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ABSTRACT

Stress is one of the most critical determinants of lifetime health. To gain insigtitanto
underlying geneenvironment interactions governing the effects of stress on development and
behaviour, we (i) utilized proton nuclear magnetic sfeciopy to angkze cardiorenal and
cerebral metabolomes of animals exposed to a multidimensionaliéadiressor, and (ii)
used immunohistochemical, transcriptomic, and behavioural analyses to examine the impacts
of multidimensional earhjife stress o offspring aniety-like behaviours and visual
development. Metabolomic profiles revealed significant changes as a result of early postnatal
stress. Dysregulation of energy and protein metabolism suggests an increased risk of metabolic
diseases like insuliresistance,ardiorenal syndrome, diabetes, obesity, and mental health
disorders. Additionally, multidimensional eailife stress accelerated the functional and
cellular development of the visual system. These findings provide novel insights into the
effects of earhife stress on metabolism, development, and behaviour by combining

behavioural, histological, metabolomic, and transcriptomic approaches in a mumbiit
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CHAPTER 1: INTRODUCTION TO THE EFFECTS OF EARLY LIFE STRESS ON
METABOLISM, DEVELOPMENT, AND BEHAVIOUR

Alf we hit that bull seye, thecards. @of t
- CaptainBrannigan



INTRODUCTION
OVERVIEW

Effects of EarlyLife Stress on Lifelong Health & Behavioural Outcomes
Early-life stress has been associated with lifelong adverse health and physiological

outcomes in offspring (Cottrell & Seckl, 2009; Evans & Kim, 2007; Singer & R%99).In
both animal and human studies, edifly stress has been found to program accelerated telomere
shortening (Epel et al., 2004), adult inflammation (Danese, Pariante, Caspi, Taylor, & Poulton,
2007; Pace et al., 2006), neurodevelopmental dessr@Baleet al., 2010), and an increased
prevalence of nosommunicable diseases (NCDs) (Barouki, Gluckman, Grandjean, Hanson, &
Heindel, 2012; G. Wang, Walker, Hong, Bartell, & Wang, 2013). For instance, in a human
cohort exposed to the Dutch famimeutero, prenatal undernutrition was linked to the early
onset of coronary artery disease in adulthood (Painter et al., 2006; Roseboom et al., ®800) as
as other noirtommunicable diseases; however, the effects of perinatal undernutrition depend
upon whichphysiolayical systems are developing at that critical time window (Roseboom et al.,
2001).

Several studies have found a strong correlation between stressftiifeagiperiences
and impaired cognitive performance in adulthood (McEwen & Gianaros, 2@Hindk etal.,
2015). In humans, earljfe stress has been associated with enhanced responsiveness to
psychosocial stress and has been causally implicated in the development of major depressive
disorder as well as increased strgghiced inflammatory reg@nses iradolescence and
adulthood (Pace et al., 2006). In animal models, chronic stress early in life has been found to
alter neurogenesis across development and impair cognitive function in late adulthood. For
example, mice exposed to ealifg stressexhibitedimpaired performance in learning and

memory tasks (Hoeijmakers, Lucassen, & Korosi, 2015). These environmeantaibedleficits



are associated with lasting changes in hippocampal plasticity, as well as plasticity in other brain
areas. Of interest, regns in the prefrontal cortex and amygdala are known to exhibit experience
dependent changes in neuronal circuitry and have been implicated irrstaésd vulnerability

to mental health disorders, including anxiety and depressloBWen & Gianaros, 2.

Animal models focused on early environmental influences, including perinatal stress,
have been critical in revealing the effect
function, and lifelong health outcomes (Bock, Waiegt, Braun, & Segal,@L5; Hubel &

Wiesel, 1968; Nowicki, Searcy, & Peters, 2002; Rice & Barone Jr, 2000; Wiesel & Hubel,
1963). Although the effects of the perinatal environment on brain development, plasticity, and
lifelong nonrcommunicable disease rilave garnered much erest, little is known about the
mechanisms underlying these stregtuced adverse health and behavioural outcomes.

Critical periods of development are periods of time during which physiological systems
display drastically heightened plasticity in respotes environmental stimuli (Rice & Barone Jr,
2000). First studied in the context of visual development in kitteneg@W& Hubel, 1963),
these transiently heightened critical periods of plasticity allow for an expefimpandent,
long-term adaptive comitment to a pattern of neuronal connectivity (Hensch, 2004). In the
murine visual cortex, the opening of the critipariod for experienceependent plasticity is
characterized by the transfer of orthodenticle homeobox 2 (Otx2) homeoprotein into
parvalbumin (PV)-expressing GABAergic interneurons (Beurdeley et al., 2012). Similarly, the
closure of this critical periodicharacterized by the rapid appearance of perineuronal nets in the
primary visual cortex. In normal, healthy mice, the critical period/i&wal cortical plasticity
typically occurs from postnatal days (P)20 to P35, after which the visual system igypo lo

hypersensitive to environmental stimuli (Espinosa & Stryker, 2012). These physiological



milestones correlate with behavioural andchional changes in the animéh. mice, visual

acuity and contrast sensitivity improve rapidly with treset of the critical period for visual
system plasticity, correlating with improved performance in behavioural tasks such as the
elevated plus maze angsual cliff (Pinto & EnrothCugell, 2000). For example, once the critical
period for the visual systebegins, animals typically begin to show a side preferencexndit
cliff avoidance on the visual cliff apparatus, indicating the presence ofgrptption.

However, despite the visual system being the premier model for expedepeadent brain
plasticity, virtually nothing is known about the effects of edifly stress on the timing of visual

development.

STRESS & CARDIORENAL FUNCTION

Comorbdity of Cardiorenal Diseases & Mental Health Disorders

Chronic norcommunicable diseases are a majorlipdiealth problem with a high
economic cost to health systems (Beaglehole & Yach, 2003; Cravedi & Remuzzi, 2008; Habib &
Saha, 2010; Hill et al., 20164t least a third of all individuals with one NCD are subsequently
diagnosed with additional chronic meommunicable conditions (Licher et al., 2019).
Cardiovascular diseases (CVDs) are the most prevalent category of NCDs, accounting for nearly
half of dl NCD-related mortalities (Organization, 2018). CVDs ofterocour with mental
health disorders (Chatd, Robinson, KlindRogers, AlexandriSouphis, & Rubenfire, 2016;
ChauvetGelinier & Bonin, 2017) and decreased renal function, with CVDs being twice a
common in patients with chronic kidney disease (CKD) and advancing at twice the rate (Collins
et al.,2003; Hill et al., 2016). Moreover, individuals suffering from emotional disorders are

twice as likely to experience myocardial infarction relativenedeneral population, and this



cardiovascular comorbidity significantly increases mdstah patients with depression
(ChauvetGelinier & Bonin, 2017; Kozela et al., 2016). An estimated 40% of individuals with
chronic CVDs also suffer from anxiety, aoderall anxiety levels are 60% higher in CVD
patients relative to healthy adults (Konstarigser, & De Jong, 2005; Moser et al., 2010).

The comorbidity of adverse cardiovascular events, renal dysfunction, and affective
disorders suggests shared pathwaythe pathogenesis of these conditions (Baigent, Burbury, &
Wheeler, 2000; Chauv&elinier& Bonin, 2017; Go, Chertow, Fan, McCulloch, & Hsu, 2004;
Muntner, He, Hamm, Loria, & Whelton, 2002; Napoli, Casamassimi, Crudele, Infante, &
Abbondanza, 2011). Amidi vi dual 6 s susceptibility to NCDs
exclusively, environmentig determined (Gluckman, Hanson, & Mitchell, 2010; Maher, 2008;
Taylor, 1983). However, traditional risk factors for chronic diseases such as poor nutrition,
inactvity, and adiposity do not fully account for the excess burden of NCDs in the population
(Greenland et al., 2003). Thus, other factors such as stress may be precipitating events in the
development and progression of chronic4eommunicable conditions (ErsnRose & Lewis,

2005).

Stress & NorCommunicable Disease Risk

Growing evidence implicates stress and its effector system, the hypothaléuniary-
adrenal (HPA) axis, in the pathophysiology of cardiorenal and affective disorders (Boubred et
al., 201; EversorRose & Lewis, R05; McEwen & Magarinos, 2001; Post, 1992; Steptoe &
Kivimaki, 2012). During infancy, distinct organ systems exhibit transient critical periods of
heightened plasticity (Hamilton, 1952) and increased vulnerability to environnesitis
(Thornburg & Loug, 2005). Accordingly, early life stress (ELS) has lasting deleterious effects

on physiology and behaviour (Langi€yans, 2013; Vieau, 2011; X1. Wang, 2013), risk of



affective disorders (Chaby et al., 2015), metabolic disgas€hrousos2000) and

cardiovascular (Barker, 1995) and renal diseases (Hershkovitz, Burbea, Skorecki, & Brenner,
2007; LangleyEvans, 2013). The mechanisms underlying its association with cardiorenal and
emotional disorders, however, are poorly undedt@versorRose & Lewis, 2005; Tain &

Hsu, 2017).

