in our setup occur is rougiy orders of magnitude slower than the dynamics
observed duringn vitro experimentgsee Chapter 2.6.4\Ve also chose the same three
concentrations (1 &M, 2 ¢ M, 3Blowgndnomaacto lons s
micromolar)ECso values determined for IRAADSNFRs in purified protein (see Chapter 2.3.1),
somei Dr ugSnFRs -#kihf igked EGalueg When implemented in mammalian

cells and transduced neurdesy. dianicling684]), so we wanted to choose concentrations

al
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which would still a) have pharmacological relevance based on concentrations determined in
clinical studies (see Chapter 1.3 and Chapter 1.4), and b) would induce robust fluorescence
responses. Lastly, we ck®to perform experiments in which we administer only three
concentrations because of time considerations; while we verified that the larvae exhibit no
noticeable changes in health over the course of the 260 min expeusiemheart rate
recordinggFig. 2.27), we worried that longeterm experiments would compromise larval
health. Although we did observe definite health deficits after overnight paralysis (data not
shown), longer term paralysis may indeed be feaf86i&], whichmakes possibléurther

experimentation encompassing a wider concentration range with more doses.

We have thus far completed the aforementioned concentrasponse experiments for
three different transgenic linebg(HuC:iRKetSnFR) Tg(HuC: iSHNKSnFR) and
Tg(HUC:iIMXESnFR)To allow for further standardization whenneparing across different
experiments and fish lines, we focus on the fluorescence response of neurorgrdtiteen
usingthez-slicefor a given image stadk whichthis regionhas maximum crossectional area
asthe hindbrains large easy tadentify, and has low ¢ In theTg(HuC:iRKetSnFR)
experimentfkig.228) , we see a | aregpo(n>sel d@d®d%W)t hepF/IF e M do
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Figure 2.28 (A) Gray-scale single image of a larval zebrafish brain (z = 20/30) expredsi@gR-KetSnFR

showing the ROIlyellow) in the hindbrain which is tracked ovire course of the continuous flow experiment
(B) Fluorescence trace for the ROl drawnA) showing the responses to 20 min of arketamine administrati
(12/2/3 €M) as well as dBlackilimeglendte the begmrsniy and ¢ndegich periool

of the protocol.)
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washed out after a delay of approximately 10 min all the way to about 30% of that plealend
ofthe 1 h periodThe dynamicae nd peak fl uorescence of the 2 ¢
to those induced by t happedrstebeslightysmere delayedthea t he w
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Figure 2.29 (A) Gray-scale single image of a larval zebrafish brain (z = 21/30) expredsi6gS-HNKSnFR
showing the ROIyellow) in the hindbrain which is tracked over the course of the continuous flow experime
(B) Fluorescence trace for the ROI drawnA) showingthe responses to 20 min of (2S,68)K
administration (1/2/3 M) as Bleeklihesdanste tdetbeginming antl enl
of each period of the protocol.)
slightly steeper slopeesulting in aoughly90% decrease from theasting fluorescencezinally,
the 3 €M dose induces a s ruoleskenteyncreasethard (t hou
even steeper washout such that the fluorescence nearly returns to its value beforevths dose
administeredIn theTg(HUC:iSHNKSnFR)experiment Fig. 229), the overalfluorescence
increase from each dose administerddss than for th&g(HuC:iRKetSnFR)experiment, with
each dose inducinglevation f | es s t & ldowevér,GoPmore iAterést is the much
slowerkinetics of drug entry and exit: the fluorescence barely begins to rise during the three
(2S,6S)HNK administration periods, with nearly all of the fluorescence increase occurring
during the washout periggonly appeang to level off about 460 min afte eachdose end
There is no apparent negative slope tofliln@escence traces, suggesting that at no time during
the experiment did the DOI evexit neurons to any significant extent. The slopes of the
fluorescence trace during the delayed fambhinidrationrisesdo appear to increase with
increasing dose, as the amount of fluorescetmetionp er dose 1I's n@A%, Zonst at
€ M~4 0 %; 350%)Mn theTg(HuC:iIMXESnFRgxperimen(Fig. 2.30), the
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Figure 2.3Q (A) Gray-scale single image of a larval zebrafish brain (z = 21/30) expredsi@gMXESnFR

showing the ROIyellow) in the hindbrain which is tracked over the course of the continuous flow experim

(B) Fluorescence trace for the ROI drawnA) §howing tle responses to 20 min of MXE administration (1/2,

eM) as wel|l as dur i n Blacklindsdenote thérbeginningmmedrend ofceach gertod of 1

protocol.)
fluorescence dynamics display features intermediate betweenditesminedn the previous
twolinesThere is a delay of about 10 min during t
fluorescence begins to risence the first washout period starts, the fluorescence continues to rise
for an additional 40 min befotevelingoff, decreasing by approximately 5§F bfiem the
peak value when the 2 €M dose i s adwashoutstered
sequences results in dynamics as described for the first, with the main difference concerning the
slope of theltiorescence rise (as with thig(HuC:iSHNKSnFR)experiment); the rise in
fluorescence increases35%;t h25i%%d:r S65%)Msgn dos e s
the first washout, the last 20 min of the subsequent washout periods demonstrates aidecrease
fluorescence, though this appears to remain constant regardless of the concentration

administered.

2.6.2. SingleConcentration Extended Washout Experiments

A striking feature of the data from the concentratiesponse experiments is that we hitdle
indication as tdhetime courseover whichthe fluorescence increase from a continuously

administered concentration of the DOI would reach a peak valugiim vitro data (see Chapter
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2.3), this typically takes place within tens of seconds. However, we have characterired the
vitro imagingdynamics well enougbuch that we designed the experimental conditions around
these featureith thein vivoimaging experiments using larval zebrafish, we have
demonstrated that 20 mén approximately two orders of magnitude greater than the
administration periods usedimvitro experiment® is insufficient to induce a peak
fluorescence value, even for the DOI wiitte most rapid entry into neurons, arketamseefFig.
2.28). However, as these experiments also show, we rubsarvedareturn to baseline (or even
pre-dose) levels during the 1 h washout periods; yet we do see thait |déastwo of the larval
zebrafish line® Tg(HuC:iRKetSnFREandTg(HUC:IMXESnFR® there is the possibility of a
calculabletime course estimating windghe fluorescencerould return to baseline/préose

levels as both fluorescendeaces demonstrate decreases at some point during the washout
periods (with the washout for arketamine occurring faster than for MKE 2 28 andFig.

