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ARTICLE INFO ABSTRACT

Keywords: Depression is a common, often recurrent disorder that causes substantial disease burden worldwide, and this is
Adolescent especially true for women following the pubertal transition. According to the Social Signal Transduction Theory of
Depression Depression, stressors involving social stress and rejection, which frequently precipitate major depressive episodes,
;‘:;j:ilrejemon induce depressive symptoms in vulnerable individuals in part by altering the activity and connectivity of stress-
MRI related neural pathways, and by upregulating components of the immune system involved in inflammation. To
Neuroimaging test this theory, we recruited adolescent females at high and low risk for depression and assessed their psycho-
Immune logical, neural, inflammatory, and genomic responses to a brief (10 minute) social stress task, in addition to trait
Cytokine psychological and microbial factors affecting these responses. We then followed these adolescents longitudinally
Inflammation to investigate how their multi-level stress responses at baseline were related to their biological aging at baseline,
Microbiome and psychosocial and clinical functioning over one year. In this protocol paper, we describe the theoretical
Telomere motivations for conducting this study as well as the sample, study design, procedures, and measures. Ultimately,
BiOIOgical aging our aim is to elucidate how social adversity influences the brain and immune system to cause depression, one of
E;Zléase the most common and costly of all disorders.

Health

Experiences of social stress can have a profound impact on mental
health (Meyer, 2003). Within this broad category of life stress, stressors
involving social rejection have been found to be especially impactful and
to represent one of the strongest proximal precipitants of major depres-
sive disorder (MDD; Monroe et al., 1999; Slavich, 2016a; Slavich et al.,
2010). This is especially true in early adolescence, a developmental
period during which time peer relationships and relative social standing
in peer groups become increasingly important (Nolan et al., 2003;
Somerville, 2013; Wang et al., 2009). MDD, in turn, is associated with

increased risk for self-harm and suicide (Nock et al., 2013), and several
chronic diseases that presage early mortality, including obesity, diabetes,
heart disease, and neurodegenerative disorders (Patten et al., 2008;
Whooley, 2006).

We have hypothesized that experiences of social stress may exert
long-term effects on mental and physical health in part by heightening
neural responses to social threat and activating innate immune system
processes, especially inflammation, which in turn evoke symptoms of
depression in vulnerable individuals and contribute to the development
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of somatic disease conditions that frequently co-occur with MDD (Slavich
and Cole, 2013; Slavich and Irwin, 2014; Slavich and Sacher, 2019;
Slavich, 2020a, 2020b). To date, however, only a few studies have
assessed both neural and immunologic responses to social stress (e.g.,
Muscatell et al., 2015, 2016), and we are not aware of any studies that
have linked interactions between these two systems to psychosocial or
clinical features of depression. Moreover, there is a distinct absence of
studies that have examined neural-inflammatory dynamics in adoles-
cents at varying risk for depression even though investigating such pro-
cesses in early life could help reveal pre-clinical disease processes that
could be potentially targeted to prevent MDD, one of the most common
and costly of all psychiatric disorders (Ferrari et al., 2013).

In this protocol paper, we first summarize research on three key
biological processes that are responsive to social stress and increase risk
for depression—namely, neural activity and connectivity, inflammatory
activity, and the gut microbiome. Second, we discuss the importance of
studying how these processes interact and increase risk for MDD in youth
who have not yet had their first major depressive episode (MDE). Third,
we describe our integrative, multi-level study on this topic, aimed at
elucidating stress-related processes that affect risk for depression. By
providing these details, our aim is to describe our methodology and
demonstrate the utility of studying depression and related disorders
using an integrative, multi-level approach.

Neural risk processes in depression

With respect to the neurobiology of depression, experiences of social
stress during adolescence may influence risk for depression and
depression-related disorders by altering the activity and/or connectivity
of neural systems that respond to stress and regulate inflammatory ac-
tivity (Boyce et al., 2012; McEwen and Gianaros, 2010; Nelson et al.,
2005). Research on this topic has revealed a network of brain regions,
sometimes referred to as the amygdala network or more broadly as the
threat network (Kennedy and Adolphs 2012), which are engaged by
physical threats (e.g., snakes, spiders; Mobbs et al., 2010) as well as social
threats (e.g., social evaluation, rejection; Muscatell and Eisenberger,
2012). Although the primary site of neural activation differs depending
on the type of threat, the regions constituting this network broadly
include the amygdala, subgenual region of the anterior cingulate cortex
(sgACC), dorsal anterior cingulate cortex (dACC), and anterior insula
(Bishop, 2008; Eisenberger, 2012; O'Donovan et al., 2013; Woody and
Szechtman, 2011). For example, exposure to a brief episode of social
rejection appears to consistently engage the dACC and anterior insula in
adults (e.g., Eisenberger et al., 2003; Kross et al., 2011) and the sgACC,
anterior insula, and amygdala in adolescents (e.g., Lau et al., 2012;
Masten et al., 2009). Moreover, activity in these regions has been related
to feelings of distress during laboratory-based social rejection stressors in
both adolescents and adults (Eisenberger et al., 2003, 2007), and to
feelings of social rejection in daily life (Way et al., 2009). Finally,
demonstrating the relevance of this neural network for health, activity in
these brain regions is heightened in anxiety disorders (Etkin, 2010) and
depression (Hamilton et al., 2012; Dedovic et al., 2016), and is related to
several health-related outcomes including depression severity (Gong
et al., 2017), physiological stress responding (Eisenberger et al., 2007),
psychopharmacological treatment response (Korb et al., 2011), and heart
disease risk (Gianaros and Sheu, 2009). Together, these findings suggest
that the threat network may be one neural system linking experiences of
social stress with depression and depression-related health problems.