Stress & Cardiorenal Metabolism

Comprehensive metabolic profiling of biological samples has emerged as a promising
approach to characterizing the pathophysiological consequences of maladaptive gene
environment interetions (Beckonert et al., 2007; Emwas, Salek, Griffin, & Merzaban, 2013;
Fiehn, 2002; Nicholson, Lindon, & Holmes, 1999; Wishart, 2008). Metabolic phenotypes
represent an organismdés downstream ¢delplari ol ogi
processes; therefore, metabolic profiling is a powerful tool for identifying sindssed adverse

health outcomes (Kiss, Ambeskovic, Montina, & Metz, 2016).

STRESS & DEVELOPMENTAL TIMING
Critical Periods & Experiencdependent Brain Plastity

Heightend physiological plasticity in the perinatal period has been recognized by
biologists for decades. Nearly a century ago, it was demonstrated that a developing embryo
exposed to chemicals at specific times would acquire predictable malformatiimthe mat
rapidly-growing systems being most susceptible to environmental toxicant exp(Sioesard,
1921). Similarly, the developing nervous system is molded by environmental factors (Dobbing,
1972; Gale, O0O6Cal l aghan,lIsn@aigkEaénmi, & yohnstbrd0v7). & Mar t

Neuronal circuits across the developing brain demonstrate remarkable plastegyanseto



early-life sensory inputs, with discrete periods of heightened sensitivity in specific brain regions
where structural modifation becomes essentially irreversible beyond a certain age (Hensch,
2005). These transient | y tititgdllayHor e expatienéecr i t i c al
dependent, longerm adaptive commitment to a pattern of neuronal connectivity (He213a4),
Although the experienedependent reorganization of neural circuits is possible throughout life,
the magnitude and permanencenatomical changes distinguish critical periods of
development from adult plasticity (Hens@@04).
Stress & Developmentdiming

The perinatal environment is one of the most critical determinants of lifetime health
(Boubred et al., 2013; Chaby, CavigeHiirrlinger, Caruso, & Braithwaite, 2015; Gluckman et
al., 2010; Idris et al., 2013; Langkvans, 2013; Maher, 2008; Pait, Teeuwiszen, & Deeg,
2011; Tain & Hsu, 2017; Thornburg & Louey, 2005; Vieau, 2011; Wang, 2013). Recently, it has
been found thaearly adversity results in the accelerated maturation of emlenant brain
circuits and associated behaviours (Cdikay & Tottenham, 2016), and that this acceleration
results romthe stressnduced fAreprioritizat itmhmay of devel o
accelerate some brain regions or functions at
developmental tragories may result in a topographical desynchronization of brain
development, thus contributing to the wadicumented lifelong advee health and behavioural
outcomes in stressed populations. Stiedsced developmental acceleration has also been
observd in other biological contexts. For example, accelerated pubertal development has been
linked to adverse earljfe experiences asell as subsequent mental and physical health
impairments (Saxbe, Negriff, Susman, & Trickett, 2015). In this case, putitad was found

to be mediated by HPA axis activity, with accelerated pubertal development occurring alongside



attenwated HPA axis functioning. In the brain, ealifg stress has been found to accelerate the
behavioural and neural maturation of certieas, including the hippocampus (Bath, Manzano
Nieves, Goodwill, & behavior, 2016; Kerr, Campbell, Applegate, Brqdisbandfield, 1991).
Specifically, stressed animals exhibited an accelerated decline in the expression of cell
proliferation (Ki67) anddifferentiation (doublecortin) markers, as well as an earlier switch in
NMDA receptor subunit expression (a markeswhaptic maturity) and displayed precocious
timed developmental suppression of contextual fear in a contextuadeditioning task (Bén
et al., 2016). Similarly, elevated plasma corticosteroids due to stress have been found to
accelerate electrophysagical and morphometric biomarkers of hippocampal aging in rats (Kerr
et al., 1991). However, while several studies have detailed #net8f earhlike stress on the
developmental trajectory of hippocampal and emet&avant brain circuits, little Isabeen done
to explore the impact of stress on other brain areas.
The Visual System

A significant proportion of our current understandafghe mechanisms underlying
experiencedependent brain plasticity during cortical development has been derivedtérdisss
of the mammalian visual cortex. For over 50 years, the visual cortex has been a proving ground
for the study of experienegependat plasticity because visual input can easily be manipulated
and the consequences of these manipulations easily othsgriree behavioural, anatomical, and
physiological levels (Tropea, Van Wart, & Sur, 2008). Although the development of visual
system cicuitry begins prior to the onset of vision (Crowley & Katz, 1999; Sur & Leamey, 2001;
Sur & Rubenstein, 2005), sens@xperience is necessary for the proper development of visual
function. While visual input exerts the most drastic effect on the develeEnal cortex, other

environmental stimuli have also been found to affect the development of the visual system. For



instance, complex sensemotor stimulation provided by an enriched environment was
previously found to accelerate egpening, the devepment of visual acuity, and the decline of
white-matter induced longerm potentiation (Cancedda et &004). These effects were
accompanied by a significant increase in BDNF protein and GAD65/67 expression in enriched
pups (Cancedda et al., 2004). Netlieless, while the physiological, molecular, and behavioural
milestones of visual system developmentéhbeen weltharacterized, there are currently no
studies detailing the impact of nesual adverse stimuli, such as edifg stress, on visual

sysem development.

THEORY

Developmental Programming Theory

The developmental programming theory emphasizes that, during rapidifeagkowth,
biological systems are in a state of transiently heightened plasticity during which they are highly
susceptibldéo both beneficial and adverse environmental stimuli (H&iBinder, 2012; Weiss
& Wagner, 1998). During this state of heightened developmental plasticity, organisms respond
environmental stimuli with epigenetic and physiological changes that, whedhseient or long
l asting, aim to schawesefswwal antd epraductibm (vei, evaldidonary
success). While some of these environmentaltijiced changes are reversible, the magnitude of
experiencedependent plasticity in the peairal period is unmatched by any other development
phase (Rgiolini, Jensen, & Champagne, 2009). Thus, maladaptive developmental events can
result in permanent lifelong pathological consequences for an animal (Heim & Binder, 2012;

Hertzman, 1999; Johnsonil&/, Granger, & Riis, 2013; Shonkoff et #012).



HYPOTHESES

The work underlying this thesis was designed to investigate two main hypotheses.

Hypothesis 1: The Cardiorenal Programming Hypothesis

If stress early in life results in loAgsting adaptivehanges to organ systems, then adult
anmals exposed to perinatal stress should exhibit drastically altered heart and kidney
metabolomic profiles relative to controls. Furthermore, if ebfdystress is causally implicated
in the pathogenesis of adverxs®diorenal health outcomes and mehtlth disorders, stressed
animals should exhibit (i) increased anxiike behaviours on the opdield test as well as (ii)
changes in individual metabolites and metabolic pathways that have previously beertachplica
in psychopathologies (Experiment 1)

Hypothesis 2: The Stress Acceleration Hypothesis

According to the stress acceleration hypothesis, adverseléamyxperiences should
result in the Areprioritizat i omabesarkebrdr vel opme
regions or functions dhe expense of others. If the primary visual cortex is one of these regions,
stressed animals should exhibit precocious visual development relative to controls. Furthermore,
because the stress acceleration hypotipesigs that not all areas will develapthe same rate,
global cerebral metabolomic profiling should reveal altered metabolites and metabolic pathways
indicative of a topographical desynchronization of brain developimtatt is, metabolites and
metaboic pathways indicative of accelerateglvelopment as well as metabolites and metabolic

pathways indicative of delayed development (Experiment 2).
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THESIS OBJECTIVES & RATIONALE

Stress & Cardiorenal Metabolism
Here,'H NMR spectroscopy was used to determirieether ELS in a mouse miel

permanently alters cardiorenal metabolism. Comprehensive cardiorenal metabolomic profiles
were acquired in conjunction with behavioural data quantifying arkletyoehaviour in an
animal model exposed to an ealifg stressr (i.e., multidimensionaransportation stress).
Univariate and multivariate statistical approaches, along with metabolite set enrichment analysis
and metabolomic pathway analysis, were utilized to correlate metabolic profiles to (i) altered
pathways inelved in cardiorenal metabsm and health outcomes, and (i) anxiékg
behaviours in the open field apparatus. By investigating the direct impact ofifeaslyess on
cardiorenal tissues, this approach provides novel insights into the direct effects
multidimensional earhife stress on heart and kidney metabolism while allowing for the
identification of clearly distinguishable cardiorenal metabolic signhatures and mechanistic
pathways linking impaired cardiorenal function to mental health disarder
Stress & Developmentdiming of the Visual System

Here,'H NMR spectroscopy was used along with transcriptomic, morphological, and
behavioural approaches to determine how eé#dystress in a mouse model alters cerebral
metabolism as well as the démemental trajectory of the visual system, the premier mofiel
experiencedependent brain plasticity. Comprehensive left and right cerebral metabolomic
profiles were acquired in conjunction with behavioural, morphological, and visual cortical
MRNA (messeger ribonucleic acid) expression data from an animal colxpdsed to an eady
life stressor (i.e., multidimensional transportation stress). Univariate and multivariate statistical
approaches, along with metabolite set enrichment analysis and metabodtin@y analysis,

were utilized to determine (i) the impadfsmultidimensional earlife stress on cerebral

11



metabolism, while also investigating (ii) the impacts of eaféytransportation stress on
lateralization of brain metabolite changes, anjitfie effects of earhfife stress on the

devdopmental trajectory of the visual system. Global mMRNA expression profiles of visual
cortical tissues were utilized to investigate potential upstream transcriptomic changes leading to
downstream stressduceal metabolomic changes. Egpening observationsere collected as a
measure of visual system development, and behavioural assessments were performed throughout
the duration of the critical period for visual cortical plasticity (P20 to P35 in mice) tcsdbses
functional developmental trajectory of thisual system in response to early postnatal stress.
Immunofluorescent staining of perineuronal nets (P35) was used to pinpoint the timing of visual
critical period closure in perinatalstressed and contranimals. By investigating the direct

impact ofearlylife stress on brain metabolism and the impact of multidimensionalifarly

stress on visual system development, this approach provides novel insights into the underlying
mechanisms linking earlf e stress to the topographical desynchronizaiidorain

development and impaired cognitive function in adulthood.
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CHAPTER 2: METABOLIC BIOMARKERS LINK EARLY  -LIFE STRESS TO RISK OF
NON-COMMUNICABLE CHRONIC DISEASES

13



INTRODUCTION TO EXPERIMENT 1

In order to characterize the lifelong effects of multidimensional déelptress on
cardiorenal metabolism, &ds and kidneys from shipped animals and controls were collected

and subjected to global metabolomic profiling'bByNMR spectoscopy.