2.30). We thus decidito design experiments in which the washout period after a single dose
would be extended such that we could either better extrapolate theotimse over which a

return to baseline/prdose levels would occur or obsethereturn to those level3hese
experiments consist of a 20 min baseline period with E3 followed by 20 min of DOI with a 180
min washout period with E3. We chose 2 €M as

could induce a robust fluorescent response to compare among thendiffelorafish lines.

We performecdextended washowxperiments with the three lines for which we
completed the concentratimasponse experimenis. the Tg(HUC:iRKetSnFR)experiment
(Fig.231) , we see ograesphruse tqd +2609® whith agah appeassevith(
a delay o+~10 minafter administratiomnd decreasafter 1015 min of washoutnterestingly,
over the course of the washout, we observe a return to baseline fluorescence in-8tertast
of the experiment. This demoretes that, compared to threvitro fluorescence dynamics in
mammalian cells, the washout of arketammeivotakes approximately three orders of
magnitude longer (~10 s vs10,000 s). In th&g(HUC:iISHNKSnFR)experiment fig. 2.32),
we see minimal florescence response during the 20 min (28;884 administration period
followed by~1 40 mi n of b (apaa~@&0%)sbeforgthe ddredEence begins to
decreaseWNhile there is not much of a decrease, when the negatively sloping portion of the
washout period (the lasB0 min) is fit to a lineafunction we find that a return to baseline
would take an additional 330 min of washout with E3



127

B
2.5, E3 ‘ 2 E3
uM
2.0
il
N\
Lo 151 [ \
[ / %
< 101 | 5
[ X
|
0.5 | \
"f NN""-»
00+—~ , T
0 60 120 180
Time (min)

Figure 2.31 (A) Gray-scale single image of a larval zebrafish brain (z = 22/30) expreldsi@gR-KetSnFR
showing the ROIyellow) in the hindbrain which is tracked over the course of the continuous flow experim

(B) Fluorescence trace for the ROI drawnA) §éhowing the @sponses to 20 min of arketamine administratio

(2 €M) as well as dur i Blgck lindsdenos thh begirmisghanduehd ofpeach pedc

of the protocol.)
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Figure 2.32 (A) Gray-scale single image of a larval zebrafish brain (B8£0) expressingluC:iSHNKSnFR
showing the ROIyellow) in the hindbrain which is tracked over the course of the continuous flow experime

(B) Fluorescence trace for the ROI drawnA) showing the responses to 20 min of (2S;B8K
administration (2 &M) as wel IBlack knesdenoteithe lgeginningeand3end

of each period of the protocol.)
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(data not shown)n the Tg(HUC:iMXESnFRExperiment Fig. 2.33), we corrected the baseline
fluorescence as #ne was a slight movement during the experiment caasiraperrant increase.

We see a oresposnseFitB t he 2 & M ~tl0arsnentothe 15 0 %)
dosing period, levels off approximately 40 min into the washout, and begins to decradasz0abo
min later. The decrease occurs in a linear manner which, when fitted to a simple linear curve,

demonstrates that a return to baseline would take an additional 200 washajut with E3data

not shown)
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Figure 2.33 (A) Gray-scale single image of a larval zebrafish brain (z = 21/30) expredsiGgMXESnFR

showing the ROIlyellow) in the hindbrain which is tracked over the course of the continuous flow experime
(B) Fluorescence trace for the ROl drawnA) showingte r esponses to 20 min
as well as during the 3 h washout period (EBla¢k linesdenote the beginning and end of each period of the

protocol.)

2.6.3. Preliminarylmaging Data The Other iRAADSNFRs

While we have yet to perform tipair of experiments described above for the other three
IRAADSNFR zebrafish lines, we have collected datar@iminarily characterizeachof them

in vivo. ForHuUC:iS-KetSnFR3we performed a concentratioesponse experiment using the

same temporal parameters as described in Chapter 2.6.1, but we used lower concentrations (100
nM, 250 nM, 500 nM) because we wante@waluatehe sensor against depressretevant
concentratias of esketaminén the submicromolar range in humansee Chapter 1.3).

However, we observed small rises in fluorescence upon administration of these concentrations

\W
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(Fig. 2.34), with the clearest rise observed after the 100 nM deBed(% ) But Wdththe
return to baseline during the washout period noisy; the subsequent administesgioyut cycles
demonstrate < 10% changes in fluorescence along with a lack of a return to baseline. This
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Figure 2.34 (A) Gray-scale single image of a larval zebrafish brain (z = 18/30) expredsi6gS-KetSnFR

showing the ROIlyellow) in the hindbrain with is tracked over the course of the continuous flow experimer

(B) Fluorescence trace for the ROI drawnA) §howing the responses to 20 min of esketamine administrati

(100/200/300 nM) as well as during 1 h washout periods (B&ck linesdenotethe beginning and end of eac

period of the protocol.)
experiment suggests that higher concentrations of esketamine induce a more robust fluorescence
response, though the pharmacokinedicespecially in comparison with arketamirse¢Fig.
2.28 andFig. 2.31) 8 are yet to be dermined.For HUC:iR-HNKSnFR we performed an
experiment in which we administered asingledose @) f ol | owed @hgugla 1 h w:
the last half of the washout was corrupted by movement artifastaseixcised) Both in the
hindbrain Fig. 2.3) as well as across otheagions of the brain (data not shown), we saw
negligible changes d)suggésting ihat this acoreenttagon (s kot igho F / F
enough folin vivoimaging with this sensor; indeed,-lRNKSnFR had the highest B§bf any
IRAADSNnFR in purifiedp ot e i n;Tabk 2.9, ared leiny righthifting (see Chapter 2.6.1)
in vivowould require higher concentrations of (2R,8RJK to induce a robust responsaar
HuC:iScopSnFR we perf ormed an experiment in which v
via bath perfusion for 1 hAs with the (2R,6RHNK experiment, we do not see an appreciable
increase in fluorescence over ¢HMhge2.B)wohichse of t

could indicate all or some of the following: a) constant flow is nece$sanyore rapidransit of
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Figure 2.35 (A) Gray-scale single image of a larval zebrafish brain (z = 17/30) expredsi@gR-HNKSnFR
showing the ROIlyellow) in the hindbrain which is tracked over the course of the continuous flow experime
(B) Fluorescence trace for the ROl drawnA) showing the responses to 20 min of (2R;6R)K
administration (3 €M) as wel | racewas trundatedgduettchnovemhent

artifact). Black linesdenote the beginning and end of each period of the protocol.)
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Figure 2.36 (A) Gray-scale single image of a larval zebrafish brain (z = 20/30) expreldsi@gScopSnFR
showing the ROIyellow) in the hindbrain which is tracked over the course of the bath perfusion expeiiBjer
Fluorescence trace for the ROl drawnA) §howing the responses to 60 min of scopolamine administration