Inflammation and depression

In terms of immunological processes involved in depression, recent
research has suggested that components of the immune system that
mediate inflammation may be a common mechanism underlying risk for
both depression and other health problems that frequently co-occur with
depression (Miller et al., 2009a; O'Donovan et al., 2013; Slavich and
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Irwin, 2014). Mediators of the systemic inflammatory response, namely
pro-inflammatory cytokines, are frequently elevated in persons with
depression (Dowlati et al., 2010; Howren et al., 2009; Yirmiya et al.,
2000) and in several disease conditions that co-occur with MDD,
including asthma, heart disease, chronic pain, and autoimmune and
neurodegenerative disorders (Furman et al., 2019; Miller et al., 2011).
Moreover, animal model and human studies have shown that
pro-inflammatory cytokines are involved in the pathophysiology of each
of the above-mentioned conditions (Allan and Rothwell, 2001; Antoni
et al., 2006; Hansson, 2005). Furthermore, research has demonstrated
that pro-inflammatory cytokines can communicate with the central
nervous system to induce “sickness behaviors” such as social withdrawal,
reduced appetite, dysregulated sleep, psychomotor slowing, and fatigue,
which are similar to several depressive symptoms and behaviors (Dantzer
et al., 2008; Miller et al., 2009a; Raison et al., 2006).

With respect to stress-inflammation links, naturalistic and experi-
mental studies have shown that psychological stressors are a potent
activator of the innate immune and inflammatory response (Glaser and
Kiecolt-Glaser, 2005; Segerstrom and Miller, 2004). Moreover, this
activating effect appears to be especially strong for stressors that involve
interpersonal adversity or social rejection (Dickerson et al., 2009; Kie-
colt-Glaser et al., 2005; Miller et al., 2009b; Murphy et al., 2013, 2015).
These immunological effects are evident at the protein level as indexed,
for example, by the pro-inflammatory cytokines tumor necrosis factor-a
(TNF-a), interleukin-1p (IL-1p), and interleukin-6 (IL-6), and also at the
genomic level, as indexed by the expression of the immune response
genes TNF, IL1B, IL6, and IL8 (for reviews, see Dieckmann et al., 2020;
Slavich and Cole, 2013; Slavich and Irwin, 2014). Moreover, these
immunological processes appear to mediate social stress-related in-
creases in disease risk (Cole et al., 2010).

Given the independent body of research showing that stressors
involving social rejection are the strongest proximal risk factor for MDD
in both adolescence (Monroe et al., 1999) and adulthood (Farmer and
McGuffin, 2003; Kendler et al., 2003), one possibility is that social
rejection-related increases in inflammation play a pathophysiological
role in MDD, especially for vulnerable individuals. Indeed, this is a key
hypothesis of the Social Signal Transduction Theory of Depression (Sla-
vich and Irwin, 2014; Slavich and Sacher, 2019), which describes how
social adversity may be represented by the brain and upregulate in-
flammatory processes that promote depressive symptoms among in-
dividuals at risk for MDD. As reviewed by Slavich and Irwin (2014), there
is substantial evidence in support of the general tenets of this theory.
Because very few studies have assessed social, neural, and inflammatory
processes in the same individuals, however, much of this evidence is
derived from separate lines of research. This is unfortunate given that
studying neural-immune responses to social stress, and how these re-
sponses in turn relate to depression, likely represents a fruitful approach
for elucidating multi-level mechanisms underlying risk for depression as
well as other psychiatric and somatic disease conditions that have an
inflammatory component.

The gut microbiome, immune system, and depression

One key factor other than life stress that can influence the activity of
the brain and immune system, and thus risk for depression, is the gut
microbiome. Recent research has suggested that the gut microbiome
likely plays a role in both psychological and neurodegenerative disorders
for several reasons including the fact that the gut contains the second
most neurons in the body after the brain, is the largest immune and
endocrine organ in the human body, and has known bidirectional con-
nections with the brain (Martin et al., 2018). Moreover, the gut micro-
biome can influence the immune system and immune cell trafficking
(Schirmer et al., 2016), synthesize neurotransmitters and neuroactive
metabolites that cross the blood-brain barrier (Foster and Neufeld, 2013),
and activate the vagus nerve (Fiilling et al., 2019). In animal models,
researchers have shown that changes in the gut microbiome can lead to
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hyperactivation of the immune system, creating a pro-inflammatory
cytokine profile akin to what is seen in depression (Wong et al., 2016).
In addition, the gut microbiota has been shown to promote exaggerated
hypothalamic-pituitary-adrenal (HPA) axis reactivity to stress in mice
(Sudo et al., 2004). As alluded to here, however, the majority of studies
on this topic have been conducted in animal models with human studies
generally lacking.

Studying high-risk populations

One potentially promising strategy for investigating the role that
psychological, neural, inflammatory, and genomic processes play in
increasing risk for depression involves studying adolescents at varying
risk for MDD as a result of their familial risk status (i.e., high-risk family
design). Importantly, by studying adolescents who are at high risk for
depression but who have never themselves had the disorder, it is possible
to identify pre-clinical disease processes—such as social stress-related
changes in psychosocial, neural, inflammatory, or genomic functio-
ning—that precede the onset of depression and are associated with pro-
spective risk for MDD, as opposed to those that are simply concomitant
with the disorder.

In this context, it is notable that having a mother with a history of
depression is one of the strongest predictors of risk for MDD in youth, and
this is especially true for adolescent females who, during this develop-
mental period, become markedly more likely to experience depression as
compared to their male counterparts (Hammen et al., 2004; Hankin et al.,
1998; Weissman et al., 1987). Furthermore, a history of maternal
depression is associated with both a younger age of depression onset and
increased severity of depression in daughters of depressed mothers (Lieb
et al., 2002). For these reasons, even in a never-depressed adolescent
population, having a maternal history of MDD can help distinguish ad-
olescents at high risk for eventually developing depression (i.e., adoles-
cent females at high maternal risk) from those at low risk for developing
depression (i.e., adolescent females with no maternal history of
depression).

PSY SAD study

The Psychobiology of Stress and Adolescent Depression (PSY SAD)
Study aims to integrate the historically disparate lines of research
described above to test hypotheses derived from the Social Signal
Transduction Theory of Depression. The study does this by characterizing
psychological, neural, inflammatory, and genomic responses to acute
social stress in adolescent females at low versus high risk for depression.
In examining neural processes associated with inflammation and risk for
depression, the PSY SAD study goes beyond existing research that has
used static or non-personally relevant stimuli such as emotional faces or
sad film clips to induce neural responses (Joormann et al., 2012; Mannie
etal., 2011; Monk et al., 2008) by exposing adolescent females to a brief,
standardized social stressor in the fMRI scanner. In terms of inflamma-
tion, many studies have investigated inflammatory responses to
laboratory-based stressors (e.g., Aschbacher et al., 2012; Carroll et al.,
2011; Dickerson et al., 2009; Quinn et al., 2020). However, much of this
research has focused on adult populations or youth who have already
developed MDD, which limits the ability to investigate the temporal
order of increases in inflammation vis-a-vis the development of depres-
sive symptoms. Further, of the few studies that have examined
stress-related differences in inflammatory activity in younger samples
(Danese et al., 2011; Slopen et al., 2013), few have used a standardized
stress-induction paradigm.

