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Abstract

With a majority of humans now living in cities, strategic research is necessary to elucidate the
impact of this evolutionarily unfamiliar habitat on neural functions and well-being. In this review,
both rodent and human models are considered in the evaluation of the changing physical and
social landscapes associated with urban dwellings. Animal models assessing increased exposure to
artificial physical elements characteristic of urban settings, as well as exposure to unnatural
sources of light for extended durations, are reviewed. In both cases, increased biomarkers of
mental illnesses such as major depression have been observed. Additionally, applied human
research emphasizing the emotional impact of environmental threats associated with urban
habitats is considered. Subjects evaluated in an inner-city hospital reveal the impact of combined
specific genetic vulnerabilities and heightened stress responses in the expression of posttraumatic
stress disorder. Finally, algorithm-based models of cities have been developed utilizing
population-level analyses to identify risk factors for psychiatric illness. Although complex, the use
of multiple research approaches, as described herein, results in an enhanced understanding of
urbanization and its far-reaching effects--confirming the importance of continued research directed
toward the identification of putative risk factors associated with psychiatric illness in urban
settings.
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1. Introductory comments

Humans have the ability to exist in a broad range of environments, demonstrating that they
can survive by hunting and fishing in the Arctic, foraging on the African savanna, or living
in urban habitats (Laland and Brown, 2006). For the first time in human history, the majority
of the world's population lives in urban areas. One hundred years ago, 20% of people lived
in urban areas; by 2010, more than 50% of the global population lived in a city. By 2030, it
is estimated that 70% of people will live in urban areas (World Health, 2012). In the United
States and Canada, for example, 80% of the population lives in urban dwellings (UN-DESA,
2011; Schewenius et al., 2014).

As urban environments represent a divergence from the ancestral habitats of both humans
and nonhuman animals, the neurobiological impact of the transition to city living should be
carefully examined. E.O. Wilson's biophilia hypothesis posits the importance of the natural
environment, including flora, fauna, weather conditions, and other variables contributing to
individuals' surroundings. Considering the evolutionary importance of species maintaining
close ties to the environment in order to acquire life-sustaining resources, there is little doubt
that natural environments influenced the evolution of various neural functions ranging from
learning to emotional responses (Wilson, 1984, 1993). Given that modern species have
retained their ancestral brains, it is interesting to consider the impact of transitioning to new
habitats such as urban dwellings over the course of just a few generations (Maller, 2005,
Fawcett and Gullone, 2001). The identification of health-related urbanization trends is
necessary to inform science-based policies for generating urban landscapes consistent with
well-being and decreased susceptibility for psychiatric illness (Schewenius et al., 2014).

Whereas urban dwellings can provide a healthy living environment with enhanced access to
important medical, recreational and cultural services and opportunities, urban environments
also present disproportionate health challenges to certain components of the socioeconomic
strata (World Health Organization, 2010; Anakwenze and Zuberi, 2014). Research suggests
that urban living is associated with higher rates of psychiatric disorders, with rates as much
as 30% higher for conditions such as mood disorders (Peen et al., 2009). The features of the
urban environment that shape mental health, and the neurobiological mechanisms through
which the urban environment may affect mental health are yet to be definitively determined;
however, research has identified several macro-level (i.e. at the level of urban
neighborhoods) and micro-level (i.e. within individuals) factors that deserved further
investigation. In the current review, these macro- and micro-level factors and their potential
impact on emotional well-being are considered from the perspectives of the fields of
neuroscience and epidemiology. Starting with a focus on neurobiological mechanisms,
animal models designed to evaluate the impact of specific elements of the physical
surroundings (i.e., natural vs artificial elements), as well as the impact of increased exposure
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to artificial lights, will be considered. Then focusing exclusively on humans, the influence of
urban sources of stress and specific genetic vulnerabilities in the development of psychiatric
disorders such as posttraumatic stress disorder is reviewed. Finally, a population-level
overview is provided of the types of macro-level features in the urban environment that can
shape mental health, and current epidemiological strategies such as complex systems
computational approaches to identify predictive factors of urban-based psychiatric illness
are introduced. A consideration of such diverse data is necessary to move from the existing
associational assumptions in this literature to eventual determination of more specific
assumptions of causal inference (Pearl, 2009). Thus, these varied approaches are necessary
to generate informed views about short- and long-term neurobiological effects of
urbanization.

2. The Effects of Natural and Artificial Habitats on Environmental

Engagement and Emotional Resilience

Evolutionary processes have led to animals with varying behavioral repertoires ranging from
stereotyped, hard-wired responses to less prescribed, flexible behaviors. With postnatal care
and the transfer of learned information occurring in warm-blooded animals, more flexible
responses have emerged to facilitate the animal's requisite adaptive interactions with its
frequently changing environment (Varki et al., 2009). Consequently, the importance of
environmental context is considered critical in the development of neural functions; in fact,
research in the field of artificial intelligence has also identified the essential role of
environmental influence in the development of computer-based networks simulating
mammalian CNS functions (Maniadakis and Trahanias, 2006). Thus, it is becoming
increasingly clear that, in order to thoroughly understand the functions of the brain (both
natural and artificial models), a clear understanding of the environment in which it operates
is necessary. As various mammals have adopted habitats that differ from their ancestral
ecosystems (e.g., humans transitioning to urban settings), the characteristics of
environmental surroundings have been altered along several dimensions. These
environmental modifications have undoubtedly impacted the neural systems of animals
inhabiting evolutionarily unfamiliar terrains. In this section of the review, the potential
impact of these environmental changes on neural and behavioral responses related to mental
health and emotional resilience will be evaluated.