¢ M) Black(linesdenote the beginning and end of eachqakof the protocol.)
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RAADs into neurons; b) the concentration used was tod ltdve EGo of iIScopSnFR in purified
protein is 510 nMTable 2.1), so than vivoresultcouldindicate even more substantial right
shifting for this sensor than for iRNKSnFR; c) the solubility of scopolamine in E3 is lower

than for the other compounds, as its LagB.89, roughly two orders of magnitude lower than

the ketamineclass compoundspuld indicate thascopolamine does not cross into intact brain

as quickly (see Chapter 1.®).all, future concentratienesponse experiments will be performed
with all threeof theseRAAD-IRAADSNFRs using concentrations approximately an order of
magniude higher (and, in the case of scopolamine, perhaps with the addition of a 0.1% volume
by-volume addition of DMSO to increase solubility; while DMSO can increase F
iDrugSnFR9720], such a small amount would have a negligible effecglicit fluorescence
responses on par with the results observed in experiments using the other three sensors (see
Chapter 2.6.1 and Chapter 2.6.2).

2.6.4. Summary ofn Vivo Resultsand Next Steps

Our results from SPIM imaging of awake larval zebrafish expressing iIRAADSNnFRs pan
neuronally demonstrate that these sensors can detect the presence of pharmacologically relevant
concentrations of RAAD# intactneural tissu@ver the course of houis a dosedependent

manner. While we have yet to characterize all of the sensors (see Chapter 2.6.3), we are
confident that the performance of the IRAADSnRRsivoindicates their usefulness for

studying the pharmacokinetics RRADSs.

Perhaps the most interesting general result from these experiments concerns the time
course over which the RAADs apparently enter and exit neuoorthie order of tens of minutes
to hours, much slower than what was obsermadtro (see Chapter.3). As we have seen with
the SSRI fluoxetine (see Chapter 3), drugs can interact with memiloliéfieesntly in PHC
compared to mammalian cells; as the intact zebrafish brain has even more cellular complexity
than PHC, the potential exists for pharmacokeproperties of RAADSs to vary depending on
the cell type into which they transiievertheless, the rate at which an antidepressaats
inside cells does not necessarily indidhie speed with which exerts its effects; at least in
mammalian cellshoth RAADs(see Chapter 2.23)nd SSRIgsee Chapter 3) compounds
which produce clinical benefit on drastically different time scalesnter and exit cells within
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seconds. Notablyhe LogP values for the SSR3s 4.1 for fluoxetine and 3.2 for escitalapn

(see Chapter 3 are approximately within an order of magnitude of the ketaitlzgs

compounds (see Chapter 1.5), suggesting that the putative interaction with membranes causing
the slow washout of fluoxetine could conceivably occur for any or #ileoRAADs as well.
Characterization of the IRAADSNFRs in PHC using viral vectors would aid in understanding
RAAD pharmacokinetics, as will further experimemwivowith awake zebrafish. Other

possible reasons involtbe longer turnover time of the ah@er solution{4-5 minin vivovs.
secondsn vitro), the role of blood flow and metabolism in an intact animal(ithability of

RAADs to move across sk[B869], and sequestration in glié27,490]

For the timee sensors in which concentrati@sponse experiments have been performed,
follow-up studies will focus on titrating the concentration range (perhaps expénidirngpver
an order of magnitude) to assess potential-dependenéffects on pharmacokiries. In
particular, the concentrations of arketamine uségl .28) appeato induce similar
fluorescence responses, suggesting this sensor is sensitive to lowaigsaiolar)
concentrations which may help elucidate the pharmacokinetics of antidegsredssvant levels
(see Chapter 1.3n any case, our results suggest that such concentrations of arketamine will be
detectable by iFKetSnFR; as these doses are unlikely to induce anesthesia (see Chapter 1.2 and
Chapter 5), we can further investigatethc | ai m t hat anesthetic doses
induce antidepressant effects in larval zebrafish in a nenodapendent mann¢490], as our
setup allows for the simultaneous reding of physiology and pharmacokinetics (see Chapter 7)
as well as (in principle) a behavioral readout (e.g. tail movemem)further development of
transgenic zebrafish lines expressing iIRAADSNFRs in various intracellular compartments as well
as the M (see Chapter 2.3) is also an option for assessindinealpharmacokinetic properties
of RAADs as they enter and exit organelles of intefgstlly, studies implicating glia in the
medi ation of ket ami @427 d¥hazendemodstegied eoseiiing tesulesf f e c t
such that experiments on larvaeeqressing either neurear gliatargeted iRAADSNFRs
along with a reeshifted gliatargeted C& sensor would be of interest to explore further using
SPIM.
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CHAPTER 3: SENSING FLUORESCENT REPORTERSFOR SELECTIVE
SEROTONIN REUPTAKE INHIBITORS

3.1.Introduction

Theories on the pathogenesis of depression are yanedo single etiology has proved
dispositiveof the clinical manifestationseeChapterl.1). Indeedanyexplanatiorof

underlying pathophysiologymust account fothe likelihood that symptoms and states of MDD
are overdetermined and can affisen multiple mechanisms acting both in concert and singly.
Additionally, while thepathways througlwhich antidepressants appear to exert their main
effects has inspired sena of the mostompelling explanationsfd e p r e Tausesihese s
initial surmises are complicated by investigation into potential contargets for
pharmaceuticals which relieve symptoms (@bapterl.7); furthermore, much likether
successfuinterventionsfor neuropsychiatric diseases and disorderg. DBS for the treatment
of motor signs in PD), understanding how a treatment works does not entail understénding
pathophysiology

With respect to one of the most common systenmdicated in both depression and its
treatment, lte role of 5HT in the regulation omotivation and cognitiohas beemlemonstrated
acrossvariousanimal speciesncluding mammal§870]. Thelink betweers-HT and MDD has
been investigated for over fifty years, with fh&ative mechanisms several early
antidepressants (MAOIs and TCAB)plying thatthe inducedncreasen synaptic 3HT means
aberrant BHT signalingis a bomarker of clinical symptom#s mentioned previously (see
Chapterl.1), thisfinding motivated the development of SSRIs to treat MDD, as dlesigned
function is to inhibit the reuptake of synaptiti3 to increaseserotonergic tonélhe
proliferation of SSRIs subsequent to #@A-approval of fluoxetine (Prozac®) in the ril®80s
has ledmany clinicians and researchers to presume the importaned Dirbthe pathogenesis
of MDD. However, more recent findingsegarding both theapidantidepressant effects of
ketamine (se€hapterl.3) as well as evidence théytsregulation 06-HT may not beas directly
related tavIDD as previously considerd871] have led to a paradigm shift in tetidy of
antidepressants; whikomenoveltheoriesstill posit a role for BHT [872], overwhelming
evidence indicates thahy mechanistic understanding of either MDD or antidepressants must
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comprise a more expansiview of neurophysiological dynamicather tharfocus on one

neurotransmitterbrain area, or neuronal subtype.