MATERIALS AND METHODS
Experimental Design

Twenty-three male C57BL/6 miceMlus musculuswere used. Control animals (n=9)
came from an animal cohort bred and raised under consistent laboratory conditions at the local
vivarium for at least four geerations. Stressed animals (n=14) had been shipped from Charles
River Laboratories (Charles Riveaboratories, QC, Canada). Pups remained with their mother
until weaning at 9.6 grams, after which animals were housed in groups of at least two.-Anxiety
like behaviour was assessed at 10:00 am on P25 using a standafidldpgask for video
recording of number of central squares entered ianairi session (Erickson, Falkenberg, &
Metz, 2014). To assess the impact of multidimensional digglyransportabn stress on
cardiorenal metabolism, kidney and heart tissues from adult (P50) mice wereeetvasighed,
and processed for metabolomic profiling ¥y NMR spectroscopy.
Stress Procedure

Pups and their mothers were shipped from 7:30 am to 7:30 pm2ofT Fé. shipment

included 3.25n of ground transportation and &nSlight as airfreight.

Metabolomic Analyses

Sample Collection and Preparation

Mice received an intraperitoneal overdose afism pentobarbital (150 mg/kg;

Euthansol; Merck, QC, Canada). Kiely and heart tissues were extracted, weighed, and stored at
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180°C. To isolate watesoluble metabolites for NMR analysis, tissues were thawed at room
temperature and subjecteEdmethancbased protein precipitation as well as chlorofdrased
lipid extraction (Bligh & Dyer, 1959). Finally, samples were centrifuged at 12,000 g for 5
minutesat4C t o precipitate any particulate matter,
transfered to a Smm NMR tube for NMR analysis.
NMR Data Acquisition and Processing

Data were acquired using a 700 MHz Bruker Avance 11l HD spectrometer (Bruker, ON,
Canada). Spe were obtained using a Bruker triple resonance -FBfobe with the outer coll
tuned to the nuclei dH, 3P and®H and the inner coil tuned to th& nucleus. The standard
BrukertD NOESY gradient water suppressedwimapul se
mixing time of 10 ms. Each sample was acquired with 128 K data posusgep width of
20.5136 ppm, and a recycle delay of 4 s. Tissue samples were run for 512 scans to a total
acquisition size of 128 k. The resulting spectra were then zezd fdl 256 k, lindoroadened by
0.3 Hz, transformed to the frequency domain, phaased baselineorrected. Spectral
processing was performed using the Bruker Topspin software (version 3.2, patch level 6), after
which spectra were exported to MATLAB (Matlofks, MA, USA) for spectral binning, data
normalization, and scaling. Spectra wbirened using Dynamic Adaptive Binning (Anderson et
al., 2011). Datasets were normalized using the Constant Sum method (Paxman et al., 2018) to
remove effects of imperfect wex signal suppression. The dataset was then Pscated (mean
centeredanddivded by the square root of each variabl

referenced to TSP (0.000).
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Metabolite Identification
The Chenomx 8.2 NMR Suite (Chenomx Irn&sB, Canada) was used to identify

metabolites present in tissue spactvletabolite identities were validated using the Human
Metabolome Database (Wishart et al., 2012; Wishart, Knox, et al., 2008; Wishart et al., 2007).
Statistical Analyses

Spectral bins wre first analyzed for all comparison groups and classified as either
significant or norsignificant using a decision tree algorithm (Goodpaster, RoRasendale, &
Kennedy, 2010) and a MatWhitney U test (Emwas et al., 2013). One hundred seventpins
were initially included in the kidney analyses and 347 spectral bins were included in the heart
analyses. Alp-values obtained from these analyses were BonfeHofm corrected for
multiple comparisons. Variation in spectral data wasaliged using BEncipal Component
Analysis (PCA), Partial Least Squares Discriminant Analysis {PBA$ and Orthogonal
Projection of Latent Structures Discriminant Analysis (OHA) using Metaboanalyst (Xia,
Psychogios, Young, & Wishart, 2009; Xia, Sinkbv, Han, & Wshart, 2015; Xia & Wishart,
2011, 2016). Double crosalidation and permutation testing (2,000 iterations) were performed
to validate statistically significant PEBAand OPLSDA r esult s ( Szy ma @&EsKk a,
& Westerhuis, 2012; Wesrhuis et al.2008). Variable Importance in the Projection (VIP)
analysis was performed and VIP plots were made using the weighted sum of squares of the PLS

loadings.

Metabolite Set Enrichment Analysis (MSEA) and Pathway Topology Analysis were
performedusing Metaboargst. Metabolic pathway analysis identified the most relevant
pathways (Xia & Wishart, 2010a) based on the Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway databas® (s musculusand the Over Representation Analysis (Paxman et
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al., 2018) selectedising a hypergeometric test. The number of central squares entered by each
animal in the opedffield apparatus was related to metabolic changes using Péarson

correlations.

RESULTS

Tissue Phenotype

Multidimensional ES led to abnormal kidney and heareights. Specifically, absolute
kidney weights were significantly increasé(®[L)= 3.194,p<0.01] and relative heart weights
were significantly decreaset{9.172)=3.175p<0.01] in stressed animals compared to-non

stressed controls (Figures 1A and 1B).
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Figure 1. Early life stress alters heart and kidney weights in adultho&dApsolute organ weightsB) Organ

weights as a percentage of total body weight. Animals exposed to stress showed significantly increased absolute
kidney weights and significln decreased relative heart weights at P50 compared testréssed controls.

Asterisks indicate significances: **p<0.01. Error bars represent + SEM.
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Exploratory Statistical Analyses

The kidney and heart analyses included 170 and 347 spectral birstredp. A MW
test was applied to each comparison group to ifjewtiich features (Chaddha et al.) led to
univariate statistical differences between the groups. These analyses revealed 81 (47.6% of all
spectral bins) and 241 (69.5% of all spectral baaghificantly altered features in kidney and
heart tissues, respaely. Unsupervised multivariate PCA tests were initially performed using
all features. In kidney tissues, separation of the groups was observed in the PCA scovits plot,
principal compoents 1 and 2 accounting for 45.1% and 16.1% of the total vayissgectively

(Figure 2). In heart tissues, no separation of groups was observed when consideirisg all
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Figure 2. PCA scores plot showing statistically significant unsupervised agparbetween adult mice exposed to
early life stress and controfer kidney tissues. Each triangle or cross represents one individual under study, plotted
using all kidney metabolites. Theand yaxes show principal components 1 and 2, respectiveyp&tcentages

shown in brackets along each axis indicate the amnofidata variance explained by that component.
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Supervised and unsupervised multivariate statistical tests were then performed using the
bins identified as significant from the MW tebt.both kidney and heart tissues, the
unsupervised PCAcsres plots show clear group separation, with principle component 1 being
equal to 41.4% and 50.3% of the total variance and principle component 2 being equal to 18.3%
and 31.4% of the total variancespectively (Figures 3A and 3B). The scores plots from
supervised PLPA (Figures 3C and 3D) and OPL3A (Figures 3E and 3F) tests also both
display distinct group separation, supporting the PCA findings. &a&sation anghermutation
tests validated thebserved supervised separation results as a furatiowltidimensional ELS
in both kidney (PLSDA: p<0.01, R2=90.2%, Q2=83.9%; OPI[3A: p<0.001, R2=94.9%,
Q2=85.9%) and heart (PESA: p<0.01, R2=74.4%, Q2=56.1%; OPI[FA: p<0.001,

R2=98.7%Q2=95.5%).
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Figure 3. PCA @, B) PLSDA (C, D) and OPLSDA (E, F) scores plots showing statistically significant supervised
separation between adult mice exposed to early life stress versus controls for bothAidhely) @nd heart B, D,