2.1 The neural impact of qualitatively different environments

At the turn of the 20th century, pioneering psychologist James Mark Baldwin emphasized
the influential role of the environment in the acquisition of learned adaptations throughout
an individual's life (Baldwin, 1896). Further, the more recent niche-construction perspective
highlights the synergistic role of animals' interactions with the environment in modifying
habitats in the continuing process of evolutionary change (Laland and Brown, 2006;
Maniadakis and Trahanias, 2006). Focusing on the impact of environmental influences on
the brain, Charles Darwin suggested that, based on skull measurements, the brains of
domesticated rabbits were smaller than wild rabbits (Darwin, 1868). One explanation of this
observation was the potential differential effects of domestic and natural environments on
selection pressures impacting neural development. A similar observation was reported a few
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decades later when naturalist and children's author Beatrix Potter stated that the common
wild mouse was “more intelligent” than the domesticated fancy breeds of mice (Lear, 2007).
The notion that different environmental conditions led to short-term neural effects (i.e.,
within an animal's lifetime) was introduced by psychologist Donald Hebb when he reported
that rats allowed to run free in his home performed better on problem-solving tasks than rats
kept in standard laboratory cages (Hebb, 1949).

Neurobiological effects of varying environments were systematically investigated in the
mid-20t century by an interdisciplinary team of scientists at the University of California,
Berkeley. In these seminal studies, the environmentally complex group consisted of
approximately 10 animals housed in oversized cages with enrichment stimuli, or “toys,”
frequently introduced to the cage. These enriched animals were compared to control animals
maintained in standard laboratory conditions in either groups of three or, in an additional
control group, housed in isolation. The rats were placed in their respective habitats at the age
of 25 days and remained until they were 80 days old. Several replications of these conditions
indicated that the rats in the complex environment developed a heavier cortex (especially the
occipital cortex); further, the enriched animals exhibited increased levels of the enzyme
acetylcholinesterase, a chemical that was positively correlated with learning ability. The
impact of social enrichment itself was deemed less important than the comprehensive
enriched experience (including both physical and social enrichment), although social
enrichment was associated with increased subcortical weight (Bennett, Diamond, Krech and
Rosenzweig, 1964). These findings were subsequently reported in mature animals,
confirming that the brain had the ability to incorporate new information and adapt
accordingly throughout an animals' lifespan (Simpson and Kelly, 2011).

In general, experimental enriched environments are characterized by a mixture of complex
objects that stimulate multiple sensory and motor systems, as well as social interactions.
With increased opportunities for motor responses, the role of increased voluntary movement
has also been recognized as an important factor for neural plasticity (van Praag et al., 2000;
Nithianantharajah and Hannan, 2006). The initial enriched environment studies, for
example, emphasized the role of enriched experience more than the physical environment,
suggesting that the animals' interactions with the environment were more influential than the
mere exposure to the complex environment. Obviously, once the animals interact with the
environment, it is difficult to tease apart these two aspects of environmental enrichment
(Rosenzweig and Bennett, 1996). Regardless of the specific mechanisms at work in these
enriched environments, research has confirmed long-term effects, including increased
exploration rates and altered corticosterone levels later in adulthood (Pena et al., 2009),
findings that emphasize the enduring effects of certain environmental parameters.

2.2 Urban and Rural Environmental Influences

Although enriched environments have been extensively studied, there is no consensus
among protocols concerning the specific details defining the enriched environment.
Parameters such as the number of animals, size of the environment, number of stimuli, and
duration of exposure have varied across numerous studies (Nithianantharajah and Hannan,
2006). One variable that was initially examined, but has received little attention for the past
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several decades, is the origin of stimuli used in the enriched environments; specifically, if
the objects were natural or manufactured, representing elements either consistent with or
divergent from an animal's natural ecosystem. Although the data were never published as an
individual research report, the Berkeley scientists exposed rats to a naturalistic enriched
environment located outdoors and reported that this environment resulted in heavier brains
than the indoor enriched animals (Rosenzweig et al., 1972).

The exposure of animals to natural elements in their environment is relevant for the topic of
neural influences of urbanization considering that, compared to rural areas, natural elements
are limited in urban settings. Further, when green space is available in cities it isn't always
equally accessible by the city's inhabitants (Wolch et al., 2014). To further explore the
impact of interacting with natural elements in one's environment, a recent investigation
extended the original naturalistic enriched environment work (Rosenzweig et al., 1972) by
establishing naturalistic enriched environments. In these initial studies, the same number and
function of stimuli were used in natural- and artificial-enriched groups, with the difference
being the origin of the objects—natural vs. artificial (see Figure 1). For example, a hollow
log was used for shelter in the natural-enriched environment whereas a plastic igloo was
used to serve the same function in the artificial-enriched environment. The preliminary
results indicated that, whereas no cognitive differences were observed between the two
enriched groups, biomarkers of emotional resilience such as higher levels of
dehydroepiandrosterone [DHEA, associated with positive health indices (Starka et al,, 2014;
Petros et al., 2013)] relative to corticosteroid levels were observed. Additionally, increased
levels of exploratory behavior were associated with the natural-enriched group. Rats
exposed to natural habitats also interacted with all of the elements of their environment (i.e.,
physical stimuli, other rats and the cage itself) more than the artificial-enriched and control
groups (Unpublished manuscript; Lambert et al., 2014a).