In our estimationinvestigationsnto the potential antidepressamtechanisms of SSRIs
aim at addressinfpur nonmutually exclusive domain3he first is the most basic and touches
on the designedurpose of SSRIs: inhibition of SERIN this telling,while inhibition of SERT
leads to increased extracellulaH3 within days[49], it is onlyafter a period o2-6 weeks
[33,50]that underlying physiology ialtered sufficiently such that patients experience symptom
relief. A second proposal involveke buildup of SSRIs themseds in the extracellular fluitb
drive the physiological changes, as SSRIs are knowndomulate substantially in tissues (as
measured by ¥[277,278]) and havdipophilic properties (as measured bygDpH7.4 see
Chapterl.5), both of which impact accumulation né&ivl-anchoredSERT. A third mechanism
implicatest he r ecent | y -opt@sehoménanthereby weakly basic deudsf
which asubstantial population has no charge at physiologicacphl cross both the PM as well
as subcellular membranes to exert effecttheir target§530] (seeChapterl.6.5). In contrast to
the first mechanism, which postulates ecsa | | e d -i dirdevattisn bdtween an SSRI and
the extracellular SERT, insietut activityimplicatessubcellular compartments involved with
the assembly dBERT (parallelingnicotine binding td 46, NAChRs in the ER531-534] and
more broadlyany compartment kich maintains a lower pH can induce protonation and thus
accumulation of th&SRI via acierapping[530,537). Fourth, SSRI®perate via supplementary
or entirely different mechanisnesidesSERT inhibition toomproveMDD symptoms
Preliminary evidence suggests that interactions hatih TrkB [614] andlipid rafts [873] could
be involved in the antidepressant effect of SSRigch motivates the evaluation thfe necessity

and sufficiency of these mechanisms

Thus,investigatingwhere SSRIs transit in and around neurons, as well as how fast they
arrive, is crucial to evaluating the evidence for each of the aforementioned mech¥#vesthas
identified two SSRIs, escitalopram and fluoxetfheth weak basesith pKa values~9.8)ard
evolved existing iDrugSnFRs to generate sensitive and spEgSRRISnFRsIEscSnFR and
iIFluoxSnFR. Thessensors were targeted to several parts of both mammalian cells anil PHC
the ER, the PM, and the cytoplagmwhich have relevance to timsideout pathwaySERT is
synthesized in the ER, trafficked through the cytosol,amathored on the PIi874]). We
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recordedboth iISSRISNFR as well &asmanSERT (hSERT) responseto pharmacologically
relevant concentrations of the two SSRIs as welb ggiaternaryamine derivatives
(escitalopram: Nescitalopram; fluoxetine: N dimethylfluoxetine)with a permanent positive
charge thisallows for separate assessmenof the outsidén and insideout pathwaygas these
derivatives cannot cross the PM). Lastly, wgedboth simulations as well dipid beadassays to
explore the reasons for thbservedslow pharmacokinetics of both SSRisPHC, particularly
fluoxetine In all, we believe that our resufisovide compelling evidence that several unusual

properties of SSRIs may contribute to their slow therapeutic dynamics.

3.2.Methods
3.2.1. Development of iISSRISnFRs and Experimigsinsg Purified Protein

We screened previous iDrugSnFR proteins for fluorescence respobsthtescitalopram and
fluoxetine as described @hapter2.21. Once completedye began evolving sensors from
differentstarting constructs: fdhe escitalopram sensoE$cSnFR, iNicSnFR3b[533]; for the
fluoxetine sensorluoxSnFR, IAChSnFR[678]. SSM was performed as describedCimapter
2.2.2, with one round o§SMsufficient to produce IEscSnFR and three rounds for iFluoxSnFR
(Fig. 3.1A). After concentratiofresponse profiles were established for each iISSRISnFR in lysate
(seeChapter2.2.2), we used FPLC to purify each sensor as describé&hapter2.2.3 after

which we performed both stoppéldw and ITC as described {Dhapter2.24. For ITC,450 uM
escitalopram (Tocris) was titrated into 45 puM iEscSp&fid 700 uM NN-dimethylfluoxetine

was titrated into 140 uM iFluoxSnFERhe latter drugsensor pair waused becausee found
fluoxetine to bensoluble at high concentrations which affected the performance of the ITC
instrument, particularly the precisely controliegection into the sample cenalysis,

including correction for changes in enthalpy gexted from the dilution of the ligands into the
sample ell duringthe experimental titratigrwas performed using a singdée binding model in

NancAnalyzeas described in Chapter 2.2.4

3.2.2. Synthesis of Quaterna§SRIs
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Synthesis of Nmethylescitalopram was as previoudBscribedwith escitalopram replacing
citalopram as the starting reag@ii5]. To generate M-dimethylfluoxetine 60 mg/0.174 mmol
of fluoxetine hydrochloride (SigmaAldrich) was dissolved ithe solvenacetonitrile(ACN; 5
mL). Triethylamine( 1 3 0 ¢ L) asweabasdaiaivedebyimethyl iodide( 3 2 4, whiich )
acts as the methylating agemhe reaction was stirred at room temperature for 20 Bthyl
acetatg10 mL) was ddedasan extractingagent,and the resulting precipitate was removed by
filtration. The filtrate was concentrated, dissolved in dichloromethane, and washed with
deionizedwaterthree timesThe organic layer was dried oveagnesium sulfatend
concentrated to give a yellow oil (44 mg, 54%)oton nuclear magnetic resona¢@0 MHz)
was performed with solvation in chloroform U -7.29 (dh,&H), 226 6.97 (d, J = 9.05 Hz, 2H),
5.57 (dd, ¥ 6.32 Hz 1H), 4.224.15 (m, 1H), 3.8.73 (m, 1H), 3.38 (s, 9H), 2.4135 (m,

2H). Mass,calculated for @H23FsNO™ to be338.17g/mol, found 338.22.