In the PSY SAD study, therefore, we assessed youths' inflammatory
responses to an fMRI-based social stressor by measuring both their
cytokine and gene expression levels once before and twice following the
stressor. In addition, we assessed trait psychological (e.g., emotion
regulation, social support) and microbial (i.e., gut microbiota composi-
tion & diversity) factors affecting these responses, as well as how these
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responses related to participants’ biological aging, as indexed by telo-
mere length. As such, this is the first study, to our knowledge, to examine
psychological, neural, inflammatory, and genomic responses to an
ecologically valid social stressor in adolescent females who were either at
high risk for developing MDD (i.e., no personal history of MDD, but a
maternal history of the disorder) or low risk for developing MDD (i.e., no
personal or maternal history of the disorder).

Method
Participants

Participants were recruited using flyers posted in community loca-
tions (e.g., libraries, businesses, schools, churches), online advertise-
ments, social media posts, word of mouth, and announcements made at
public and private middle and high schools located throughout the
greater Los Angeles area. Because our aim was to study adolescents’
natural responses to social stress, it was important that potential partic-
ipants not know that the study would involve a laboratory-based social
stressor. Consequently, mothers and daughters were told that the study,
advertised as the “UCLA Autobiographical Memory Study,” was designed
to examine the types of memories that adolescent girls have, how the
brain recalls these memories, and how these processes might be influ-
enced by depression.

To be eligible, daughters had to be between 12 and 16 years old,
English-speaking, right-handed, not claustrophobic, free of bodily metal
(except dental fillings) and other contraindications for MRI, living with
their biological mother, and have no current or past history of any
Diagnostic and Statistical Manual-IV (DSM-IV) Axis I affective disorder.
We focused on young women in this age group because it is a critical
period when risk for MDD increases significantly but before most
adolescent females experience their first MDE (Angold et al., 1998). In
addition, daughters must not have had any recent alcohol or substance
use or dependence, not have been pregnant as verified with a pregnancy
kit, and not have had any history of head trauma or a learning disability.
Finally, daughters had to be free of factors that are known to influence
inflammation, including: past or current inflammatory illness, major
sleep disturbance, tobacco use, prescription drug use, excessive caffeine
use (i.e., >8 beverages per day), or a body mass index of >30 (O'Connor
et al., 2009).

Procedure

Data collection involved an initial phone screen, two in-person study
visits, and four online follow-up assessments (see Fig. 1). All procedures
were pre-approved by the Institutional Review Board at UCLA and are
described below.

Initial Phone Screen. Mothers and daughters who expressed interest in
the study first participated in a phone screen that primarily involved the
adolescents’ mothers. The purpose was threefold: (a) describe the study
to the mothers and answer any questions about the study procedures, (b)
determine whether the mothers and their biological daughters would be
likely to meet all of the inclusion and exclusion criteria, and (c) among
those believed to be eligible (i.e., those who had not already met any
exclusion criteria), schedule a 1.5-hour intake session with both the
mothers and their daughters.

Study Visit One (Intake Session). During the intake session, mothers
and daughters were given an overview of the study, including a detailed
summary of the study procedures and a description of the risks and
benefits, followed by an opportunity to ask questions. After consent and
assent were obtained, mothers and daughters were separately screened
by trained diagnostic interviewers to ensure that they met the inclusion
and exclusion criteria, and to determine their MDD risk group.