The observation that natural environmental elements have a different neurobiological impact
than manufactured or artificial stimuli corroborates past findings indicating that natural
stimuli have various health-promoting effects. For example, human subjects recover from
stress faster following exposure to videotapes of natural settings than traffic environments
(Ulrich et al., 1991). Further, the finding of increased motor activity in rats housed in natural
environments corroborates findings of increased activity in rural children where the
conditions are more conducive to free play (Loucaides et al., 2004). Exposure to natural
environmental elements has also been associated with increased prefrontal cortex activity.
Specifically, viewing an actual foliage plant resulted in increased prefrontal cortex oxy-
hemoglobin concentrations compared to viewing a projected image of the same plant
(lgarashi et al., 2014).

Additional research needs to be conducted, but it appears that the origin of stimuli (natural
vs. manufactured) introduced in enriched environments is an important factor to consider
when evaluating the impact of environmental stimuli on neural development. Although an
emphasis has been placed on novel objects in enriched environment research over the past
several decades, specific characteristics of objects may also be critical in modifying arousal
levels and focused attention that subsequently affect neuroplasticity (van Praag,
Kempermann and Gage, 2000; Ickes et al., 2000). Enhanced arousal in natural habitats may
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also lead to enhanced interaction with the environment and subsequently contribute to an
animal's apparent affinity for natural environmental elements (Wilson, 1993).

2.3 Environmental Engagement, Contingency Building and Emotional Resilience

Several aspects of both enriched and natural environments have been associated with mental
health; on the contrary, increased vulnerability to psychiatric illness has been observed in
unnatural urban settings. In addition to observations of increased rates of major depression
diagnoses, increased rates of schizophrenia have been observed in urban populations, with
evidence of a dose-response relationship between urbanicity and onset of this mental illness
(Krabbendam and Os, 2005). Heightened stress associated with city living may be one factor
that predisposes urban inhabitants for the expression of symptoms of psychiatric illness.
When assessed in the laboratory, subjects currently living in urban settings exhibited
increased amygdala activity (involved in fear processing) during a cognitively challenging
task. Further, an urban upbringing, rather than current exposure, resulted in increased
activation of the anterior cingulate cortex, an area associated with emotional regulation
(Lederbogen et al., 2011). Extending beyond the nervous system, numerous reports of
positive correlations between natural environments and other health indices such as immune
and cardiovascular health have been reported, systems that also contribute to adaptive neural
functions (Sternberg, 2009; Richardson et al., 2013).

Any aspect of an environment that enhances an animal's effective interactions with its
surroundings (e.g., enhanced attention to salient stimuli or more efficient movement)
promotes the formation of contingencies between responses and outcomes. Such
contingencies, and their associated neural influences, have been associated with a greater
sense of control over one's environment, building resilience against symptoms associated
with anxiety, stress, and the onset of depression (Lambert, 2006; Bardi et al., 2013). Rodent
investigations of contingency-training require animals to dig in mounds of bedding for food
rewards instead of being presented with the rewards in a non-contingent manner (Lambert,
2006). This effort-based reward model of contingency training has been associated with
neurobiological evidence of emotional resilience including higher DHEA/CORT ratios and
more diverse search strategies in times of cognitive uncertainty (Bardi et al., 2012, 2013;
Lambert et al., 2014b). Increased activity observed in the presence of natural environments,
ranging from natural-enriched laboratory environments to increased access to natural space
in urban parks, can be viewed as spontaneous contingency-training. A child engaging in
“free play” establishes many response-outcome contingencies related to both physical and
social environments. Accordingly, recent reports of decreased play in urban children, as well
as decreased numbers of parents taking children outdoors to play each day, may lead to both
short- and long-term emotional vulnerabilities in children raised in urban settings (Joens-
Matre et al., 2008; Tanden, 2012; Larson, 2011). Even so, humans have identified creative
ways to interact with urban environments that can also enhance response-outcome
contingencies (Decatur, 2012). Although it represents a rather extreme acclimation,
Parkour, a practice of traversing urban structures such as buildings and poles with high
jumps, rolls and aerial somersaults, is an example of such human adaptation to urban
surroundings (Wilkensen, 2007). Regardless of the origin of the environmental stimuli,
however, further evaluation of these varying types of environmental interactions will inform
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researchers about environmental elements associated with optimal engagement and mental
health.

The formation of response-outcome contingencies generated by various types of
environmental interactions may influence mental health by modifying self-efficacy, another
variable that has been associated with emotional resilience. Whereas outcome expectancy is
viewed as an estimate of a probability that a behavior will lead to a specific outcome
(achieved through contingency training), efficacy expectation is the estimate that one can
successfully carry out the required behavior to produce the desired outcome (Bandura,
1977). Diminished contingency and efficacy levels were associated with increased
vulnerability to depression in the classic learned helplessness work (Seligman and Maier,
1967). In humans, self-efficacy is also viewed as an important mediator between depressive
symptoms and stressful life events (Maciejewski et al., 2000). Interestingly, physical activity
increases self-efficacy in patients diagnosed with chronic illnesses such as breast cancer and
multiple sclerosis; additionally, fewer symptoms of depression were expressed in patients
with higher self-efficacy scores (McAuley et al., 2010). Even in occupational settings,
employers who exposed older employees to increased cognitive stimulation and novel tasks
observed fewer symptoms of dementia than in similarly aged non-enriched employees (Then
et al., 2013). Given these findings, any environment that increases an animal's engagement
with its surroundings may lead to the establishment of adaptive response-outcome
contingencies and, consequently, protection against the emergence of symptoms of mental
illness.