3.2.3. FluorescencéMeasurements iMammalianCells andPrimary Culture

We constructed three variants for each iSSRISnFR targeting the PM (&g, the ER
(suffix 6_ ER9, and the cytoplasm (suffix cytad for expression in mammalian cells as
described irChapter 2.2&. Transfections were performed in HelLa cells as desdrinChapter
2.2.5 For viral transduction of PHC, we produced AAWSyniSSRISNnFRER, PM, and
_cytoplasmids as described @hapter 2.2.5with the _ER and _PM viruses made using the
AAVpro protocol and the _cyto viruses made using the Caltech midi®g8]. Mouse

embryonal HC were dissectaddplatedthentransduced after-8 days using MOIs as described
in Chapter2.2.5 Time-resolved oncentratiorresponse imaging was performed for both
transfected mammalian cells and transduced PHC as descriBadpier2.2.6 experiments
consisted ofnterleaving paods of washout (6020 s) with HBSSollowing administration of
increasing doses of SSKH0 s).We performed experiments in PHC w0 nM folimycin
(SigmaAldrich), an inhibitor of vesicular ATPasesed to assess trapping of SSRI in vesjcles
we incubated dishes for 10 n{B37] prior to perfaming standardmaging.The number of cells
averaged was as describedinapter 2.2.65pinning disk confocal microscopy was performed
as described i€hapter 2.2.6with the finaldrug concentrations both mammalian cells and

PHC10 uM of escitalopranand 10 pMof fluoxetine.
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3.2.4. Electrophysiology of hNSERT Inhibition

Complementary DNA (cDNA) frothSERTwas transferred to the pOTV vectehichis an
oocyte transcription vectaptimized forin vitro transcription of RNA876]. TheK490T

mutation whichincreases the amplitude of the hSERT transassbciated curreTAC) at low
pH [877], wasencodedusing the QuikChange protocol (Agilentiie TACis induced by uptake
of 5-HT [878]. Linearization of theDNA wasaccomplishedia singlesite Notl digestion and
purified usingthe PCR purification kit adescribed in Chapter 2.RPurified DNA was then
transcribedn vitro using the T7 mMessage Machine kit (Ambiddgwly hatchedXenopus
laevisoocytes were isolated, injected witbneplementarfRNA (20 ng in 50 nlof nucleasdree
water), and incubated at 19°C foreedays in C4&'-free ND96 solutiorfcomposed 086 mM
sodium chloride2 mM potassium chloridel mM magnesium chlorideand5 mM HEPES

buffer [879] titrated topH 7.5[880]) supplemented with 0.05 mg/ngentanicin (Sigma

Aldrich) to prevent contaminatior2.5 mM sodium pyruvate (Acros Organits)supplement
energyfor oocytes and 0.67 mM theophylline (Sigr#ldrich) which inhibits oocyte
developmenf881]. Two-electrode voltage clamp electrophysiology was performedsama
automatedecording systenfOpusXpress 6000MVolecular Devices Axon Instrumentst RT.
Oocytes were impaled with borosilicate glass electrodes filled withpdtislssium chlorid€0.3
3.0 Mg r esi st-60rmv.Al)conspoudd shigidns weee prepared usingdeee
ND96 solutiontitrated toa pH of 5.5for maximizing TAC amplitud¢877]. A solution

containing only SSRI or quaternary derivative (0.67 mL) was applied to odoytE3 s

followed by a 10 s incubatigmfter which slution containing the same concentration of
SSR/quaternary derivativenixed with3 e Ms-HT (1 mL) was then applieidr 15 s.This

process was followed by a 3.2 min washout pewidt running buffer (C&-free ND96

solution, pH 7.5) flowed & mL/min(seeFig. 3.10). To collectelectrophysiological tracens i

the proprietary softwareC{ampfit 10.3 Molecular Devices Axon Instruments), we employed a
low-pass Gaussian filter at 5 Hz then subtracted the average baseline current preceding
application of compound solutions in lgyH buffer. For each cell, peak currents at each
concentration were normalized to the maximGAC [878)lmeasur ed by a&adpml yi ng
the absence of mbitor (seeFig. 3.10). Normalized currents were then averaged and fitted to the

Hill equation(Prism 9 GraphPad Softwajen offline analysisMeasurements dCso for
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escitalopram, fluoxetine, and their quaternary derivatives were from at leaaitslGrom which

the SEM was calculated.

3.2.5. Simulations oDiffusion and Binding

Because of the unexpected slow washout of fluoxetine from PHEige24C-D andFig.
3.5A), wedecided to expand our analysis to investighéganembrane dynamics which could
account foithis unusual pharmacokinetic property using mathematical moddlhesimulation
we employeda ppr o x i mditstdag, Fi c k 0s

0 00—,

(where Js theflux, D is the diffusion coefficient, and the differential equation measures change

in concentration as a function of the change in disjaae@ sequence of fluxes between nested
intracellular and extracellular shell compartments governed byofidetrrate constantés = kp)

[882]. Each shells treated as a wetditirred compartment. The units and dimensionsare

described previousli882],i ncl udi ng® s mmsf Lagodmmol arity (f M,
shells have thickness 0.495. 5, o r; fodfluEeDbetweemshellb,is the freesolution

value. In classical analysf&82], thednembrane barriéis not a shellit is insteadfinitely

thin and has zero volume. In the model, dimembrane barriéis located at a radius of 7.505

em, and its permeability is reprlkskgfortfixd by a
between one pair afeighboring shells. The permeability of tileembrane barriéis calculated

as though it were a shell of finite volumiéth athicknessof 0. 01 e m, t wi ceint he v a
a comparable stud®83] to account for membrane proteiiitss also calculateds though it

were governed by free radial diffusibatreduced by two large multiplicative factoa) npH,

which accounts for the reduced availability of the neutral form of fluoxégiven the difference
between the pkof fluoxetine andphysiological pH, and(b) naccum the reduction caused by

binding to membrane lipid884]. The factor acumcan be calculated using the ratiipid

molarity in the shell)/(assumed fluoxetiipid Kg); the latter k is the most important adjustable
parameter (se€hapter 3.3Fig. 3.5C, Fig. 3.7L, andTable 3.1). Most classical analys¢382]

do not consider drug accumulationtiin the infinitely thindnembrane barriéof zero volume.