Each daughter's diagnostic status was evaluated using the Schedule
for Affective Disorders and Schizophrenia for School-Age Children-Pre-
sent and Lifetime version (K-SADS-PL; Kaufman et al., 1997). The
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Fig. 1. The four stages of data collection and the procedures that took place at each time point.
K-SADS-PL comprehensively assessed daughters' depressive symptoms
X Lo . . Table 1
and also screened for mania, psychotic disorders, generalized anxiety . . .
. N . . . [ Daughter self-report measures and time points for data collection.
disorder, panic disorder, and eating disorders. Daughters with a lifetime
history of any of these disorders were excluded. Measures T1 T2 T3 T4
Each mother's diagnostic status was assessed using the Structured Demographics
Clinical Interview for DSM-IV (SCID-IV; First et al., 1995) modules for Age 4
mood episodes, psychotic screening, mood disorders, substance use dis- Racial/Ethnic Background v/
d . disord b . Isi d related disord Subjective SES (SSS; Goodman et al., 2007) v
orders, anxiety disorders, obsessive-compulsive and related disorders, Pubertal Status (Tanner and Davies, 1985) v
and trauma and stressor-related disorders. MDD risk status was then Recent Health Experiences Questionnaire v
determined based on the mother's diagnostic status. Adolescent females Health Information v
with no current or past history of any DSM-IV Axis I affective disorder, Perifllatal ?‘:lalth —Maternal Report
. . . . . Mental Health Status
but Yvho .had a biological mother with a history of MDD, were categ(?rlzed Depression (MFQ; Wood et al,, 1995) / /
as high risk, and adolescent females with no personal or maternal history Depression — Maternal Report (MFQ; Wood et al., v
of any Axis I disorder were categorized as low risk. Low-risk mothers 1995)
could not have a lifetime history of any assessed disorder. High-risk Anxiety (SCARED; Birmaher et al., 1997) 4 v
mothers, in turn, must have had a lifetime history of at least one MDE and Social Phobia (SPIN; Connor et al., 2000) v v
. . . . . Automatic Thoughts (Hollon and Kendall, 1980) v
were allowed to have co-morbid affective diagnoses, given the very high Trai . o
L . K rait Characteristics
co-morbidity rates between anxiety and depression (Kessler et al., 2005). Social Support (Cutrona and Russell, 1987) v
To maintain diagnostic fidelity, G.M.S. oversaw weekly diagnostic Loneliness (UCLA-LS; Russell et al., 1980) v
training meetings and independently evaluated a random selection of Parental Bonding (Parker et al., 1979) v
25% of cases from the high- and low-risk groups (x = 1.0). E};;f;';;g:l (g;?:;:;jist (.Ylvelf;r;;n’ 1979) ; v / 4
Once the diagnostic interviews were completed, if the diagnostic in- Rumination (Treynor et al., 2003) v
clusion and exclusion criteria were met, mothers and daughters Self-Esteem (RSE; Rosenberg, 1965) v
completed self-report questionnaires assessing their demographics, psy- Impulsivity (UPPS; Whiteside et al., 2005) v
chiatric symptoms, and trait characteristics (see Table 1 and Table 2). ;‘ﬁ";)“m Regulation (ERQ-CA; Gullone and Taffe, v
. Ne.xt, daughtetr.s completed a 10-minute Vldeo—rect?rded . 1mpre5.510ns Implicit Theory (Levy et al., 1998) v
interview” (modified from Muscatell et al., 2015), in which an inter- Health Risk Behaviors (e.g., Substance Use, Sexual v
viewer asked the daughter 33 questions about themselves in the absence History)
of their mother. As shown in Table 3, the interview focused on the State Measurements
daughter's opinions, feelings, and memories from childhood, and was IT)EZE;E:HMZSI;?? tive Affect Schedule (PANAS; / 4
later used in the Social Evaluation Task. The interview was designed to Shame & Guilt (SSGS; Marschall et al., 1994) Y v
have a conversational feel and included personally relevant questions Self-Esteem (CTS; Heatherton and Polivy, 1991) v 4
such as: “What is your favorite hobby?“, “What are you most afraid of?*, Social Disconnection (Eisenberger et al., 2010) 4 4
and “What qualities do you value most in a friendship?*. fg‘;fél)e of Mood States (POMS-SF; Curran et al., v/ v
. Flr.lally, .daughters were asked to Prov1de three photos of female peers Social Evaluation and Rejection (Muscatell et al., v v
in their social network whom they like and three photos of female peers 2015)
whom they dislike, which were in turn used in a personally relevant Stress
Social Go/No-Go Task (see below). Stress and Adversity Inventory for Adolescents v
Study Visit Two (Experimental Session). After completing all of the (S":rde‘;lselsv(;f;;siTIECArIz;Sel?‘;Ch;OT;)" 2019) , ,
study procedures for the intake session (above), daughters and their Perceived Stress (Cohen et al., 1983) v

mothers were scheduled for a second three-hour experimental session,
which generally took place within one month of the intake session
(median = 26.5 days). The experimental session involved fMRI-based
tasks and blood draws, which occurred once before and twice after the

Note. T1 = Intake Session; T2 = Experimental (fMRI) Session, pre-Social Evalu-
ation Task; T3 = Experimental (fMRI) Session, post-Social Evaluation Task;
T4 = Follow-up surveys administered at 3, 6, 9, and 12 months following T2 (i.e.,
the Experimental fMRI Session).
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Table 2
Mother self-report measures and time points for data collection.

Measures T1 FU

Demographics
Age v
Racial/Ethnic Background v
Subjective SES (SSS; Goodman et al., 2007) v
Family Income v
Maternal Education v

Mental Health Status
Depression (BDI; (Beck et al., 1996) v
Anxiety (STAL (Spielberger et al., 1983) v

Trait Characteristics
Social Support (Cutrona and Russell, 1987) v
Loneliness (UCLA-LS; Russell et al., 1980) v
Dysfunctional Attitudes (Weissman, 1979) v
Rumination (Treynor et al., 2003) v
Self-Esteem (RSE; Rosenberg, 1965) v
Parental Affection in Childhood (Rossi, 2001) v

Stress
Stress and Adversity Inventory for Adults (Adult STRAIN; Slavich and v

Shields, 2018)

Note. T1 = Intake Session; FU = Online post-intake follow-up. Maternal ques-
tionnaires other than the STRAIN were completed during the intake session. The
Adult STRAIN assessing mothers' lifetime stressor exposure was administered
online following the intake session, and family income and maternal education
status were assessed by mothers' online self-report following study completion.

Table 3
Interview questions assessing daughters’ interests, opinions, values, & childhood
memories.

What is your favorite hobby?

What city in the world would you most want to live in?

What do you like to do to relax?

How much money do you want to earn in your life?

What are your favorite television shows?

Do you like your smile?

Do you dream frequently?

What are you most proud of?

Who do you most admire?

. What is your greatest shortcoming?

. What do you think people like about you?

12. Do you like being in charge?

13. What is the most inspiring movie you have seen?

14. What do you like to eat?

15. What qualities do you look for in a boyfriend or girlfriend?

16. If you didn't have to have a job in life, what would you do?

17. When are you most likely to procrastinate?

18. What place in the world would you most like to travel to?

19. What are you most afraid of?

20. How do you define success?

21. What is your best quality?

22. How do you feel about cheating?

23. What do you do for fun?

24. How competitive are you?

25. When or if you are in a relationship, are you a good relationship partner?

26. How important is education to you?

27. How important is money to you?

28. Who are your heroes?

29. What makes you happy?

30. What qualities do you value most in a friendship?

31. Now, I would like you to think about your past. When you think about your past,
what is the first memory that comes to mind that is not positive or negative, but just
neutral. This could be a memory of something you did ... or a place you visited ...

32. Now I would like you to think about a time in your life when you felt really bad or
sad because of something that happened. Tell me about that memory.

33. Now I would like you to think about a time in your life when you felt really good or
happy because of something that happened. Tell me about that memory.

NSO KON

== 0
o

MRI scan. This second session also included an assessment of mothers'
and daughters' lifetime stressor exposure, as well as questionnaires
assessing daughters’ responses to the fMRI tasks (see Table 1 and Fig. 2).

Upon arriving for the experimental session, daughters were taken to a
private testing room that was adjacent to the MRI scanner to be prepped
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for their blood draw. For the blood draws, a nurse from the UCLA Clinical
and Translational Research Center (CTRC) inserted an MRI-safe
indwelling catheter into the participant's non-dominant forearm. Par-
ticipants were given 15 minutes to acclimate to the catheter, after which
their baseline blood sample was drawn.