Close ties between emotional responses and natural elements of the environment are also
evident in the increased anxiety associated with specific environmental stimuli-- such as
insects and heights-- that were perceived as threatening in our ancestral past (Mineka and
Ohman, 2002; Mineka and Zinbarg, 2006). This predisposition toward certain environmental
components of our evolutionary past confirms the long-lasting environmental effects on the
nervous system that are further influenced by the day-to-day interactions between mammals
and their environments. However, even these predisposed fear responses can be altered by
short-term environmental enrichment in male rats (Mitra and Sapolsky, 2012). Given these
multiple environmental inroads to the lifelong development of the nervous system, specific
characteristics of the animals' surroundings are important to consider in the exploration of
various models of mental health, ranging from the housing regulations of laboratory animals
to policies regulating green space in cities.

2.4 Conclusion

The initial enriched environment studies conducted a half century ago have slowly changed
the perception of the neural landscape once thought to be relatively inflexible throughout
one's lifetime. The emphasis on the environment continues to be important for obtaining a
thorough understanding of how the brain adapts to various changing environments to
enhance survival. As modern human environments stray from our ancestral roots, a close
examination of how these modifications impact neural responses and functions may
illuminate causal factors for various mental illnesses, especially those that are expressed at
increased rates in urban settings.
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The temporal pace of cities has changed dramatically over the past 200 years. Prior to the
early 1800s night was a formidable constraint on human activities. People are diurnal, and
relatively blind at night. Prior to the use of gas, then electric, street lights, all legitimate
human business stopped at sunset. As Roger Ekirch describes in his excellent book, At Day's
Close: Night in Times Past, (Ekirch, 2006), night was to be feared because of criminals,
fires, emptied chamber pots, spooked horses, and even the supernatural. All respectable
people, not just children, feared the dark. Prayers and other incantations were used to get
through it. As gas lights became available, initially indoors, then outdoors, it became
fashionable for people of wealth to venture out for night-time social activities in large cities
such as Paris and London. This practice was soon imitated by the less privileged classes,
which required additional street lighting. llluminating the night via electric lights permitted
large-scale social and work activities, and the development of electric lights soon led to
widespread illumination of cities, towns, and even small villages.

Cities produce visually amazing nighttime skies that can even be seen from space (Figure 2).
Since the advent of electric lights around the turn of the 20t century, people have become
increasingly exposed to relatively bright and unnatural light at night, both outside and inside
their homes. This “light pollution” now affects 99% of the US and European population and
~60% of the remaining world's population (Navara and Nelson, 2007). Electric lighting was
a boon for developing industry and technology; light at night permitted work into the night,
which drove economic development. Use of light at night continues to rapidly increase (6%
increase per year) without thorough [or any] consideration of its biological implications
(Fonken and Nelson, 2011).

Most consider light at night to be an innocuous, if not beneficial, environmental factor of
modern life, which is likely why it was overlooked as a significant health risk factor until
recently. However, because of the dramatic effects that light has on the endogenous
circadian system (McClung, 2007; 2011) and upon downstream outputs such as hormone
secretion, light at night exerts a significant effect on many physiological processes (Stevens,
etal., 2013a). It is now evident that light at night has marked social, ecological, behavioral,
and health consequences (Bedrosian and Nelson, 2013). In this section, the growing research
on the maladaptive influences of light at night on brain function, especially affective
responses is reviewed.

3.2 Effects of Light at Night on Humans

Epidemiological studies report that depression rates are elevated among city dwellers
compared to people living in rural regions (Stevens et al., 2013a). Although elevated
depression rates are associated with urban life, we do not fully understand the factors
underlying this association. Some of the disparity obviously reflects differential access to
mental health care and differences in the rate of undiagnosed depression. However, the
alternative hypothesis that increased exposure to light at night among city dwellers disrupts
brain circadian rhythms leading to impaired affective responses has not been ruled out. For
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instance, the Old Order Amish living in the US do not use electricity and thus are not
typically exposed to significant levels of light at night. The incidence of major depressive
disorder (MDD) is ~1% among the Amish (Egeland and Hostetter, 1983)—the same rate of
depression reported mid-20t century for the general US population—compared to current
rates of MDD, which are estimated to be ~15% of the general population (Riolo et al.,
2005). Again, other lifestyle factors may contribute to better mental health in this
population, but the Amish also have lower rates of cancers, obesity, cardiovascular disease,
metabolic syndrome, and Type 2 diabetes, disorders all linked to exposure to light at night
and night shift work (Westman et al., 2010; Stevens et al., 2013a).

Shift workers may serve as ‘canaries in the coal mine’ warning us of the dangers of
deranged circadian rhythms on mood; indeed, several studies of shift-workers have linked
night work to depressed mood. Continual shift work has detrimental effects for sleep and
social interactions, and is correlated with high prevalence of MDD, especially among
women (22.6% of female shift workers versus 13.4% of male shift workers; Scott et al.,
1997). The effects of shiftwork are often reported soon after onset. For example, student
nurses working the night shift for the first time reported feelings of helplessness, loss of
control, apathy, and low social support after just 90 days (Healy et al., 1993). Prolonged
night shift work increases lifetime risk for MDD even after night shifts are discontinued
(Scott et al., 1997). Proposed treatment for night shift work is bright light exposure during
the night and black-out curtains or sleep masks during the day to phase shift the biological
clock to align with the work schedule, thus improving alertness at work and facilitating sleep
during the day (Czeisler et al., 1990). This approach has had limited success because of the
difficulty maintaining such a schedule; during weekends and other non-work nights, night
shift workers quickly re-synchronize with dominant environmental and social cues.

Although elevated depressive symptoms are well documented among shift workers (Healy et
al., 1993), these studies do not rule out other variables involved, such as sleep disruption and
episodic (e.g., weekend) phase shifts. It is difficult to obtain direct data linking light at night
to mood in human subjects because such studies would entail careful control of several
environmental variables over many weeks.