F) tissues. Each trianglor cross represents one individuader study, plotted using a list of kidney or heart
metabolites found to be statistically significant by a MW test. For the RCB) @nd PLSDA (C, D) plots, the x

and yaxes show principal components 1 and 2, retpely. For the OPL®A plots E, F), the x and yaxes show

the variance explained across and within the groups, respectively. The percentages shown in brackets along each
axis indicate the amount of data variance explained by that component.
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VIP plots(Figure 4) indicate which variables contributed most to the group separation

observed in the PL-BA scores plot. In kidney tissues, dimethylamine, uridine, and malate

contributed most to the separation (Figure 4A), with VIP scores of 3.00,ahé1.,.58,

respectively (Table 1). In heart tissues, glucuronate, adenosine, and uridine contributed most to

the separation (Figure 4B), with VIP scores of 3.41, 2.80, and 2.66, respectively (Table 1). In

kidneys, 22/44 (50.0%) unique, significantly altereetabolies (as determined by the MW test)

were upregulated in stressed animals compared to controls, with the remaining metabolites

being dowrregulated (Supplementary Table 1). In hearts, 54/82 (65.9%) unique, significantly

altered metabolites were dowegulatel in stressed animals compared to controls, with the

remainder being upegulated (Supplementary Table 1).
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Figure 4. VIP plots of adult mice exposed to early postnatal stress and controls, showing the relative contfibution
metabolites. A) Kidney tssues.B) Heart tissues. High VIP values indicate greater contribution of these
metabolites to group separation, shown in the f16plots. Green and red boxes indicate relative metabolite
concentration. A VIP score of 1.0 is considered abldigoriminae between two phenotypes.
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Functional Analyses

A genomewide network model of mouse metabolism was used to investigate metabolite
sets altered as a result of multidimensional ELS (Figures 5 and 6). In kidney tissues, early
postnathstress exposure mosignificantly affected arginine and proline metaboligxQ.001),
methylhistidine metabolisnp€0.001), as well as glycine and serine metabol{gxn0.01)
(Figure 5A). Additionally, numerous energy metabolism systems were alterkediimgc
pathways in amimacyHRNA biosynthesis<0.00000001), arginine and proline metabolism
(p<0.001), alanine, aspartate, and glutamate metabgist(@01), and valine, leucine, and
isoleucine degradatiop<0.05) (Figure 5B). In heart tissues, multi@nsional ELS most
significantly altered methylhistidine metabolispm<Q.01), phosphatidylcholine biosynthesis
(p<0.01), as well as glycine and serine metabolis#®(01) (Figure 6A). Pathway topology
analyses (Figure 6B) revealed significant effectsramaacyttRNA biosynthais (<0.001),
glycine, serine, and threonine metaboligx.001), histidine metabolisnp<0.01), and valine,

leucine, and isoleucine biosynthe$s(.05).
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metabolites identified as significant in a MW test.
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Behavioural Phenotype

Opentfield locomotor profiles revealed increased anxidtg behaviour in stressed
animals corpared to nosstressed controls, as reflected by the number of squares traversed in the
centre of the opefield arena. {(21)=3.069,=0.0060] Sixteen and 117 features correlated
significantly with increased anxietike behaviours in kidney and heartstigs, respectively
(Supplemental Table 2). Of interest, the relationship between the number of central squares
traversed and the relative cemtrations of methionine, malate, and serine indicated a positive
correlation for serinerf0.45,p=0.029] and neafive correlations for methioninei 0.66,
p=0.00066] and malate$i 0.64,p=0.0011] in kidney tissues (Figure 7A and Table 1). The
relationsip between the number of central squares traversed and the relative concentrations of
malonate, lysine, and cré&a¢ indicated a negative correlation for creatirs 0.52,p=0.011]
and positive correlations for malonate().57,p=0.0050] and lysinerf0.49,p=0.017] in heart

tissues (Figure 7B and Table 1).
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Figure 7. Pearson correlations to assess the reaship between anxietike behaviour and the relative
concentrations ofA) methionine, B) malate, C) serine, D) malonate, ) lysine, andF) creatine in either kidney

(A, B, © or heart D, E, F) tissues. There were negative correlations betweenuher of center squares entered
and methionine (r£0.66, p=0.0007), malate (i=0.64, p=0.0011), and creatine (9.52, p=0.0114)indicating

that a higher anxietjike state was linked to higher methionine, malate, and creatine concentrations. There were
positive correlations between the number of center squares entered and serine (r=0.45, p=0.0293), malonate
(r=0.57, p=0.0050), ad lysine (r=0.49, p=0.0173), indicating that a higher anxikke state was linked to lower
serine, malonate, and lysine cont&tions.
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Organ Metabolite r p Correlation
Methionine.1 10.66 0.0007 | Negative
Malate.1 10.64 0.0011| Negative
Malate.3 710.61 0.0019| Negative
Glucose.1 0.60 0.0024 | Positive
2-Aminoadipaté 0.57 0.0042| Positive
Cystine 0.56 0.0057 | Positive
Dimethylamine.1 0.54 0.0076 | Positive

Kidney | Glutamate.1 Methionine.2 10.53 | 0.0097 | Negative
3-Hydroxybutyrate.1 710.50 0.0150| Negative
Glucose.3 0.49 0.0187 | Positive
Serine.1l 0.45 0.0293| Positive
Choline.3 10.45 | 0.0307| Negative
Choline.? 10.44 | 0.0373| Negative
Alanine’ 0.43 | 0.0425| Positive
Glucose.4 0.43 0.0397 | Positive
2-Hydroxybutyrate.1 0.65 0.0009| Positive
Alanine.3, N-Phenylacetylglycine.2, @cetylcholine.1 710.63 0.0012| Negative
3-Hydroxyisovalerate.2 0.63 0.0014 | Positive
Cholate.1 0.61 0.0019| Positive
Formate 0.61 0.0018| Positive
Galactitol.1 0.61 0.0020 | Positive
Methylmalonate.2 0.61 0.0022 | Positive

Heart | Thymol.7 0.61 0.0018/| Positive
4-Pyridoxate.1 0.60 0.0025| Positive
Cholate.3 0.60 0.0025| Positive
3-Methylglutarate.1 0.60 0.0022 | Positive
Methylmalonate.1 0.59 0.0033| Positive
Alanine.4, N-Phenylacetylglycine.4, @cetylcholine.2 710.59 0.0033| Negative
Glutamate.8 710.59 | 0.0033| Negative
2-Aminoadipate.4, Levulinate.1, Thymol.1, Valine.1 0.58 0.0038 | Positive

27




Malonate.1 0.57 0.0050| Positive
Heart |"Creatine 70.52 | 0.0114| Negative
Lysine.1 0.49 0.0173| Positive

Table 1.Kidney and heart metabolites found to be most significantly altered by stress in aXéney U test. Top 20 VIP
scores, sbwn in descending order, correspond to Fig. 3A, B. Metabolite regulation is shown as a function of relative
concentration in highaly postnatal stress individuals. Metabolites for which more than one NMR resonance peak was identified
as significantaree pr esent ed as metabolite. 1, met abolite. 2, €é metabolite.n.
Andicates metabolites that were differentially regulated in both kidneyheart tissues.
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NMR Chemical Mann- Percent VIP | Regulation
Organ Metabolite Shift Range of | Whitney U | Difference | Scae | by Stress
Bin (ppm) Test
Dimethylamine. 2.7712.756 8.25E05 186.21 3.00 | Down
Uridine. 7 4.344 4.320 1.82E02 40.14 161 | Up
Malate.T! 2.653 2.639 1.38E04 28.94 1.58 | Up
Methionine.1 2.6392.630 1.07£04 27.16 154 |Up
Fumaraté 6.53316.519 1.82E03 134.74 1.54 | Down
Valine. 2.3262.248 8.25E05 124.00 1.51 | Down
Tyrosine.T 3.0512.980 1.38E04 120.13 1.36 | Down
Phenylalanine.1 7.8137.801 1.18E03 124.54 1.34 | Down
Tyrosine.2 2.8702.854 1.82E03 124.50 1.31 | Down
_ Inosine. 4.466 4.441 1.82E02 134.38 1.31 | Up
Kidney "Carnitine., Malate.?, | 2.4762.429 | 8.25E05 18.03 1.28 | Up
Pyroglutamate/1
Inosine.2 6.8176.806 2.53E02 29.34 1.28 | Up
Phenylalanine.2 7.4537.415 1.18E03 119.81 1.28 | Down
Valine.2! 1.058 1.029 1.82E03 119.24 1.26 | Down
3-Hydroxybutyrate.1 0.90110.886 1.47E03 22.37 1.25 | Up
Aspartate.? 2.7222.709 1.38E04 117.36 1.25 | Down
Phenylalanine.3 7.3547.321 1.18E03 118.58 1.23 | Down
Acetate.1 1.9671.873 5.97E04 117.93 1.23 | Down
Dimethylamine.2 2.7382.722 8.25E05 115.33 1.18 | Down
Aspartate.? 2.697 2.686 8.25E05 115.24 1.17 | Down
Glucuronate.1 4.6754.663 7.51E04 1149.75 3.41 | Down
Glucuronate.2 4.663 4.652 7.51E04 1143.00 2.95 | Down
Adenosine.1 4.4374.321 7.51E04 183.06 2.80 | Down
Heart Uridine. 2% 7 7.9307.921 8.25E05 137.40 2.66 | Up
2-Aminoadipate.4, 2.2422.234 8.25E05 1122.46 2.45 | Down
Levulinate.1, Thymol.1,
Valine.
4-Pyridoxate. 7.9387.930 8.25E05 1131.59 2.13 | Down
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Heart

Uridine.2* 8.079 8.069 8.25E05 94.58 203 | Up
4-Pyridoxate.2 8.1148.107 8.25E05 1109.50 1.82 | Down
Creatiné 3.060 3.049 8.25E05 69.32 1.73 | Up
Glutamate.? 2.4152.402 8.25E05 71.47 1.72 | Up
Pyroglutamate A