In the time between needle insertion and the start of the MRI scan,
daughters completed questionnaires assessing their current mood states
and perceptions (see Table 1). The entire set of surveys took approxi-
mately 10-15 minutes to complete. While completing their question-
naires, daughters were introduced to “another participant” (who was, in
reality, a confederate) whom they were told was participating in a related
study at the same time. The confederate was always a female, college-
aged research assistant who dressed and acted like an older adolescent
to enhance the believability that she was a participant and to create an
experience of social-evaluative threat for the participant.

Approximately 1 hour after the start of the experimental session, both
the participant and the confederate were taken to the MRI scanner con-
trol room. Here, the participant and confederate were introduced to the
two main tasks of the study: a social “impressions task” (Eisenberger
et al., 2011)—herein referred to as the Social Evaluation Task—and a
Social Go/No-Go Task (see below). At the conclusion of the MRI scan,
participants were escorted back to the testing room, where they
completed a second questionnaire packet (see Table 1) designed to assess
changes in their current mood state and perceptions.

Participants also provided post-scan blood samples at 35 and 65 mi-
nutes after start of the Social Evaluation Task (see Table 4 for details on
the timing of the three blood draws). After the final blood sample was
obtained, participants were shown a brief informational video on the
microbiome (National Public Radio, “The Invisible Universe of the Human
Microbiome”) and were given a stool collection kit with instructions on
how to use the kit at home.

After all study procedures were completed, participants were
debriefed using a script that drew from the work of Ross et al. (1975) on
proper debriefing procedures for social psychological experiments
involving deception. The primary goals of the debriefing session were to
educate participants about the research process, inform participants of
the true aims of the experiment, and describe why deception is some-
times necessary in psychology research. Throughout this 15-minute
debriefing session, the overarching goal was to make participants feel
fully informed and an integral part of the research process. Therefore,
daughters were encouraged to ask any questions they had about the study
before being asked not to discuss the study with friends or peers.

Follow-up Surveys. Participants were contacted by text message or
email at 3 months, 6 months, 9 months, and 12 months following the
experimental session and asked to complete a brief online survey
assessing their current socioemotional and mental health status (see
Table 1).

Social Evaluation Task

As described above, we experimentally induced feelings of social
evaluation using a previously validated social impressions task (i.e.,
“Social Evaluation Task”; Eisenberger et al., 2011; Muscatell et al., 2015).
Prior research with young-adult females has shown that this task engages
the amygdala and leads to significant increases in IL-6 (Muscatell et al.,
2015), which is a key inflammatory cytokine involved in the acute phase
response (Irwin and Slavich, 2017; Slavich, 2020a). This task has also
been shown to lead to significant increases in self-reported feelings of
social evaluation and rejection (Dedovic et al., 2016), which are common
features of depression in youth (Platt et al., 2013).

While in the MRI scanner control room, participants were given in-
structions for the Social Evaluation Task in the presence of the confeder-
ate. First, participants were reminded of their 10-minute recorded
interview from the intake session and shown a five-second video clip of
themselves participating in the interview. Participants were then told that
the “other participant” would be watching and judging their video by
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Fig. 2. A sample timeline of the events for Study Visit Two (i.e., the experimental session).
Table 4
Timing of neural and biological assessments during the experimental session.

Assessments Time Point

Neural Structure and Function 45 min Scan Time
Strctural MRI Scans v
10-min Social Evaluation Task v
9-min Social Go/No-Go Task v/

Blood Draws for Immunologic and Genomic Analysis —55 min +35 min +65 min
3 mL, EDTA Vacutainer Tube (e.g., TNF-a, IL-1p, IL-6) v v v
2.5 mL, PAXgene Blood RNA Tube (e.g., gene expression) v v v
8.5 mL, PAXgene Blood DNA Tube (e.g., telomere length) 4
8 mL, BD Vacutainer CPT Tube (e.g., cellular analysis) v

Gut Microbiome Post-Visit
Stool Sample v

Note. Blood draws took place approximately 55 minutes before the start of the Social Evaluation Task (i.e., 30 minutes prior to the 45-minute scan time), and 35 and
65 minutes after the start of the task (i.e., 15 and 45 minutes, respectively, after the end of scanning). The Social Evaluation Task began approximately 25 minutes into
the 45-minute scan time, which consisted of safety procedures (e.g., metal detection, measurement of weight), an explanation of the two fMRI tasks, setting-up the
participant in the scanner, structural scans, the 10-minute Social Evaluation Task, the 9-minute Social Go/No-Go Task, and the removal of the participant from the
scanner. The Social Evaluation task was introduced at approximately minute 5 of the scan session and was begun at around minute 25.

clicking on 1 of 24 potential adjectives (one-third positive: e.g., “inter-
esting”; one-third neutral: “practical”; one-third negative: “annoying”)
displayed on a grid every 10 seconds (see Fig. 3), which the participant
would be able to see in real time in the MRI scanner. After being given
instructions, both the participant and confederate were asked if they had
any questions about the task, and the confederate always asked the clar-
ifying question “how often am I supposed to give a rating?” to enhance the
believability of the situation. In reality, all participants watched the same
pre-recorded video in which the socially evaluative adjectives were
“selected” in pseudorandom order, with no more than two similarly
valenced words clicked consecutively. During the task, participants indi-
cated how they felt every time an adjective was clicked using a response
box, with possible responses ranging from 1 (very bad) to 4 (very good). The
Social Evaluation Task lasted for 10 minutes.