One excellent correlational study that could serve as an example for studies of light at night
on mood examined the effects of city lights on the rate of breast cancer in women. By
comparing the average light levels from the U.S. Defense Meteorological Satellite Program
with the neighborhoods of recently diagnosed breast cancer patients, a strong correlation
was observed between light at night and breast cancer incidence in ~150 Israeli
communities (Kloog et al., 2008). Other relevant socio-economic correlates did not account
for this link. The authors suggested that women living in the darkest communities might
produce prolonged durations of nightly melatonin lowering risk of breast cancer. A similar
link may exist between depression and nightly light levels, but this remains unexamined.

3.3 Effects of Light at Night on Nonhuman Animals

Nonhuman animal models allow mechanistic studies into the role of light at night in mood
regulation, without the confounding variables associated with human studies. In one early
study of the effects of light at night, male mice were housed in either standard light-dark
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cycles or in constant light (Fonken et al., 2009). Mice either had access to an opaque tube,
which allowed them to escape the light, or a clear tube that prevented light escape. After 3
weeks mice were tested in standard assays of depressive-like responses for rodents, viz.,
Porsolt forced swim and sugar anhedonia tests. Mice housed in constant light drank less
sugar water indicating an anhedonic response, which models aspects of human depression.
This response was partially reversed by allowing mice to escape the nightly light.

Although potentially informative, these results are limited by several factors. First, people
are generally not exposed to continuous bright lighting for 24 h per day. The mice exposed
to continuous light throughout the day and night had no temporal cue to establish time of
day and their circadian rhythms were likely free running. Second, unlike humans and most
other mammals, most inbred laboratory mouse strains do not produce melatonin. The extent
to which melatonin is implicated in the effects of light at night on mood (as it is on cancer;
Blask et al., 2005) remains unspecified (although increased depressive-like responses to
light at night were reported in a strain of mice that lacks melatonin; Fonken et al., 2009).
Finally, unlike humans, most rodents are typically nocturnal; light at night coincides with
their active period, whereas light at night occurs during the inactive period when people
typically sleep. Indeed, many of the negative health effects of light at night are attributable
to sleep disruption. Studies of nocturnal rodents are valuable because of the ability to
separate the effects of light at night from disrupted sleep; sleep is not significantly affected
by light at night in mice (Borniger et al., 2013). Examination of one diurnal rodent species,
African Nile grass rats, revealed that light at night affects mood and cognition; however,
sleep quality was not investigated in this species, so it remains possible that light at night has
its effects on mood via sleep disruption or some other circadian mechanisms (Fonken et al.,
201).

To address some of these issues, an animal model (female Siberian hamsters) was developed
to examine the effects of dim (5 lux) light at night. This light intensity is similar to levels
easily encountered by people through the use of nightlights, televisions, computers and e-
readers at night. It is important to examine females because depression rates are elevated
among women compared to men. Hamsters exposed to 5 lux of light at night entrain to the
light—dim light cycle, at least in terms of locomotor activity, although homecage locomotor
activity is slightly reduced during the dim light phase compared with typical dark phase
activity levels. Returning the animals to dark nights quickly reverses this effect (Bedrosian
et al., 2013b). Entrainment of other circadian rhythms may also be influenced by exposure to
dim light at night; e.g., the amplitude of daily expression patterns of core clock proteins,
PER1 and PER2, in the SCN are dampened by exposure to light at night, although BMAL1
remains unchanged (Bedrosian et al., 2013b). Daily cortisol rhythms are also dampened
(Bedrosian et al., 2013b).

Studies of female hamsters have consistently reported that dim light at night provokes
depressive-like responses similar to male mice (Bedrosian et al., 2011; 2012; 2013b). After
just 4 weeks of exposure to dim light at night, hamsters are more immobile in the forced
swim test, typically interpreted as behavioral despair, and reduce preference for sucrose
solution (Bedrosian et al., 2012; 2013a). Within two weeks of eliminating dim light at night,
however, responses in both of these tests are similar to hamsters exposed to dark nights
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(Bedrosian et al., 2013b). Similarly, two weeks of treatment with the selective serotonin
reuptake inhibitor, citalopram, ameliorates the light at night-induced depressive-like
symptoms, supporting the validity of this model (Bedrosian et al., 2012).

Understanding the mechanisms underlying these behavioral responses is incomplete, but
morphological changes in the hippocampus, a brain structure implicated in the
pathophysiology of MDD, are associated with the affective responses and clock gene
changes. Indeed, depressed patients often have hippocampal atrophy (Frodl et al., 2002;
Sheline et al., 1999; Bremner et al., 2000) and dysregulation of many hippocampal-
associated systems, such as stress coping and memory (reviewed in Nestler et al., 2002).
Similarly, loss of hippocampal dendritic spines and reduced dendritic complexity are
observed in animal models of chronic stress and depression (Hajszan et al., 2005; 2009;
2011). In these models, hippocampal expression of brain-derived neurotrophic factor
(BDNF) is typically reduced, whereas treatment with antidepressant drugs enhances BDNF
expression (Duman and Monteggia, 2006). Hamsters exposed to 4 weeks of dim light at
night (LAN) reduced BDNF mRNA expression and reduced dendritic spine density on
hippocampal CA1 pyramidal neurons (Bedrosian et al., 2013b). Again, both of these effects
are reversed after eliminating returning the animals to dark nights within 2-4 weeks.