Therefore, we enhanced the classical simulation by including a routine that simultaneously
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calculates drug accumulation withilraembrane shdlbf finite thickness and volume. The
composition, hickness, and volume are those used to compute the permeability of the
dmembrane barriéabove thus, thedmembrane shdihas the lipid molarity and fluoxetidgid

K4 described above and has a thickness of 10 nm (inner and outer radii at 7.495 and .50
respectively). Fluoxetine accumulatjomhich does not deplete the total number of drug
moleculesjs calculated by simply multiplying the [fluoxetine] within theembrane shdby

Naccum The inwardfacing border of thémembrane shé@undergoedree diffusion with the next
inward shell, as described for all other pairs of adjoining shells. The outer border of the
dnembrane shdiis thednembrane barrigsywhose permeability is described above. In the
simulated results, the waveform of drug concentration withidrtteenbrane shelis

simultaneous witlthatin the cytoplasngfwithin ~50 m3. This conceptual scheme is valid only if
the concentration sourcednink lie outside thémembrane barrighallowing accumulation

within thedmembrane shdito be influenced by delayed permeation throughatiembrane
barriet6 A more complete version, also allowing sources and sinks within the cell, would include
botha 5 nm thickinner membrane shélhnd a 5 nm thickouter membrane shgiflanking the
dmembrane barrigdThe model was constructedagraphical user interface (GlUsimbiology;
MATLAB, MathWorks). For our purposes, this interface has heuristicesdut it has the
disadvantage that rate constants and shell volumes must be calculated externally. Therefore, we
transferred the parameters manually to the GUI from the calculations and assudgsmitzed
abovein an Excel spreadshedtable 3.1). The programthen integrated the equations to produce
drug molarity ersugime in each spherical sheki). 3.5C andFig. 3.7L). For our purposeshe
advantages dahis methodare:(a) it verifies consistency among the dimensions and,amits

(b) it has rdvust routines for integrating stiff differential equatipwhile thedisadvantageare

(a) it cannot treat surface densities in a compartment of zero vcmeh€b) its dosing routines
cannot jump the concentration of a source dk;dimnus the waskin and washout phases were

simulated separatelfrig. 3.5C andFig. 3.7L).

3.2.6. Total Cellular Accumulation, Intracellular Bioavailability, and Lipid Binding

AtorvastatinC&* salt, escitalopram oxalate, fluoxetine hydrochloride, lopinavir, and warfarin

(SigmaAldrich) were obtainedt t hei r hi ghest degree of purit)
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lopinavir were selected as reference compoybdsed on previous characterizatianyl

warfarin was used as an internal stand&8®]. Atorvastatin, escitalopram, fluoxetine, lopinavir,

Compartment Shell outer Shell pH Divisor Binding divisor First-order rate Classical permeability
radius volum® np Naccum constants k=Det/ t hi cknes
Kkt = Ko = Deft*
A/ t hi ck3mes
Cytoplasmic shells 0.5 0.52 1 1 1.26 0.04
1 3.67 1 1 5.03 0.04
1.5 9.95 1 1 11.31 0.04
2 19.37 1 1 20.11 0.04
25 31.94 1 1 31.42 0.04
3 47.65 1 1 45.24 0.04
35 66.50 1 1 61.58 0.04
4 88.49 1 1 80.42 0.04
4.5 113.62 1 1 101.79 0.04
5 141.90 1 1 125.66 0.04
55 173.31 1 1 152.00 0.04
6 207.87 1 1 181.00 0.04
6.5 245.57 1 1 212.37 0.04
7 286.41 1 1 246.30 0.04
7.495 326.86 1 1 282.37 0.04
Membrane shell 7.505 7.07 230 208 0.01 8.36E6
Membrane barrier n/a 0.01 8.36E6
Extracellular shells 8 373.98 1 1 324.95 0.04
8.5 427.78 1 1 363.17 0.04
9 481.19 1 1 407.15 0.04
9.5 537.74 1 1 453.65 0.04
10 597.43 1 1 502.65 0.04
10.5 660.26 1 1 554.18 0.04
11 726.23 1 1 608.21 0.04
11.5 795.35 1 1 664.76 0.04
12 867.60 1 1 723.82 0.04
12.5 943.00 1 1 785.40 0.04
13 1021.54 1 1 849.49 0.04
13.5 1103.22 1 1 916.09 0.04
14 1188.04 1 1 985.20 0.04
14.5 1276.01 1 1 1056.83 0.04
15 1267.12 1 1 1130.97 0.04
15.5 1461.36 1 1 1207.63 0.04

Table 3.1. Several columns with intermediate calculations are hidden. The workboo#sxfile, is available at
https://github.com/lesterha/lesterlab_caltech. The hpadarity (0.416 M)is calculated from the usual
assumption tha@ach membrane leaflet has ddipgensity of 2.5 million moleculesi? [886]. Theassumed
fluoxetinelipid Kq is the most important adjustable parameéiarthe PHC simulation, thealue of 2.2 mM
produces a halime of 251 s anés consistent with the measured valugio®00£Md [545]. (In the worksheet
for HelLa, Ky has the value of 22 mMThe membrane barrier comprises a set of two equal rate constants, a
though it were physicalliocated at 7.508m. Varying the assumed membrane shell thickness over a threefc
range changed the simulated kineticslb96 because the structure of the model has compensatory changes

several parameters.
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and warfarin were made as stockslimethyl sulfoxideDPMSO;O 2 mM) . Tot al
ratio (Ky) was measured as described previo{s#p] butover a series dfime points HEK293
cells were seeded at passage 14 at &xdlB/mLon 24-well plates Cellbind, Corning in
DMEM with L-glutamine and 10% FB&t confluencegach well wasvashed twice with HBSS
and incubated with 200 pL of HBSS containing 0.5 uM of compound fdr280min at 100
rpm. At each time pointhe outsidemedium was sampled before washing the cells witls8B
and extractingheintracellular compound usinr§CN/water (60/40) for 15 min at 500 rpm.
Protein content was quantified in representative wells using a Pierce BCA ag3dekito

Fisher Scientific)Kp, the intracellular compound accumulation, waswalted according to

wherecellular volume (\en) was calculated assuming 6.5 puL/mg pro{éih2,545] Acei is the

amount of compound gidecells (in fmol) andCmediumiS the concentration in the saunding

medium (in nM). Experiments were carried out in triplicate on three independent occasions.