Social Go/No-Go Task

In addition to the Social Evaluation Task, participants completed an
adapted Social Go/No-Go Task. Affective go/no-go tasks have been
shown to reliably engage limbic regions and are used to study stress-
related functional connectivity in adolescents (Hare et al., 2008; Tot-
tenham et al., 2011). We sought to expand this paradigm from emotional
expressions of strangers (i.e., the traditional affective go/no-go task) to
the peer group context to examine the influence of social information in
biasing performance during a go/no-go task. Therefore, prior to their
arrival at the scan session, daughters provided three photos of female
peers they liked (i.e., “friendly faces”) and three photos of female peers
they disliked (i.e., “unfriendly faces™), drawn from their social network.
An additional three age- and race-matched faces were selected by the
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Fig. 3. A screenshot of the Social Evaluation Task that participants completed in the fMRI scanner. Participants viewed this grid of 24 adjectives. Approximately every
10 seconds, an adjective was “pressed” by a mouse cursor that was supposedly controlled by the “other participant.” In reality, this was a pre-recorded video, and all
participants viewed the same video and therefore received the exact same social feedback. Depicted is an example of the positive word “kind” being pressed.

research team for each participant (i.e., “unknown faces”). All photos
were gray-scaled and cropped to only include the face. The task thus
consisted of three condition blocks: friendly, unfriendly, and unknown.
The order of the conditions was randomized across participants. Prior to
each block, participants were directed to press a button on the response
box as fast as they could when they saw a face that matched that round's
condition (“Go” trials) and to not press for the other types of faces
(“No-Go” trials). Faces were presented on screen for 500 ms regardless of
whether a response was made; between each trial, a fixation cross was
displayed for 2000 to 4500 ms. Each block included 27 Go trials and 10
No-Go trials; photos were presented in a pseudorandom order.

fMRI image acquisition & processing

Imaging data were acquired using a Prisma 3.0 T whole-body scanner
(Siemens Medical Systems, Iselin, New Jersey) at the Staglin One Mind
Center for Cognitive Neuroscience at UCLA. High resolution T1-weighted
structural images were acquired using a magnetized prepared rapid
acquisition gradient echo (MPRAGE) sequence containing 1.1 mm
isotropic voxels, TR/TE/flip angle = 2300 ms/2.95 ms/9°,
FOV = 270 mm?, 176 slices. Blood oxygenation level-dependent (BOLD)
functional images were acquired containing 3 mm isotropic voxels, TR/
TE/flip angle = 2000 ms/34 ms/76°, FOV = 208 mm?, 48 slices. The
number of volumes collected for the Social Evaluation Task varied per
participant because the end of the task did not coincide exactly with the
end of the scanner sequence; the Social Go/No-Go Task was 87 volumes
per condition.

Blood draws & assays

Blood was drawn once prior to the Social Evaluation Task (i.e., a
baseline blood draw approximately 55 minutes before the start of the
Social Evaluation Task) and twice following the task (i.e., at approxi-
mately 35 and 65 minutes after the Social Evaluation Task began). At
each time point, 3 mL of blood was drawn into an EDTA Vacutainer Tube
for the subsequent quantification of participants’ cytokine and $-endor-
phin levels. These samples were immediately placed on ice and then
transferred by the end of each study session to the UCLA Center for Pa-
thology Research Services, which centrifuged the samples for 15 minutes
at 3000 RPMs. Extracted plasma was divided into 1 mL aliquots and
frozen at —80 °C until assays were performed by the Olvera Alvarez Lab.

Plasma concentrations of TNF-a, IL-1p, and IL-6 were measured in
duplicate using the MILLIPLEX MAP Human High Sensitivity Cytokine
panel (catalog # HSCYTMAG-60SK); p-endorphin, in turn, was measured
using the Human Neuropeptide Panel (catalog #HNPMAG-35K) from
Luminex Corporation (Austin, USA). Samples were thawed for 45 mi-
nutes, placed in a vortex for 1 minute, and centrifuged for 10 minutes at
10,000 rpm. For p-endorphin analysis, acetonitrile precipitation was used
for sample extraction on 250 pL of plasma. 96-well plates were prepared
using an automatic liquid handler (epMotion®5070; Eppendorf, Enfield,
CT) programmed to carry out the immunoassay procedure prescribed by
the manufacturer. Plates were read on a Luminex 200 analyzer running
xPOTENT® Ver 3.1 software (Luminex Corporation, Austin, TX). The
Median Fluorescent Intensity data produced from xPONENT® were used
to calculate analyte concentrations using a best curve-fitting method in
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MILLIPLEX Analyst software Ver 5.1 (Vigene Tech, Inc., Carlisle, MA).
Analyte concentrations were reported as pg/mL and had the following
lower detection limits: TNF-a (0.16 pg/mL), IL-1p (0.14 pg/mL), IL-6
(0.11 pg/mL), p-endorphin (85 pg/mL). All controls were within the
expected range. The inter-assay CVs for plasma were 6.74%, 7.65%,
6.17%, and 7.40% for TNF-a, IL-1p, IL-6, and B-endorphin, respectively.

In addition, at each time point, 2.5 mL of blood was drawn into a
PAXgene Blood RNA Tube to test for social stress-induced changes in
gene expression using genome-wide transcriptional profiling. By the end
of each study session, samples from all 3 time points were transferred to
the UCLA Center for Pathology Research Services, where blood tubes
were frozen at —80 °C. Samples were then transferred to the UCLA Social
Genomics Core Laboratory where total RNA was extracted (RNeasy;
Qiagen, Valencia, CA), tested for suitable mass (Nanodrop ND1000) and
integrity (Agilent Bioanalyzer), converted to barcoded cDNA (Lexogen
QuantSeq 3' FWD), and sequenced on an Illumina HiSeq4000 system
(Ilumina, San Diego, CA) in the UCLA Neuroscience Genomics Core
Laboratory, all following the manufacturer's standard protocols for this
workflow. Assays targeted >10 million 65-nt single-stranded sequence
reads for each sample, each of which was mapped to the reference human
transcriptome using the STAR aligner and quantified as gene transcripts
per million mapped reads. Logs-transformed gene expression data were
analyzed by standard linear statistical models to identify differentially
expressed genes, which can serve as inputs into higher-order bioinfor-
matics analyses to quantify differences in inflammatory activity as indi-
cated by (a) a pre-specified composite score for pro-inflammatory genes,
(b) TELIS promoter sequence-based bioinformatics analyses assessing the
activity of pro-inflammatory transcription factors (e.g., NF-xB, AP-1), and
(c) Transcript Origin Analyses quantifying the relative contribution of
classical monocytes, non-classical monocytes, and neutrophil gran-
ulocytes to the observed differences in inflammatory gene expression,
with all analyses conducted as previously described (see Cole et al.,
2020).