Because of relatively high numbers of proinflammatory cytokine receptors (e.g., interleukin
(IL)-1b and tumor necrosis factor (TNF)-a, the hippocampus is disproportionately
vulnerable to inflammation compared with other brain regions (Maier and Watkins, 1998).
Neuroinflammation may play a role in depressive-like behavior provoked by many types of
circadian disruption (reviewed in Bedrosian and Nelson, 2013). Female hamsters exposed to
dim light at night increase tumor necrosis factor-a expression in the hippocampus; treatment
with a pharmacological inhibitor of TNF-a prevents behavioral depressive responses in
response to light at night (Bedrosian et al., 2013b). This link between depression-like
behavior provoked by circadian disruption and neuroinflammation is consistent with the
proposed role of proinflammatory cytokines and circadian disruption in the pathogenesis of
depression (Narasimamurthy et al., 2012).

Thus, exposure to dim light at night might alter mood by disrupting circadian rhythms,
leading to changes in neuroinflammation. However, a recent study examined whether
unnatural light exposure can directly impair mood; this experimental paradigm does not
strongly influence circadian timing or sleep (LeGates et al., 2012). Mice were exposed to an
alternating cycle of 3.5 h of light and 3.5 h of dark (termed T7); this light cycle lengthens
the period of body temperature and locomotor activity rhythms, but maintains diurnal
fluctuations in SCN PER2 expression in and total sleep. After 2 weeks of exposure to these
T7 cycles, mice increased depressive-like responses in the forced swim and sucrose
preference tests. Additionally, the T7-exposed mice reduced hippocampal long-term
potentiation and impaired performance on learning and memory tests (LeGates et al., 2012).
Mice lacking the gene for melanopsin failed to show these responses to the T7 cycles
suggesting that the intrinsically photoreceptive retinal ganglion cells (ipRGC) projections
mediate the responses directly because ipRGCs project to mood-regulating regions of the
brain, both directly and via the SCN (Hattar et al., 2006).
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Taken together, the animal work suggests that light at night impairs mood regulation. An
important question arising from this collective work is how to prevent the deleterious effects
of light at night when exposure cannot be avoided (e.g., night shift workers). One possibility
may be to manipulate the wavelength of light exposure. As mentioned, the melanopsin-
expressing ipRGCs responsible for projecting light information to the circadian system are
minimally responsive to red (long) wavelength light. Replacing standard bulbs with ones
emitting long wavelength light where possible, or using glasses that only transmit long
wavelengths, may be an effective preventative treatment against the disruptive effects of
light at night in people. Animal studies support this recommendation. For example when
hamsters were exposed to dim red, blue, or white light at night, fewer depressive-like
responses were observed in animals exposed to red compared to white or blue light
(Bedrosian et al., 2013c).

3.4 Conclusion

Based on animal studies, the mood depressing effects of light at night can be prevented by
(1) treatment with selective serotonin reuptake inhibitors, (2) blocking neuroinflammation in
the brain, (3) turning off the lights, or (4) changing the quality of the light to longer
wavelengths. Thus, relatively low-cost manipulations such as using black-out curtains to
block out street lights and turning off extraneous lights and removing all light sources in the
sleeping quarters including televisions and computers can reduce the effects of
environmental lighting at night on health. The background light of e-readers can be adjusted
to longer wavelength light or wearing goggles designed to block out blue wavelength
lighting may prevent light induced melatonin suppression. Furthermore, work environments
could potentially use lighting sources that emit less blue light, which is at odds with the
adoption of energy-saving compact fluorescent bulbs. Cities could install streetlights that
prevent light scatter and have less disruptive long wavelength lights.

City life now functions on a 24-hour-a-day schedule. Although there are many economic
and other societal benefits to such a schedule, converging evidence from epidemiological
and experimental work suggests that light at night has unintended, maladaptive
consequences on mood. In many ways, this field of study is just beginning; further
characterization of the effects of light at night is required, as well as development of
effective interventions to ameliorate the unintended negative effects of light at night on
health (Fonken and Nelson, 2011; Bedrosian and Nelson, 2013).

4. Violence in the City: Biomarkers in Children and Adults

A large number of studies indicate that individuals living in urban environments are at high
risk for exposure to traumatic events and posttraumatic stress disorder (PTSD) (Breslau et
al., 2004; Schwartz et al., 2005; Switzer et al., 1999), which is the fourth most common
psychiatric diagnosis, affecting 10% of all men and 18% of women (Breslau et al., 1998).
Urbanization in itself can lead to increased rates of trauma exposure due to higher
concentrations of poverty, substance abuse, and crime (Anakwenze and Zuberi, 2013). For
example, a recent study in Baltimore found a 65% rate of lifetime trauma exposure and a
33% rate of PTSD (Alim et al., 2006). Recent studies of random sampling of an inner-city
Atlanta population at a state-funded hospital, as part of a large genetic epidemiological study

Neurosci Biobehav Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lambert et al.

Page 13

entitled Grady Trauma Project, found 88% prevalence of exposure to any significant trauma
and 46% of lifetime PTSD (Gillespie et al., 2009). In such samples, exposure to trauma may
begin early in life; studies of children and young adults from similar samples suggest that
initial trauma exposure during childhood or adolescence is common (Schilling, Aseltine and
Gore, 2007). In the Grady Trauma Project, approximately one fifth of the samples have had
significant exposure to childhood trauma (Gillespie et al., 2009).

According to the Diagnostic and Statistical Manual of Mental Disorders, 51 edition
(DSM-5), PTSD is characterized by four major symptom clusters following an event that
elicited fear, helplessness, or horror. The first category includes symptoms of traumatic
event re-experiencing, such as intrusive thoughts, nightmares, and flashbacks; phenomena
that are often induced by reminders of the event. The second cluster is associated with
avoidance of stimuli associated with the traumatic event. The third cluster involves negative
affect, and includes loss of interest in social interactions and detachment. The final category
describes trauma-induced physiological alterations such as increased startle and hyper-
arousal including tachycardia, elevated perspiration, and shortness of breath.