Isocitrate.1 2.564 2.551 8.25E05 168.36 1.71 | Down
Histidine.1* 7.1657.156 7.51E04 83.75 1.67 | Up
Carnitine.1 2.476 2.464 8.25E05 164.95 1.63 | Down
Pyridoxine.1 2.4852.476 8.25E05 162.29 1.60 | Down
Tyrosine.f 7.1807.165 8.25E05 186.67 1.58 | Down
N-Methylhydantoin.1, | 2.907 2.897 8.25E05 159.07 1.53 | Down
N,N-Dimethylglycine.1,

Trimethylamine.1

Carnitine.2, 4- 2.464 2.453 8.25E05 156.71 1.51 | Down
Pyridoxate.3

Glutamate.2, 2.402 2.390 8.25E05 55.08 150 | Up
Pyroglutamate 2

Succinate.*

Levulinate.2 2.7892.771 8.25E05 157.44 1.48 | Down
Levulinate.3 2.7712.754 8.25E05 154.01 1.47 | Down

Table 2.Kidney and heart metabolites found to be most significantly correlated to alikéebhehaviour. Pearson

correlations were used to assess the relationship between behaviours indicative of heightened anxiete(central squares

entered in the opeiield) and relative concentrations of metabolites found to be significantly altered by stress in-a\\iamey U

test. Top 15 r values, shown in descending order, correspond to Fig. 5. In hearts, the bott@mttleeeorrespond to additional
metabolies shown to have an association with adverse mental health outcomes. Positive correlations indicate that a higher anxiety
like state was linked to lower metabolite concentrations, while negative correlatiocatenthat a higher anxietjke state was

linked to higher metabolite concentrations. Metabolites for which more than one NMR resonance peak was identified atedepresen
as metabolite. 1, me’indichtesimetabeliteRthat were siigently boodlated te anxious behaviour both

kidney and heart tissues.
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DISCUSSION

The perinatal environment is a critical determinant of lifelong NCD risk (Boubred et al.,
2013; Chaby et al., 2015; Gluckman et al., 2010). Here, we linked ELS tacbaodiorenal
metabolicpathologies in adulthood based on (i) organ weights, (ii) affective state, and (iii)
altered metabolites and/or metabolic pathways linked to adverse mental health outcomes and
metabolic illness, such as cardiorenal syndrome, msasistance, diabetemd obesity. Many
metabolites found to be significantly altered by stress belong to metabolic pathways involved in
aminoacyitRNA biosynthesis, supporting a link between early environmental insults and NCD
risk later in life

The findings indicate that ELS can cause cardiorenal remodeling. Changes in heart and
kidney weights suggest a permanent reprogramming of physiological, metabolic, and
transcriptomic processes manifesting as downstream alterations in cardiorenal phendtype
function (Barker, 1995; Bateson et al., 2004). Indeed, the development of renal pathology is
associated with increased kidney weight (Everitt, Porter, & Wyndham, 1982). Absolute kidney
weight in animals and humans is attributable to endothelial adifgretion and intrarenal lipid
deposition that impair intrarenal hemodynamics (Sata & Krum, 2010; WiGdenpell, Pavey,
Afroze, & Bakris, 2006). Stresaduced kidney hypertrophy is also correlated with higher blood
pressure and subsequent hypertenswal caimage (Chen, Naftilan, & Oparil, 1992). Similarly,
cardiac remodeling and hypertrophy are pathologically associated with NCDs such as diabetes,
obesity, and CVDs (Gasp&ereira et al., 2012). By contrast, relative heart weight is decreased
in diabdes dudo myocyte loss and inadequate reactive hypertrophy of the remaining cells
(Fiordaliso et al., 2000), which is also associated with deteriorated heart contractile function (Ma

et al., 2010) and impaired insulin signaling (Jankyova et al., 2018%, Tiepresent data
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suggest and association between ELS and cardiac atrophy and risk of metabolic disorders such as
diabetes.

Eighty-one metabolites present in kidney tissues and 241 metabolites present in heart
tissues were significantly altered by ELS. Intbbeart and kidey, stress most drastically altered
pathways involved in aminoacyRNA biosynthesis. Thus, while changes in individual
metabolites were not identical across tissue types, aggregateirstiessd metabolic changes
ultimately led to a shadecardiorenal penotype. Accordingly, previous work demonstrated
mitochondrial dysfunction, cardiorenal pathologies, and impaired amintRE\ biosynthesis
in response to environmental insults (Jia, Aroor, Martinemus, & Sowers, 2015).

Several metabites that obtaied a significant VIP score in both heart and kidney tissues
are involved in global hemodynamics. Abnormal levels of metabolites may mediate
vasoconstriction and vasodilation, such as uridine and adenosine, and impair hemodynamics and
hyperension (Macdorld, Assef, Guiffre, & Lo, 1984) and are risk factors for hon
communicable cardiovascular and kidney diseases (Vasan et al., 2001; Yu et al., 2019). Uridine,
which has a vasoconstrictive effect, was upregulated in both heart and kidneyaeadnbsine,
aninhibitor of vasoconstriction, was downregulated. Indeed, hypertension is characterized by a
sustained increase in total peripheral vascular resistance, suggestive of a primary cause in
hypertension (Hall, 2003). In kidney, dimethylamingyraduct of théhydrolysis of asymmetric
dimethylarginine (Fliser et al., 2005), contributed to group separations. Kidneys are a major
extraction site for asymmetric dimethylarginine (Nijveldt et al., 2002) and renal dysfunction
promotes accumulation ofyametric dimetllarginine and reduced dimethylamine (Fliser et

al., 2005).
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Multiple stressresponsive metabolites are involved in energy metabolism. Creatine, a
natural regulator of energy homeostasis (Allen, 2012), was upregulated by stress andcaorrelate
strongly with increased anxietike behaviours. The Krebs cycle, taking place in the
mitochondrial matrix, acts as a nexus for the integration of several catabolic and anabolic
pathways. Abnormal levels of metabolites involved in the citric acid cyabd, as malate and
malonate, can lead to mitochondrial dysfunction (Einat, Yuan, & Maniji, 2005). $tckssed
divergent mitochondrial pathways have been implicated in the regulation of integrated central
nervous system function, with aberrant energy bwigm playing a key role in the
pathophysiological underpinnings of anxiety disorders (Einat et al., 2005; Finsterer, 2006).
Oxidative stress, involved in the pathogenesis of mental health disorders (Bouayed, Rammal, &
Soulimani, 2009xardiovascular ankidney diseases (Cachofeiro et al., 2008), is caused by
altered mitochondrial energy pathways leading to overabundance of oxidative stress compounds
(Zhang et al., 2011). In both animals and humans, simdssed anxiety alters levels of Krebs
cycle intemediates, which subsequently exacerbates oxidative damage (Andreazza et al., 2008;
Rezin, Amboni, Zugno, Quevedo, & Streck, 2009; Thurston & Hauhart, 1989).

In heart tissues, glucuronate, a product of the oxidative cleavage ehositol
catalyzed by mg-inositol oxygenase (Prabhu, Arner, Vunta, & Reddy, 2005), was highly
significant in contributing to unsupervised and supervised separations. Both glucuronate and
myo-inositol are involved in inositol metabolism, supporting the involvement of this biacaem
pathway in the mediation of stresgluced metabolic changes. Abnormalities in inositol
metabolism have been implicated in insulin resistance aneténgmicrovascular
complications in diabetes (Croze & Soulage, 2013). In renal tissuesinositol depletion has

been associated with diabetic nephropathy through the activation of fibronectin (Croze &
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Soulage, 2013). Myanositol has also been found to decrease in the prefrontal cortex and
cerebrospinal fluid in affective disorders (Barkai, Dunnagss, Mayo, & Fieve, 1978;

Coupland et al., 2005). Interestingly, glucuronate is markedly decreasedurirté of
perinatallystressed rats with atherosclerosis, suggesting a link to atherogenesis in ELS (Barderas
et al., 2011).

The operfield observatios revealed an anxiogenic effect of ELS. Increased anbiety
behaviours observed in stressed animatsetated with the relative concentrations of serine and
methionine in kidney. Stress downregulated serine;agomist of ionotropic NmethylD-
aspatic acid receptor activation (Otte et al., 2013) and involved in affective behaviour, with
serinedepleed mice exhibiting more anxious behaviour and declined cognitive function (Basu et
al., 2009). Conversely, elevated brain serine displayed is linkaxietylike behaviours, with
chronic dietary serine supplementation also having anxiolytic consequ@ttest al., 2013).
Interestingly, plasma levels correlate with glomerular filtration ratio (Hesaka et al., 2019). The
renal reabsorption of sering $ensitive to the presence of CKD, with the combination of plasma
serine and urinary dynamics effectiyelistinguishing CKD from not€KD (Hesaka et al.,

2019).