Finally, at the baseline only, two additional tubes of blood were
collected from participants. For the first blood sample, 8.5 mL of blood
was drawn into a PAXgene Blood DNA Tube, which was then transported
to the UCLA Cousins Center for Psychoneuroimmunology Inflammatory
Biology Core Laboratory following each study visit and immediately
stored at —80 °C. DNA were then extracted and used for the subsequent
quantification of participants’ leukocyte telomere length as a marker of
biological aging following standard real time gPCR methods, as pub-
lished previously (Carroll et al., 2016, 2020; Robles et al., 2016). Briefly,
the telomere assay was performed by the UCLA Aging Biology &
Behavior Laboratory using a standard curve method where PCR products
are generated for the telomere gene and hemoglobin gene, and cycle
threshold values are then plotted on a standard curve of human genomic
DNA to estimate ng/microliter concentration values. Telomere length
values were expressed as the ratio of the estimated concentration
generated for the telomere gene (T) divided by the hemoglobin single (S)
copy gene = (T/S). Samples were run in triplicate and assessed for
reliability.

For the second blood sample, 8 mL of blood was drawn into a BD
Vacutainer CPT Tube (BD Biosciences, San Jose, CA). PBMCs were then
isolated by density gradient centrifugation, separated into three aliquots.
The first aliquot was processed for telomerase extraction, the second was
placed in a RPMI with L-glutamine and 10% FBS solution, frozen first in
—20°C to avoid shock, and then transferred to liquid nitrogen for viable
cell preservation and long-term storage for use in future studies using
these samples. The third aliquot of PBMCs was placed in an RLT buffer
plus b-2-mercaptoethanol (2 ME) solution to preserve RNA for potential
future use.

Gut microbiome

Stool kits given to each participant at the end of the experimental
session included a stool collection vessel for affixing to the toilet, a
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101 mm tube containing 5 mL 70% ethanol, a biohazard bag, gloves, a
return shipping container, and a pre-paid FedEx label. Participants were
instructed to produce a stool sample and aliquot a small portion using the
scooper affixed to the lid of the 101 mm tube. The tube was then placed
in the biohazard bag and the bag placed into the return shipping box
addressed to the Devkota Lab at Cedars-Sinai Medical Center. Partici-
pants were instructed to ship their sample within 24 hours and to keep
their sample at room temperature until such time. Samples were de-
identified and analysis was blinded.

DNA was extracted from 0.5g stool by the Devkota Lab using the
Dneasy PowerSoil Kit (QIAGEN, Germantown, MD). Samples were added
to lysis tubes with 400 pg proteinase K and homogenized at 5 m/s for
2 min. This was followed by heat treatment at 95 °C for 15 minutes and
centrifugation at 16,000xg for 5 minutes at 4 °C. Supernatant was
transferred to a new tube and reserved for later use. 300 pL fresh lysis
buffer was added back to the lysis tube for a second round of bead beating
and heating. Supernatant from both rounds of cell lysis were pooled for
DNA isolation as per the manufacturer's protocol. DNA extracts were then
submitted to the UCLA Microbiome Center Core for bacterial sequencing
of the V4 16S rRNA region on an Illumina HiSeq.

R packages were used to process and analyze 16S rRNA sequencing.
Paired-end reads were quality filtered, trimmed, merged, denoised,
chimera filtered, and binned into sequence variants using DADA2 v1.5.8
(Callahan et al., 2016). There was an average of 85,473 reads per sample
after pre-processing and filtering. Samples with less than 1000 reads
were removed from analysis. 16S sequence variants were aligned to the
Greengenes reference database v13.8 and taxonomically assigned with a
minimum bootstrap confidence level of 80. Sequence variants unresolved
for taxonomic classification and singletons were omitted from further
analyses. Samples were rarefied to the minimum read count to account
for uneven sampling effort. Phyloseq v1.22.3 (McMurdie and Holmes,
2013) was used to assess o and p diversity measures. Bray-Curtis distance
between samples were visualized by principal coordinate analysis.

Data analysis

The sample size for the present study was based on prior research
using the Social Evaluation Task (Eisenberger et al., 2011) and simula-
tions of fMRI data from standard block designs (Mumford and Nichols,
2008), which suggest that to achieve a one-sided type-I error rate of
0.005 and power of 0.80 for a task with 15 repetitions of each condition,
a sample with 18-19 participants per group is required. When factoring
in unusable fMRI data for <3 participants/group due to head motion, we
continued recruiting until we had at least 22 participants per diagnostic
group.

Participant characteristics (e.g., trait impulsivity, lifetime stress
exposure, demographics) were assessed so these variables could be used
as predictors or covariates in relevant analyses. The success of the social
rejection induction will be verified by analyzing pre- to post-induction
changes in relevant psychological variables, such as self-reported social
disconnection and depressed mood. We expect significant increases in
these social-emotional variables (e.g., greater social disconnection &
depressed mood) for all participants, as well as potential differences
between the high- and low-risk girls, with high-risk girls exhibiting worse
outcomes. These analyses will be conducted with p < .05 as the criterion
for significance.

Neuroimaging data will be processed and analyzed using SPM 12, and
functional connectivity with CONN Toolbox v.19c. Pre-processing will
include image realignment to correct for head motion, normalization into
MNI space (resampled at 3 x 3x3mm), and spatial smoothing using an
8 mm Gaussian kernel, full width at half maximum, to increase signal-to-
noise ratio. General linear models will be established for each
participant.

For the Social Evaluation Task, the presentation of each feedback
word and its on-screen duration will be modeled as an event and
convolved with a canonical hemodynamic response function. Our
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regressor-of-interest will code for the type of feedback presented (i.e.,
positive, neutral, negative). For each model, the time-series will be high-
pass filtered using a 128hz function (or, in functional connectivity ana-
lyses, band-pass filtered to remove frequencies below 0.008 Hz or above
0.09 Hz), and serial autocorrelation will be modeled as an AR (1) process.
Following estimation, linear contrasts will be computed for each partic-
ipant to compare BOLD signal during the negative vs. neutral feedback
trials. Contrast images for each participant will then be entered into
random effect analyses at the group level for statistical inference. Ana-
lyses testing for potential group differences will first be evaluated at
p < .05 using a priori, anatomically defined ROIs in the threat network
(Eisenberger and Cole, 2012; Irwin and Cole, 2011). Next, coupling be-
tween these nodes will be examined using functional connectivity ana-
lyses (Rissman et al., 2010; Gee et al., 2013; Toga et al., 2006). Finally,
multi-voxel pattern analyses (Dosenbach et al., 2010; Turk-Browne,
2013; Shirer et al., 2012) will be used to determine whole-brain func-
tional connectivity patterns that distinguish participants based on MDD
risk status (i.e., high vs. low). All analyses will control for age and
adjusted for multiple comparisons (FDR correction corresponding to
p < .05) when relevant.