The heterogeneity of PTSD implicates the involvement several divergent neural systems in
the underlying neurobiology of PTSD symptomatology (Frewen and Lanius, 2006); in
addition, individual differences in one's neurobiological makeup may also contribute to the
variability observed in patient presentations following trauma exposure (Yehuda et al.,
1997). Defining such neurobiological intermediate phenotypes that reflect both the
biological underpinning and clinical symptoms has the potential to move the field forward in
better understanding and treatment of PTSD. Such intermediate phenotypes also provide a
useful measure for genetic studies; historically, the genetic risk for PTSD has been difficult
to ascertain given that very large sample sizes are required to capture such a heterogeneous
phenotype. However, in a recent study of 1,237 individuals from the Grady Trauma Project,
results indicated that a single polymorphism (SNP) in the gene coding for the pituitary
adenylate cyclase-activating polypeptide (PACAP) was associated with higher symptoms of
PTSD in women, but not men (Ressler et al., 2011). Specifically, the CC genotype of the
ADCYAP1R1 gene coding for the PACAP receptor appeared to increase risk in females.
This finding is of great importance since PTSD is two to three times more prevalent in
women, but the mechanisms of this differential risk are poorly understood.

4.1 Brain Response to Fear

Fear responses provide observable neurobiological phenotypes—such phenotypes are
advocated by Research Domain Criteria (RDoC) of the National Institutes of Mental Health.
Neuroimaging studies have shown that the brain structures that are activated in response to
fearful stimuli, such as the amygdala, show hyperactivation in PTSD subjects compared to
controls (Liberzon and Martis, 2006; Shin, Rauch and Pitman, 2006). Our studies with
women who survived urban trauma showed greater amygdala activation during a functional
magnetic resonance imaging (fMRI) task in which they watched fearful compared to neutral
facial expressions. Moreover, women who had PTSD had higher amygdala activation than
women with trauma but who did not currently have PTSD (Stevens et al., 2013b). Figure 3a
shows the difference in amygdala activation between these two groups. Several studies have
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indicated that exaggerated amygdala activity during fearful stimulation is coupled with
reduced top-down control of the amygdala by the prefrontal cortex (PFC) (Liberzon and
Martis, 2006; Liberzon et al., 1999; Rauch, Shin and Phelps, 2006; Rauch et al., 2000; Shin
et al., 2004). Recent meta-analyses of imaging studies during emotion processing in PTSD,
social anxiety, and specific phobia indicated that the rostral ACC is less active in PTSD
patients relative to controls; an effect not found in other anxiety disorders (Etkin and Wager,
2007). Additional findings suggest that hyperactivation of the amygdala may be a genetic
vulnerability: the same SNP that was associated with PTSD risk in women was also related
to higher amygdala activity in response to fearful faces (Stevens et al., 2014). The women
who carried the CC genotype of the ADCYAP1R1 gene had much higher activation than
women with the non-risk genotype, see Figure 3b. As depicted in the figure, the effect of the
gene was more robust than the disorder itself—an indication that risk can be overcome.

4.2 Fear Conditioning

PTSD patients also show an inability to inhibit fear conditioned responses in the presence of
safety; impaired fear inhibition may be a specific biomarker of PTSD (Jovanovic et al.,
2010). Fear conditioning is based on a simple Pavlovian conditioning model in which a
neutral conditioned stimulus (CS, for example, a light) is paired with an aversive
unconditioned stimulus (US, for example, electric shock). After a number of pairings, the
association is formed so that the CS alone elicits the conditioned response (CR, for example,
a fear response). This basic model is used in animal as well as human research to investigate
mechanisms of fear acquisition. In humans, the acoustic startle response provides an ideal
translational tool to investigate fear conditioning, since the amygdala is directly connected
with the startle circuit (Davis, 1992; Grillon and Morgan, 1999). Fear-potentiated startle
(FPS) is the relative increase in the startle magnitude elicited in the presence of a
conditioned stimulus (CS+) that was previously paired with a US; this psychophysiological
measure can be used to index both the increase in fear during conditioning, as well as the
reduction of fear during extinction, which is the repeated presentation of the CS without the
US. Extinction provides a laboratory analog of exposure therapy; thus developing methods
that enhance extinction may also facilitate exposure-based therapies for PTSD. Several
studies have found that urban trauma results in exaggerated fear expression and impaired
fear extinction in PTSD subjects (Jovanovic and Norrholm, 2011; Jovanovic et al., 2010;
Norrholm et al., 2011).

In addition to conditioned fear, researchers have also found that darkness, which is an innate
(unconditioned) anxiogenic cue, increases startle response in a sex-specific way, i.e. women
with PTSD show greater dark-enhanced startle than men (Kamkwalala et al., 2012). As was
the case with fMRI, fear-potentiated startle to safety signals, i.e., poor discrimination
between danger and safety, and dark-enhanced startle were higher in women who carried the
CC genotype for the PACAP receptor gene (Ressler et al., 2011).

4.3 Biomarkers of Fear in Children

As mentioned above, low-income urban environments are associated with high rates of
childhood trauma (Gillespie et al., 2009), often due to neighborhood violence or criminal
activity (Wade et al., 2014). There is a growing body of literature on physiological outcomes
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in children at risk for psychopathology. One of the only longitudinal studies of such
vulnerability traits in offspring of probands with anxiety disorders found that high-risk
offspring had greater autonomic reactivity and increased startle responses compared to low-
risk offspring (Merikangas et al., 1999). Baseline, dark-enhanced startle, and fear-
potentiated startle have indicated that these measures may serve as good predictors of risk
for psychopathology in children (Grillon et al., 1997). A recent study by Pine and colleagues
examined fear-potentiated startle in behaviorally inhibited adolescents and found that
anxiety was associated with increased fear-potentiated startle to the safety cue, indicative of
fear overgeneralization (Reeb-Sutherland et al., 2009). Recent investigations of fear-
potentiated startle in children revealed that discrimination between danger and safety signals
develops around age 10, and that anxiety interferes with normal development (Jovanovic et
al., 2014). However, very little work has focused specifically on the effects of urban trauma
on child development.