Stress also upregulated methionine, a stdumtaining donor of methyl groups
(Chaturvedi, Kanat, Kalani, Familtseva, & Tyagi, 2016). Elevated methionine levels have been
implicated in the pathogesis of disorders linked to oxidative stress (Chaturvedi et al., 2016). In
mice, a highmethionine diet is associated with oxidative stress in caridisuets due to
increased levels of lectilike oxidized lowdensity lipoprotein receptet (LOX-1) and
superoxide dismutase 1 (SOD1) (Chaturvedi et al., 2016). Abnormally high levels of methionine

also have anxiogenic effects mediated by oxidative stressséth, Eduardo Barroso Silva,
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Mohammadzai, Batista Teixeira da Rocha, & LandEeanandez2014). Thus, stresaduced
methionine increases may provide a mechanism underlying the comorbidity of cardiorenal and
affective disorders.

The increased prevalemof anxietylike behaviours in stressed animals correlated with
low concentrations of lysein heart tissues. Lysine, a nutritionally essential amino(&omliga
& Torii, 2003). In both animals and humans, prolonged dietary lysine inadequacy can elevate
stressinduced anxiety while lysine fortification can reduce chronic anxiety (Smriga, Ghosh
Mouneimne, Pellett, & Scrimshaw, 2004). In a rural Syrian population, dietary lysine
supplementation was found to lower blood cortisol levels and decrease sgtigpathusal in
response to stress (Smriga et al., 2004). Anxiogenic consequences odéfgirecy may be
mediated by serotonin alterations in the central amygdala (Smriga, Kameishi, Uneyama, &
Torii, 2002), with lysine acting as a partial serotoniceq@or 4 antagonist (Smriga & Torii,

2003).
Since abnormal concentrations of lysine haventessociated with diabetes (Wang et al., 2011)
abnormal altered lysine metabolism may also be a factor in chronic disease etiology.

MSEA was used to identify pattes of metabolite concentration changes in a biologically
meaningful framework (Xia & Wishar2010b). The most significant pathway altered in heart
tissues was methylhistidine metabolism, with 3 metabolite hits, whereas in kidney tissues, this
was the castor arginine and proline metabolism, with 9 metabolite hits. Significant pathways in
the kdney MSEA, apart from arginine and proline metabolism, included methylhistidine
metabolism as well as valine, leucine, and isoleucine degradation. In the heart M@tffcant
pathways included glycine and serine metabolism, methionine metabolismgamdeaand
proline metabolism. -Blethylhistidine, a constituent of actin and myosin released via protein

degradation (Rooyackers & Nair, 1997), was upregulateesipanse to stress. Methylhistidine
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metabolism serves as an indicator of muscle myofibrillar protein breakdown (Rooyackers &

Nair, 1997), with an increase inriethylhistidine release in muscle atrophy (Attaix et al., 2005).
Disruptions in methionine, glyce and serine metabolisms suppb# finding that stressed

animals are at a higher risk for developing cardiorenal and affective disorders (Basu et al., 2009;
Chaturvedi et al., 2016; Hassan et al., 2014; Hesaka et al., 2019). Furthermore, decreased
arginine availability due to perturbednal biosynthesis is causally implicated in nitric oxide
deficiency, which contributes to cardiovascular events and kidney damage (Baylis, 2006).

Consistent with MSEA results and VIP scores, both heart and kidney pathpdggy
analyses revealed chandgewaline, leucine, and isoleucine biosynthesis and degradation. This
draws attention to a possible metabolic dysregulation of brarcesd amino acids (BCAAS) in
stressed animals. Abnormal BCAA metabolism has beeticiated in the pathogenesis of
insulin resistance, obesity, and type 2 diabetes mellitus (Lynch & Adams, 2014). Altered
concentrations of BCAAs promotes oxidative stress and inflammation of peripheral blood
mononuclear cells via mTORC1 activation (Neindatiyashige, & Arany, 2019; Zhenyuldt
al., 2017), thus contributing to the pirdlammatory and oxidative status observed in many
pathophysiologicatonditions.

Stress also altered the aminoatiRNA biosynthesis pathway, which is central for
biosynthesisand kinetics of mMRNA translation €Fro, Liebeton, & Ignatova, 2017; Ibba & Sdll,
2000). Accordingly, changes in aminoatRRINA biosynthesis have been causally implicated in
the pathogenesis of mitochondrial metabolic and congenital heart diseaseskD20di4; Yao
& Fox, 2013). In diabtes, both hyperglycemia and hyperinsulinemia stimulate the accumulation

of mutations in mitochondrial tRNAs, the substrates of aminetfA synthetases, by
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inducing oxidative stress (Park, Schimmel, & Kim, 2008)o4éther, the presents@ts suggest

that multidimensional ELS increases the risk for developing diabetes later in life.

CONCLUSION

The present findings provide novel insights into the mechanisms underlying early life
stressinduced disease vulnerabiliby linking a cardioreal metabolic stress phenotype to
chronic heart and kidney dysfunction and impaired mental health. These changes arguably reflect
underlying epigenetic modifications and associated cellular functions that manifest as
downstream altetens to the metabolome€learly recognizable metabolic biomarkers of disease

open new personalized medicine strategies for early detection and diagnosis of chronic NCDs.
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CHAPTER 3: MULTIDIMENSIONAL EARLY -LIFE STRESS DRASTICALLY
ACCELERATES VISUAL SYSTEM DEVELOPMENT & GLOBAL CEBEBRAL
METABOLISM
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INTRODUCTION TO EXPERIMENT 2

In order to investigate the effects of multidimensional ebfidystress on developmexit
timing, stressed and control animals were tested for biomarkersuai wystem development
(the primary model of experienakependent brain plasticity). Visual development was assessed
via eyeopening (P13 to P15) and through two behavioural testadlcliff & virtual optomotry
system) over the course of the criticaripd for visual cortical plasticity (P20 to P35). Global
MRNA expression profiling was performed on visual cortices of stressed and control animals
throughout adolescence and adulitt@¢B20, P35, and P50). Finally, to assess the effects of
multidimension&early postnatal stress on brain metabolism, left and right cerebral tissues from
shipped animals and controls were collected at P50 and subjected to global metabolomic

profiling by *H NMR spectroscopy.

MATERIALS AND METHODS
Experimental Design

One hunded twentyseven male C57BL/6 micéius musculyswere used. The use of
male mice minimized the potential impact of female hormonal fluctuations (Chrousos, Torpy, &
Gold, 1998). Seventiwo of these animals came from an animal cohort bred and raised under
consistent laboratory conditions at the locabvium for at least four generations (Canadian
Centre for Behavioural Neuroscience, University of Lethbridge, Lethbridge, AB, Canada). Fifty
five animals had been shipped from Charles River LaboratoriesléSHriver Laboratories,
Inc., SaintConstant, @, Canada). These pups and their mothers were shipped from 7:30 am to
7:30 pm on P12. Mice were shipped concurrently to minimize variation in shippur@nment.
Pups remained with their mother until weapat 9.6 grams, after which animals were housed
groups of at least two. Mice were housed under a 12 light/dark cycle with light startinat
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7:30 am. The room temperature was maintained &C23tandard mouse chow food and water
were providedad libitum. Stressedn(= 55) and combl (n = 72) pups were inspected for eye
opening at 3:00 pm from P13 to P15. Visual acuity was assessed in a subset of these animals at
1:00 pm on P20, P28, and P35 using the virtual optomotor system (cantrb®; stessedn =
17). Similarly, visuadevelopment was assessed in a second subset of animals at 1:00 pm on P20
using the visual cliff test (contrah = 9; stressed) = 14). Repeated behavioural tests were
performed at the same time of day at each time pdoassess the impact of multidinsonal
earlylife transportation stress on brain metabolism, left and right cerebral tissues from these
mice were extracted, weighed, and processed for metabolomic profilit) MWR
spectroscopy in adulthood (P50). assess the impact of eafife stress on global mMRNA
expression profiles, visual cortices were collected from a third subset of animals at P20, P35, and
P50 f = 4/group) for transcriptomic analyses. Brains were collected from a fourth group of mice
at P3 for immunohistochemical analystesassess the effects of ealifg stress on the
abundance of biomarkers indicative of changes in the developmental trajectory of the primary
visual cortex K = 6/group).
Stress Procedure

Mice assigned to the shipmentpexience underwent a 42trip including 3.25h of
ground transportation and ah&flight as air freight on P12. Outdoor temperatures during
transportation ranged from 20 to Z5.
Eye Opening Observations

From P13 to P15, pups (contral= 72; stressed) = 55) were inspected for eympering
daily at 3:00 pm. Ey®@pening was defined as the initial break in the membrane sealing the lids

of both eyes.
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Behavioural Testing
Visual Cliff
The visual cliff apparatus was used to assess depth perception inngfispriP20

(Drager & Hubel, 1978; Fox, 1965; Gibson & Walk, 1960; Nagy & Misanin, 1970; SiGaee,
Procter, & Dewsbury, 1978). The apparatus consisted of a cleart@paed Plexiglass box
(41.0 x 41.2 cm square x 30.4 cm high) positioned on the ddgsexondox so that half of its
base was in contact with a second box (the #fs
above the table (the fideep regiono). The bord
referred to as Ilietkered fadcwad pfacedbetvees theetveotboxesfand c
lined the table surrounding them. Each animal was placed facing the cliff at the centre of the
shallow region furthest from the cliff and filmed for five minutes. The video recordings were
analyzed forhe total tme spent in the deep region as a measure oaeliftiance.
Virtual Optomotry System
The virtual realitybased optomotry system was used to assess visual acuity on P20, P28
and P35 (Prusky, West, & Douglas, 2000). Briefly, the animal was ptated eleated
platform surrounded by four computer monitors (43.2 x 43.2 cm). A camera imaged the animal
from above, thus allowing for the observation
stimulus.
The visual stimulus consisted of a virteglinder corered by a sinusoidal grating of
variable phase, contrast and spatial frequency. The phase of a sinusoidal grating was defined as
the relative position of a sine wave within the receptive field, measured in degrees, while the
spatial frequencyfaa visualstimulus refers to the level of detail present in that stimulus per
degree of visual angle. Images with a lower spatial frequency therefore appear as a global pattern

of light, while images with higher spatial frequencies feature details siertgas. Tl
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sinusoidal grating was projected onto the monitors surrounding the animal using software
(OptoMotry; CerebralMechanics,
www.cerebralmechanics.com/@ralMechanics_Inc./OptoMotry.htmiunning on an Apple

Power Macintosh computer. From the pesfitview of the animals, the monitors appeared as

large windows through which they could view the rotating sinusoidal grating. Animals were
allowedtomove frdgon t he el evated platform. The positd.i
tracked throughout the duration of the testing period, and the resulting coordinates were used to
automatically adjust the spatial frequency of the grating in response to thé sfuoiatof-

view. Thus, the center of the cylinder was al
and the effective spatial frequency was calibrated accordingly.