To examine impairment of inhibitory control while processing so-
cially unfriendly vs. friendly faces, we will assess errors of commission in
trials where unfriendly faces represent no-go stimuli and compare them
to errors of commission in trials where unknown faces represent no-go
stimuli. Similarly, we will assess errors of commission in trials where
friendly faces represent no-go stimuli and compare them to errors of
commission in trials where unknown faces represent no-go stimuli. We
will calculate mean errors of commission on each trial, and we expect
mean errors of commission to be greater in response to negative social
stimuli than unknown stimuli. Moreover, we expect this social-related
impairment to be greater for high-risk vs. low-risk girls.

To investigate whether high-risk youth exhibit greater inflammatory
responses to social stress than their low-risk counterparts, a series of
growth-curve models with hierarchical linear modeling will be esti-
mated. In the within-person (Level 1) models, cytokine level trajectories
will be estimated as a function of time and a residual term. These models
will yield a series of person-specific intercepts reflecting cytokine levels
at baseline and person-specific slopes reflecting rates of change in TNF-a,
IL-1p, and IL-6 over the study. In the between-person (Level 2) models,
intercept and slope values will be estimated for each participant as a
function of relevant covariates (i.e., age, ethnicity, BMI, socioeconomic
status) and MDD Risk Group status (high risk vs. low risk). For the gene
expression data, genes that show a >20% increase in expression from
pre- to post-stress will be identified, and differential gene expression
scores for each individual will be computed.

To test associations between neural and cytokine and genomic
responding to stress for high- and low-risk adolescents, additional
growth-curve models will be estimated. However, ROI and ROI x Risk
Group predictors will be added at Level 2. Next, to examine associations
between the functional connectivity and inflammatory responding data,
multiple linear regression analyses will be conducted with the connec-
tivity correlations as predictor variables, and the cytokine and gene
expression pre- to post-stress difference scores as outcome variables.
Connectivity Strength x Risk Group interaction terms will be included in
these models to test for functional connectivity-inflammatory responding
differences between the high- and low-risk groups.

To test for potential differences in microbial factors (i.e., gut micro-
biota composition & diversity), DESeq2 v 1.24.0 (Love et al., 2014) with
Benjamini-Hochberg correction will be used to identify bacterial groups
that are differentially abundant between high- and low-risk daughters.
Pearson and Spearman correlations will be used to examine the associ-
ation between bacterial relative abundances and participants’ psycho-
social, emotional, and clinical characteristics.

Finally, exploratory analyses will be conducted to evaluate potential
moderating factors that could influence the associations described above,
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such as lifetime stress exposure (Mayer et al., 2019; Slavich et al., 2019;
Stewart et al.,, 2019) and relevant social-psychological traits (e.g.,
emotion regulation, social support), as well as how group differences may
relate to health-relevant markers such as telomere length.

Discussion

Although an abundance of research has demonstrated that major life
stressors, especially those involving social rejection, increase risk for
depression and depression-related health problems (Slavich, 2016b),
researchers still lack a clear mechanistic understanding of how social
adversity induces biological changes that lead to these conditions. The
overarching aim of this study is to help advance research on this
important topic by leveraging state-of-the-art neuroimaging, immuno-
logic, and genomic methods and data analysis techniques to charac-
terize adolescents’ psychological, neural, inflammatory, and genomic
responses to an ecologically valid social stressor and, moreover, to
examine how these responses differ for youth at high- vs. low-risk for
depression. We also seek to better understand a variety of psychosocial
and biological factors that may moderate these social-biological-clinical
associations.

Although this work could be carried out using many different pop-
ulations, we believe that adolescent girls represent a logical and impor-
tant starting place for at least two major reasons. First, although
depression is a highly burdensome disorder in general, females dispro-
portionately suffer given their much greater likelihood of experiencing
MDD, and this is especially true of youth who grow up with a depressed
mother. Second, studying teenage adolescents who are at risk for—but
have not yet developed—MDD means that the resulting discoveries will
help elucidate pre-clinical disease processes that could prospectively
predict the initial emergence of disease and, in addition, potentially be
targeted to reduce risk for depression and other burdensome, immune-
related disorders that frequently co-occur with MDD.

The organizing framework for this study comes from the Social Signal
Transduction Theory of Depression (Slavich and Irwin, 2014; Slavich and
Sacher, 2019; see also Quinn et al., 2020; Seiler et al., 2020; Slavich et al.,
2020). Briefly, this formulation describes how experiences of social stress
and rejection get represented by the brain, and how the brain in turn
governs physiologic, molecular, and genomic changes that can promote
depressive symptoms, especially for persons at risk for MDD. By
comprehensively assessing the psychological, neural, inflammatory, mi-
crobial, and genomic mechanisms that underlie risk for depression in
adolescent females, we aim not only to test hypotheses derived from this
theory but to better understand neurocognitive and immunologic dy-
namics that are activated by stress, and how the activity and connectivity
of these systems differ as a function of risk for depression and a selection
of potential moderating factors, including relevant psychological traits
and the gut microbiome. Most importantly, by investigating these links,
we strive to inform the development of new strategies that might one day
help reduce risk for depression and related disorders using precision
medicine or similar approaches (Schiissler-Fiorenza Rose et al., 2019;
Williams and Hack, 2020).

Looking forward, our hope is that by pursuing this line of research, we
may help develop a more comprehensive understanding of the patho-
physiology of depression, one of the most common and costly of all
disorders worldwide (Ferrari et al., 2013). More broadly, this work may
contribute to the development of new theories that help explain the so-
cial and biological bases of human health and behavior (Slavich, 2020b).
Presently, we have evidence that psychosocial interventions can reduce
inflammatory processes that degrade health (Shields et al., 2020).
However, much remains unknown about how experiences of the social
world affect the brain and body, and how interventions designed to
improve health can be personally tailored to maximally reduce disease
risk and improve wellbeing over the life course.
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