Compounds were quantified via UPINMS (Acquity UPLC 399 coupled to a Xevo T® micro
MS, Waters)and cata were plottedsingsoftware(Prism 9) Binding tolipid-coated beads was
measured witka proprietary kit TRANSILXL Intestinal Absorption KitSovicell) as outlined
previously[545]. PhasphatidylcholingPC)-coated silica beads and 5 uM drug were incubated
for 12 minin an orbital shakemfter which lhe beads were centrifuged at 750 rpm for 10 min
before the supernatawis sampledExperiments were carried out in triplicate at three
independent occasiorsid @mpounds were quantified by EKIS/MS. The § ipia metric,
representinghe fraction of unbound compound, was then calculasétg the equation

0
0 0

¢

O

where Gutter IS the supernatant concentration &admorandS calculatedising themass balance
equationCmembrane= (Coutfer * Viutter) / (Vmembrang, With lipid membrane volume equal to A0
[545]. DL, an optimized dilution factor determined by minimizing the sum of the squared
prediction errors (Microsoft Excel, Solver athg, was used to scalgfid to fucen, the predicted

intracellular fraction of unbound compound, accordintheoequation

accu
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o [885].

o)

h

Intracellular bioavailabilityFic, was calculated frorthe experimentally determinedgand fi el

values usinghe equation
O 0 00, [887]

Analysisof sampled fluids was performedingUPLC-MS. Chromatographic separation was
achieved using a column measuring 2 x 50 rvatérs 1.7 um C18 BEHwith a gradient of 5%
to 95% mobile phase B (0.1%rfoic acid in 100% ACN) in mobile phase A (0.1% formic acid
in LC-MS grade water) over a runtime of 2 min. The flow rate was 0.7 mL/min and 7 pL of
sample was injected per run. In ESI+ ionization mode, the UHMB(arameters listed ihable
3.2 were used. Data were preprocessgsithg proprietary softwar@lassLynx and TargetLynx
4.2, Waters)

Compound  Retention time (min) Parent(m/z)  Daughter (m/z)  Cone voltage(V)  Dwell time (s) Collision energy (V)
Atorvastatin = 1.54 559.3487 440.2340 14 0.164 20

Escitalopram 1.25 325.0489 108.8380 22 0.025 26

Fluoxetine 1.33 310.1700 148.0700 36 0.110 8

Lopinavir 1.59 629.5000 155.1000 22 0.025 46

Warfarin 1.50 309.1662 163.1476 3440 0.1100.025 1516

Table 3.2. Massspectrometry parameters for chemical detection of compounds used in HEK cell atvoditgd

bead assay(en/z = mass over charge ratio).

3.3.Results
3.3.1. Generation ofSensitive and SpecifiSSRISnFRs

The purified proteinconcentratiorresponse relations for the optimiz&BRISnFRare
IESCSNFR ECs0=4 . 5 N 0 ma?Fo=C6MH 0.3g8Elope= 3.6, iFluoxSnFRi ECs0=8.7 +
0.2 UM, pmadFo=9.2 £ 0.1, Sslope=1.1. Fig. 3.1A). Both cDNAsequencekbave been
deposited in an online database (AddGene #18282808) We thencharacterized specificity
for thar respective target drugs versus a panel of related antidepressants, antidepressant
metabolites, and nicotinic agonists employing the concentreggponse schenuescribed
previously(Fig. 3.1B-C). iEscSnFR had greater fidelity for its drug partner, lmigdew drugs in
our panel except for choline (B&= 140 + 20 pM, ~16dold above endogenous levé&88-890];
Fig. 3.1B). In contrast, iFluoxSnFR detected several compounds with\atlies between 32
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170 uM, concentrations higher than those relevant for clipiggdoses. iFluoxSnFR detected

norfluoxetine, the breakdown product of fluoxetine, with asde€63 + 20 uM, demonstrating

A inf I iSnFRb pri b ¢ Residues Mutated
nforma iSnFRbase rimary Drug o § vs. Parent Constructs
Name ID interest BF el Fo ECso (HM) S-slope o1 395 T 330 [ ass
iNicSnFR3b 007 nicotine/ACh 10 19 0.5 F G w A
iEscSnFR 165 escitalopram 16+0.3 45+0.2 3.6 - - - E
iAChSnFR 008 ACh 12 1.3 9.2 F G W G
iFluoxSnFR 019 fluoxetine 9.2+0.1 8.7+0.2 1.1 H S -
B \  escitalopram C fluoxetine
%51 iEscsnFR @ )y 181 iFluoxsnFR Ao
H N
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Figure 3.1.(A) iISSRISnFRdevelopment and concentratioasponse relations versfisal andparentconstructs.
(Data for IAChSnFRrbm [678]; data for iNicSnFR3b frorfb33]). (B and C) Concentratiorresponse relations of
purified iEscSnFRB) and iFluoxSnFRC) versusadrug pane(Ch = choline, Dulox = duloxeting Parox=
paroxetine Sert= sertraling Ven = venlafaxing RCit = R-(-)-citalopram Cit = racemiccitalopram Nor =
norfluoxetine; RFluox, R+)-fluoxetine; SFluox, §-)-fluoxetine thelnsetsshow elevant Sslope value$or each
iISSRBNFR.(Dashed lines indicate concentratiogsponse relations thdid not approach saturation fibre
concentration ranges tested; thereforeso@d gfmad/Fo could not be determinedD andE) iEscSnFR D) and
iFluoxSnFR E) show little or ndfluorescence response to all endogenous molecules (&dted glutamateGly =
glycine, Hist = histaming L-DOPA = levodofm).
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that iFluoxSnFR has an eigfald preference for binding fluoxetine ovigs primary metabolite
iFluoxSnFR shows no bindirtg ACh and cholineRig. 3.1C). The relative selectivity of each
biosensor for its partner compound indicates a strudtunetion relationship that differs from
that of the interaction between hSERT and SSRIs: while hSERT can bind to multiple SSRIs,
eachiSSRISnFR binds preferentially to only one SSRE also performed concentration
response experiments with iEscSnFR and iFluoxSnFR against a panel of nine endogenous
molecules and their precursofsd. 3.1D-E). Neither iEscSnFR nor iFluoxSnFR shovaet/
response to the selected compounds distinguishable from background.