A trial began when the center of dihthke ani ma
apparatus. A rotating sinusoidal grating (12 degrees/s) then appeared, and it was judged whether
the animal made slow, reflexive tracking movements with its head, neck, and body in such a
manner as to track the rotating grating. Large repositipana grooming movements were
ignored, and the trial was restarted if it was not clear whether the animal was tracking the visual
stimulus, or if the animal was clearly not tracking the stimulus. Each new trial was accompanied
by areversal inthedirecha f t he gratingds rotation.

Spatial frequency thresholds were obtained using a staircase method in which the spatial
frequency of the sinusoidal grating was increased systematically until the animals were no longer
able to track the stimulus. Specificatyhe di st ance bet ween vertical
halved after each reversal in direction, and the experiment was terminated when the step size

became smaller than the hardware resolution (0.003 cycles/degree). The maximum spatial
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frequency capablef eliciting head tracking for each animal was determined and will be referred

to as the animal 6s Avisual acuity. o

Transcriptomic Analyses
Tissue Collection

Mice(n = 4/ group) received an intraperitoneal
mg/kg; Euthansl; Merck, QC, Canada). The brains were rapidly removed, and visual cortices
dissectedand flashr ozen (180 AC) for global mRNA expr e
Fatty Tissue RNA Purification Kit (Cat# 36200, Norgen Biotek, ON, Canada) was used to
extract total RNA from visual cortices.

MRNA Analyses

MRNA analyses were performed using an lllumina GAllx genomic analyzer (lllumina
462 Inc., San Diego, CA, USA) witmultiplex. Every library was sequenced across 3 separate
lanes, with base calling and demultiplexing performed using lllumina CASAVA 1.8ldrun
default settings and MousésRCm38 (Ensembl) used as a reference. Sequence and
annotation information wereosvnloaded from IGENOME (lllumina). Data from raw counts
were uploaded onto R, where initial data exploration and outlier detection were @erform
using arrayQualityMetrics and DESeq2 bioconductor packages. Raw counts initially
underwent normalization andriance stabilization as described in the DESeq2 manual.

Hierarchical clustering analysis of transcriptional profiles was performed based tmpth00

most variable genes selected from a subset of higkpyessed genes (i.e., higher than the
median expession). Clustering analysis was performed using the heatmap.2 function from the
gplots package with the default clustering algorithm, withegexpression values displayed as

heatmaps. Similarities between samples were also visualized as PCA plotsegensirag the
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plotPCA function implemented in DESeq2. Outlier detection and transcriptional profile

quality control was performealing the arrayQualityMetrics package.

Immunohistochemical Analyses
Tissue Collection

Brains were collected at P3b £ 6/grop) for immunohistochemical analysis. Animals
were placed under 4% anesthesia immediately prior to receiving an intraperitomdakevef
pentobarbital (150 mg/kg, Euthansol; CDMV Inc., Sa&iyacinthe, QC, Canada). Mice were
then intracardially perfuseaith 1M phosphatduffered saline (PBS) and 4% paraformaldehyde
(PFA; SigmaAldrich, St. Louis, MO), respectively. Brains were rextted and stored in 4% PFA
for 24 hours at %C, after which they were cryoprotected in a 30% sucrose solutid@ dE&her
Scientific, Ottawa, ON). Brains were sectioned on a freezing microtome (AO Scientific
Instruments, Buffalo, NY) at 40 pum.

Immunofliorescent Staining

Coronal brain sections collected at P35 underwent immunofluorescent staining for
perineuronal nets (PNNdJor each brain, a 2:12 series of fiftsating coronal sections was
washed 6 times in 0.5% PBST for 7 minutes per wash. Tisstiersewere subsequently
incubated with Lectin frorVisteria floribundan 1% BSA in 1M PBS for 18 hours at@

(1:100; SigmaAldrich, St. Louis, MO). Sections were then washed 6 times in 0.5% PBST for 7
minutes per wash, incubated with Streptavidin, AlEkeor 633 conjugate in 1% BSA in 1.0 M
PBS for 2 hours (1:2000; Fisher Scientific, Ottawa, ON), and 1% DAPI was added to the
solution 20 minutes prior to the end of the incubation with secondary antibody (1:1000). Tissue
sections were rinsed 6 times in MOPBS for 7 minutes per rinse and mounted on microscope

slides with a fluorescent mounting medium.
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All steps were done atoon temperature unless otherwise specified. Specificity of the
PNN antibody has been confirmed in mouse tissue (Bruckner et al., 2000). The dilutions were
further optimized, and nespecific labelling was controlled for by incubagisections with 1.0
M PBSinstead of primary antibody. All negative controls resulted in the absence of

immunoreactivity.

Stereological Cell Counts

Cell counting was performed by an experimenter blind to the treatment groups. Images
were analyzed for cetlumber in the primary vigl cortex (area V1) using the optical
fractionator method (Bousquet et al., 2011; Glaser & Glaser, 2000). Sections were analyzed
using the Stereo Investigator software (MicroBrightfield, Colchester, VT) integrated with a Zeiss
Axio Imager M1 microscope €l Zeiss AG, Oberkochen, Germany) and a PCO SensiCam
camera (PCO AG, Kelheim, Germany). The boundaries of the primary visual cortex were
identified using the Allen Mouse Brain Atlas (Dong, 2008). After tracing the primary visual
cortex using a 2.5x objegk, a point grid was overlaid onto each section. Stereological cell
counts were subsequently performed using a 40x objective. The counting variables were as
follows: distance between countiizneg f7r0a nxe s7,0
dissecto hei ght , 2e&thickness, 1504 @etlsdvere apunted only if they did not

intersect forbidden lines.

Metabolomic Analyses

Sample Collection and Preparation

Mice received an intraperitoneal overdose of sodium pentobafbi@lmg/kg;
Euthansol; Mrck, QC, Canada). Left and right cerebral tissues were extracted, weighed, and
stored at 80°C. To isolate watesoluble metabolites for NMR analysis, tissues were thawed at
room temperature and subjected to methdasked protei precipitation as wellsachloroform
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based lipid extraction (Bligh et al., 1959). Specifically, deionize@ (.85 mL/g), 99%
methanol (4 mL/g; Sigmdldrich, MO, USA), and chloroform (4 mL/g; Sigm@drich, MO,
USA) were added to eachgige sample. Samples were homogenizeticentrifuged at 1000 g
for 15 minutesat4C. After centrifugation, 750 eL aliqu
2.0-mL centrifuge tubes and allowed to evaporate completely in awertilated fume hood.
Sube quently, 600 ¢ L asaddedgoreach gam@et Tne ghaspibdffer wwas w
prepared as a 4:1 ratio of K#POi:K2HPOsin a 4:1 HO:D20 solution to a final concentration of
0.5 M, with the RO containing 0.05% by weight trimethylsilyl propanawd (TSP) as a
chemical shift refereze. The overall buffer pH was titrated to 7.4 using 3 M HCI. To prevent
bacterial growth, 0.02% w/v of sodium azide was added to the buffer solution. The samples were
centrifuged at 12 000 g for 5 minutes &CAto pecipitate any particulate matter, b 0 € L o f
the supernatant was transferred torar® NMR tube for NMR analysis.
NMR Data Acquisition and Processing

Data were acquired using a 700 MHz Bruker Avance Il HD spectrometer (Bruker, ON,
Canada). Spectra weobtained using a Bruker triple resowwa TBOZ probe with the outer coll
tuned to the nuclei dH, 3'P and®H and the inner coil tuned to th¥& nucleus. The standard
BrukertD NOESY gradient water suppressionapul se
mixing time of 10 ms. Each samplasvacquired with 128 K data points, a sweep width of
20.5136 ppm, and a recycle delay of 4 s. Tissue samples were run for 512 scans to a total
acquisition size of 128 k. The resulting spectra were then zero fillesbté, 2inebroadened by
0.3 Hz, trangdrmed to the frequency domain, phased, and bassdirected. Spectral
processing was performed using the Bruker Topspin software (version 3.2, patch level 6), after

which spectra were exported to MATLAB (MathWorks, MA, USA) for spectrahibip, data
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normalization, and scaling. Spectra were binned using Dynamic Adaptive Binning (Anderson et
al., 2011), manually inspected for binning errors, and corrected if any errors were found. Each
spectrum had the area corresponding to wat®moved, after which thgataset was normalized
using the Constant Sum method (Paxman et al., 2018) to remove effects of imperfect water
signal suppression. The dataset was then Papatied (meawentered and divided by tegquare
root of each variabes st a nd ar dpeakewere aeferermad Yo. TSFAl 0 O U ) .
Metabolite ldentification