3.3.2. Thermodynamicand Reaction Kineticsf iISSRISnFRs

To examine the thermodynamics of t&SRBnFRSSRIinteraction, we conducted ITC

experimentsKig. 3.2A). The experimentally deteined Kso f i Esc SnFR, 3.4 N oO.
within 1.5timesof the experimentally determined E@n purified protein 4 . 5 {ig0. 2 & M
3.2B). However the low aqueous solubility of fluoxetine led to distoriam the evolved heats

due to turbulent injectiongven after multiple attempts with various solvation schemes

(including the addition of 0.1% DMSOEonsequently, we performed IT@r iFluoxSnFRwith
N,N-dimethylfluoxetine §ee Chapter 3.2.1The experiments produced an expentally

determinedkof 28.1 N 3.7 &M, approxi matelsyof t wi ce t
iIFluoxSnFR for NN-dimethylfluoxeting 14 £0.4¢ M(seeFig. 3.8). The ITC data implyhat the

ECso for fluorescence in iEscSnFR and iFluoxSnFR is dominated by the overall binding of the
corresponding ligands both arelargelg r i ven by chanB@32BLOQur entropy
stoppedflow apparatus allowed for experiments witliilisecond resolution taneasure the time

course of fluorescembSRISnFRresponses tearious concentrations of target driidg. 3.2C-

D). These data show the trajectory of the ligaadsor reaction as it relaxes to a new equilibrium

after a suddestep upn ligand concentrabin, with different relaxation characteristics contingent

on the concentration of drug applidebr both sensors, most of the fluorescence change occurred
within the first secondwith anexponential time coursé&ig. 3.2C-D, upper left pang). An

additioral smaller and slower exponential fluorescence increase continued over theMext

(Fig. 3.2C-D, upper right pang). In the 1 s stoppeflow experiments, the rate constants for the

fluorescence relaxation i) were a hyperbolic function dijand concentrationHig. 3.2C-D,
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lower panels). For escitalopram binding to IEscSnFR, thecaaroentration intercept was 1.8 +

0.1 standkopswas halfma x i mal at 7.7 N 0.5 c-$atekidétic f i tted t
mechanism: the ap@mo drug)state, a drugpound nonfluorescent state, and a-tateting

conformational change to the fluorescent state. These assumptions predicted an overall steady
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Figure 3.2.(A) Exemplar heat traces of iEscSnFR paired with escitalopradriFluoxSnFR paired with N;N
dimethylfluoxetine as obtained by IT@p row); the heats for iEscSnFR aitftluoxSnFR were endothermic. The
resulting fits(bottom rovy for eachiSSRSnFRSSRIpair from the integrated heats comprising each series of
injections.(B) In energy calculations frorthe abovdTC traces and fitdoth iISSREnFRs show exergonic
reactionsput the relative enthalpic and entropintributions differ. Affinity (Kiy) and occupaty number (n) were
also calculategbottom tablg. (C and D) Stoppedflow fluorescence data for various concentrations of iEscSnFR
(C) andiFluoxSnFR(D) recorded for periods of 1 and 100 s at sampling rates of 1 ms anelspegtively.
Fluorescence was activated at time 0 by mixing agonist and sensor protein as noted. iIEscHrEBx&mi-R data

are fit to single exponentials. Plots oét#xponentiatate constantéony versus figand areshownfor the 1 s data.

statteEGof 1.7 N 0.3 &M, compared to the value of
response experiments on iEscSriRRurified protein(Fig. 3.1A). For fluoxetine binding to
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iFluoxSnFR, the zergoncentration intercept was 6.2 + 1 5adkossWas halfmaximal at 7 + 2

UM. Thethreestate mechanism predicted an overall stestdte EGoof 1. 3 N 0. 7 & M,
compared to t he v altheecemrationespohseedgeriméntsani ned wi
iIFluoxSnFRin purified protein(Fig. 3.1A). The halfmaximal amplitudes and rate constants for
the100 s experimentsccurred at ligand concentrations in the same concentration range as those
for thel s experimentsThis observation is consistent with the suggestion that the intense

excitation beam in the stopp#idw apparatuproduce further photoactivatiom the fluorescent

statewhen theprotein is exposetb light for long periods of time

3.3.3. Characterization of iISSRISnFRs inirRary Culture

All AAV vector plasmid sequences have been deposit@th online database (AddGene
#182818182823).TheiSSRISnFRsvere targeted to the PMSSRENFR_PM), th&R
(ISSRISNFR_ER), or the cytoplasm3SRISnR _cyto) asdescribed irChapter2.25. Spinning
disk confocal microscopyas performed as described in Chapter 2.2.6shoded targeting to
the intended organelle or compartmdfg( 3.3): ER-targeted biosensor was retained in the ER
[533,544,684]iISSRENFR targeted to the PM@hied correct localization, witkensor

Cyto

iEscSnFR

iFluoxSnFR

Figure 3.3 (A-B) ER-targeted constructs of iEscSnFR and iFluoxSnFR are shown bAfhi81) and during
(A2, B2) exposure to each drug partner aeM. ER-targeted $SRISnFRs show the eponymous reticulated
pattern, and fluorescence is excluded from the nuc{€uB) The PM-targetedversions of eachre shown before
(C1, D1) and during €2, D2) drug introduction. Localization in the PM is robust, with some minimal puncta
may represent inclusion bodies or internal transigBrE) Cytoplasmtargeted constructs are shown befd#, (
F1) andduring (E2, F2) exposure to each drug partnéhe g/toplasmtargeted $SREnFRs shows correct

expression
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expression likewise seémthe cell interiotbut minimally sg the cytoplasrtargeted constructs
was excluded from the nucleus aagpeared in both soma and detes. We then performed
concentratiorresponse experimentsRHC as described in Chapter 2.216ing widefield
fluorescence imaging with eacBSRENFR and its drug partner, sampling a range of
concentrations approximately an order of magnitude abav®elow the E6 as determined for

the purified proteinKig. 3.4). iEscSnFR showed a robust response to escitalopram at the PM and

Figure 3.4.(A-D) Each BSRSNFR detects its drug partner at the ER, PM, or cytoplasm (cyRhGfat the
concentrations sampledrugs were applied f@0 s pulsebetweenl20’ 150 swashoutintervals(BC = HBSS
buffer contro| SEM of data are indicated lsgmitransparent shrouds around traaedescribed in Chapter
2.2.6) (A-B) iEscSnFRfluorescencapproacksa plateau during the applicatibeforereturring to baseline
fluorescence during th@ashout at all targetddcations.(C-D) iFluoxSnFR detectionf fluoxetine has not yet
reached a plateau duriagplicationperiods and alsshows an incomplete washout with no return to baseline

fluorescenceafterwardin every targeted location.
the ER across a range of ¢ on eeswdsnearyiinoteddy f r om
solution changes; there was a clear return to baseline fluorescence after each drug application on

the order of second§&ig. 34A) . A«FepFal ue of ~2 was rteeached at
IEscSnFR_ER construethile thegpF b vialue for the _PM construct appearedd%lower at