The Chenomx 8.2 NMR Suite (Chenomx Inc., AB, Canada) was used to identify
metabolites present in tissue spectra. Metabolite identities were validated using the Huma
Metabolome Database (Wishart et al., 2012; WishartxKebal., 2008; Wishart et al., 2007).
Statistical Analyses

Spectral bins were first analyzed for all comparison groups and classified as either
significant or norsignificant using a decision tree algorithm (Goodpaster et al., 2010) and a
MannWhitney Utest (Emwas et al., 2013). Three hundred and twengybinswere initially
included in the left cerebrum analyses and 353 spectral bins were included in the right cerebrum
analyses. Alp-values obtained from these analyses were BonfeHoim correctedor
multiple comparisons. Variation in spectral data wasalizad using Principle Component
Analysis (PCA) using Metaboanalyst (Xia, Broadhurst, Wilson, & Wishart, 2013; Xia, Mandal,
Sinelnikov, Broadhurst, & Wishart, 2012; Xia et al., 2009; Xia eRéll5; Xia, Sinelnikov, &
Wishart, 2011; Xia & Wishart, 200Xia & Wishart, 2010a, 2010b, 2011, 2016).

MSEA and Pathway Topology Analysis were performed using Metaboanalyst to identify
biochemical pathways altered in response to multidimensional ELS. Mietabthway analysis

identified the most relevant pathway§dq & Wishart, 2010a) based on the KEGG pathway
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databaseMlus musculuysand the Over Representation Analysis (Paxman et al., 2018) selected,
using a hypergeometric test.

Statistical computationgertaining to ey@pening, visual behaviour, dn
immunohistochemistry were performed using SPSS (version 26.0, SPSS Inc., IL, USA). Mean
values = SEM were calculated for each measure. Visual cliff and immunohistochemical data
were analyzed using indepemiesamples tests. Virtual optomotry system aagleopening data
were analyzed using twwway mixed ANOVAs, with Group (stressed and control) as the
betweersubjects factor and Time (P13, P14, and P15 foropgning; P20, P28, and P35 for
virtual optomoty system data) as the withgubjects factor. @enhouséseisser correctept
values and Bonferroni corrections were utilized where appropriate. Fopeyeng, the average
number of eyes open per animal (from O to 2) was recordpekadue of less thafl.05 was
chosen as the significance level.

For mRNA analyses, raw count data underwent normalization and regulagzed
transformation using statistical routines implemented in the DESeq2 bioconductor package
(Love, Huber, & Anders, 2014) using defaultts®s as described in the DESeq2 user rahnu
Pairwise comparisons between experimental groups were also performed using DESeq2.
mMRNAs with false discovery rate adjusted (FOpAYalues <0.1 were considered differentially
expressed. All results are showsiat he means N st arSEM)rd error of

Data pertaining to visual cliff avoidance in stressed animals relative to controls were then

related to metabolic outcomes using the Pearsmmrelations.
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RESULTS

Exploratory Statistical Analyses
The leftand right cerebral analysexluded 321 and 353 spectral bins, respectively. A

MW test was applied to each comparison group to identify which features (bins) led to univariate
statistical differences between the groups. These analyses revealed 247qf7&|%ectral

bins) and 30%86.4% of all spectral bins) significantly altered features in left and right cerebral
tissues, respectively. Unsupervised multivariate PCA tests were initially performed using all
features. In left cerebral tissues, separatif the groups was observiedthe PCA scores plot,

with principal components 1 and 2 accounting for 55.1% and 20.7% of the total variance,
respectively (Figure 8A). Separation of the groups was also observed in the PCA scores plot of
right cerebral tigges, with principle componentsand 2 accounting for 76.7% and 7.7% of the

total variance, respectively (Figure 8B).
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Figure 8. PCA scores plots showing statistically significant unsupervised separation between adult mice exposed to
early life stress ath controls for left A) and right B) cerebra. Each triangle or square represents one individual

under study, plotted using all cerebrum metabolites. Flamct yaxes show principal components 1 and 2,

respectively. The percentages shown in brackets alaol axis indicate the amouritdata variance explained by

that component.
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Supervised and unsupervised multivariate statistical tests were then performed using the
bins identified as significant from the MW test. In both left and right cerebral tigbiges,
unsupervisedCA scores plots showed clear group separation, with principle component 1 being
equal to 61.9% and 84.0% of the total variance and principle component 2 being equal to 17.8%
and 4.8% of the total variance, respectively (Figures 9A and ™ heat mapgresented in
Figure 9 depict the relative concentrations of metabolites altered as a result of exposure to early
postnatal transportation stress, providing a graphical indication of whether the metabolites were
upregulated or downregulatedth respect tahe control group in left (Figure 9C) and right
(Figure 9D) cerebral tissues. The dendrograms above the heat maps illustrate the results of
unsupervised hierarchical clustering analysis, which was able to correctly classify animals

accordng to their treahent group (Figures 9C and 9D).
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Figure 9. PCA (@A, B) scores plots and heat mas, ©) showing statistically significant separation between adult
mice exposed to early postnatal stress and controls for botile®) @nd right 8, D) cerebra, plotted using a list
of metabolites found to be statistically significant by a Maitney Utest. For the PCA plot#\( B), each

triangle or square represgs one individual under study. Theand yaxes show principal components 1 and 2,
respectively, with the percentages shown in brackets along each axis indicating the amount of data variance
explained by that component. For the heat m&h<j, the x and yaxes show the class and individual spectral
bins, respectively. These heat mapsially indicate either upregulation or downregulation of the metabolites
presented in Table 3. The dendrogram at the top of each heat map illustrates liseofetbe unsupervised
hierarchical clustering analysis.
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Percent differences reflect the degoéstressinduced changes in cerebral metabolites
(Table 3). In left cerebral tissues, uracHainoadipate, and adenosine had the largest change
relative concentration, with percent differences reaching 503.57, 68.965%uid, respectively
(Table 3) In right cerebral tissues, inosine, nicotinate, and methylmalonate had the largest
changes in relative concentration, with percent differencashnegi 108.20,1 98.94, and 98.38,
respectively (Table 3). In left cerebral tissues, 27/48 (56.3%) unigueficantly altered
metabolites (as determined by the MW test) wereaguilated in stressed animals compared to
controls, with the remaining metalites being dowaregulated (Supplemental Table 3). In right
cerebral tissues, 31/63 (49.2%) unique, sigaiitly altered metabolites were dowegulated in
stressed animals compared to controls, with the remainder beiregulated (Supplemental
Table3). Twentyfour unique, significantly altered metabolites were upregulated in both left and
right cerebral 8sues, while 19 unique, significantly altered metabolites were downregulated in
both cerebral hemispheres (Supplemental Table 3).

Functional Analyss

A genomewide network model of mouse metabolism was used to investigate metabolite
sets altered as a resaf multidimensional transportation stress (Figures 10 and 11). In left
cerebral tissues, early postnatal stress exposure most significanttgdffedanine metabolism
(p<0.001), aspartate metabolispx(.001), as well as ammonia recyclinegx.01) (Fgure 10A).
Additionally, numerous energy metabolism systems were altered, including pathways in
aminoacyltRNA biosynthesis<0.001), alanine, agptate, and glutamate metabolism
(p<0.001), valine, leucine, and isoleucine biosynthgsi®.01), phenylalane, tyrosine, and
tryptophan biosynthesi<€0.01), and Bglutamine and Bylutamate metabolisnp€0.01)

(Figure 10B). In right cerebral tissuesyly postnatal transportation stress most significantly
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altered aspartate metabolispx(0 . 0 Gafanine m#abolism p<0.01), as well as phenylalanine
and tyrosine metabolisnp€0.01) (Figure 11A). Pathway topology analyses (Figure 11B)
revealed significant effects on aminoag¢®NA biosynthesis{<0.001), alanine, aspartate, and
glutamatemetabolism [§<0.001), histidine metabolisnp€<0.001), and valine, leucine, and

isoleucine biosynthesip€0.05).
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Figure 10.(A) MSEA (ot in adult mice exposed to early postnatal streByMetabolomic Pathway Analysis

showing all matched pathwagscording to pvalues from pathway enrichment analysis and pathway impact values
in left cerebra of adult animals. A higher value on tkeedg indicates a lower {walue. The saxis gives the Pathway
Impact. Only metabolic pathways with p < 0.05 are lalelThis figure was created using the lists of metabolites
identified as significant in a Manrwhitney U test.
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Figure 11.(A) MSEA plot in adult mice exposed to early postnatal strB3dviétabolomic Pathway Analysis

showing all matched pathways a&cding to pvalues from pathway enrichment analysis and pathway impact values
in right cerebra of adult animals. Adtier value on the-gxis indicates a lower-palue. The saxis gives the

Pathway Impact. Only metabolic pathways with p < 0.05 are lab@&leid.figure was created using the lists of
metabolites identified as significant in a Mawthitney U test.
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