In addition to direct environment, maternal factors can significantly contribute to child risk.
There is evidence that maternal psychopathology, stress, and trauma exposure affect
parenting practices and the quality of mother-child interactions. For example, parental
trauma exposure significantly relates to decreased parenting satisfaction, punitiveness,
psychological aggression, and the likelihood that child protective services reports will be
filed (Banyard et al., 2003). In a study of dark-enhanced startle in school age children we
found that maternal history of child abuse increased startle responses in her children after
controlling for her PTSD and depression symptoms (Jovanovic et al., 2011). These effects
were independent of the child's own exposure to trauma but were predicted by the mother
being a victim of physical abuse in her childhood, many years prior to the pregnancy.

4.4 Transgenerational Effects

Stress-related disorders tend to be perpetuated across generations, so that children with
mothers who are depressed or anxious are at higher risk of developing anxiety and
depression themselves (McClure et al., 2001). Furthermore, the literature suggests familial
aggregation of anxiety disorders (Cooper et al., 2006; Last et al., 991; McClure et al., 2001),
including PTSD (Sack et al., 1995; Yehuda and Bierer, 2008; Yehuda et al, 2001). The
elevated risk in offspring of parents with PTSD is not fully attributable to increased levels of
trauma exposure (Dulmus and Wodarski, 2000; Sorscher and Cohen, 1997; Yehuda and
Bierer, 2008; Yehuda et al., Brynes, 1998), and there are several other putative mechanisms
for the observation of transgenerational effects. It is possible that one of the behavioral
mechanisms by which mothers with PTSD transmit the disorder to their children is through
direct maltreatment. Maternal PTSD is associated with higher rates of physical and
emotional abuse of offspring (De Bellis et al., 2001), which are in turn strong predictors of
PTSD in adulthood (Binder et al., 2008; Nemeroff et al., 2006; Yehuda et al., 2007).
Alternatively, mothers with PTSD may create adverse environments that increase risk of
child anxiety through unstable family structure (Bada et al., 2008; Collishaw et al., 2007) or
pre- or postnatal substance abuse (Bada et al., 2007; Luthar and Sexton, 2007).

In addition to the environmental variables, there are putative biological mechanisms for
increased risk for PTSD in children of mothers with PTSD. One such mechanism is shared
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genotype. As discussed above, we found that women with the CC genotype of the PACAP
receptor gene have higher PTSD symptoms, as well as higher fear responses and greater
dark-enhanced startle. Children who carry the same risk alleles of this SNP also show
exaggerated startle responses in the dark vs light compared to children with the non-risk
genotype (Jovanovic et al., 2012). Interestingly, pre-pubertal children do not exhibit the sex
specific effects seen in adults—the risk genotype increases dark-enhanced startle in both
girls and boys. Because this particular SNP is part of an estrogen response element, it is
likely that its effects change during puberty.

Another potential mechanism for transgenerational effects is epigenetic transmission. A
recent animal study showed that fear conditioned responses can be transmitted to first and
second generation offspring through epigenetic modifications (Dias and Ressler, 2014).
DNA methylation at cytosine-guanine dinucleotides (CpG sites) is the epigenetic
modification that is most commonly studied in humans. While it is still unclear whether
cross-generational mechanism operate in humans, there is evidence showing that childhood
trauma exposure has long-term effects on DNA methylation (Klengel et al., 2013). Given
the longevity of these effects it is possible that they could be carried over into the next
generation.

4.5 Conclusion

In summary, we have shown that brain imaging and startle response provide potential
biomarkers of trauma exposure and PTSD, and that these biomarkers are associated with
genetic risk and environmental variables. The fear circuitry in the brain shows higher
activation in individuals who have risk genotypes and inner-city exposure to violence.
Furthermore, these genetic and environmental factors transcend generations so that the next
generation shows the same fear-related dysregulations as the parental generation, making
urbanization a significant and long-term public health problem. Understanding such brain-
related biomarkers is of utmost importance to progress in this field, and in breaking the
cycle of urban violence and PTSD.

5. Translating animal research to humans: A population-level lens on the

urban environment and brain disorders

5.1 Population-level patterns of brain disorders in urban vs. rural environments

There has long been an interest in comparing population patterns of brain disorders in urban
versus rural areas (Breslau et al., 2014; Kessler et al., 1994; Kessler et al., 1995; Peen, et al,
2010). Such population-based studies have focused on phenotypic manifestations of brain
disorders — that is, a set of symptoms that reflect an emotional and behavioral pattern
consistent with an underlying psychiatric disorder. In this section of the review, a macro-
level lens is applied to population patterns of brain disorders in urban environments. Further
the discussion shift from a discussion of the influence of urban environments on direct
measures of brain function, to a discussion of ways that specific features of urban contexts
influence symptom manifestations of phenotypes in humans, as established by the American
Psychiatric Association's Diagnostic and Statistical Manual of Mental Disorders (American
Psychiatric Association, 2000). Consequently, the focus in this section is on mood and
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anxiety disorders, which have clear underlying brain pathology, and pose the highest
population-level burden of disease among all brain disorders (Grant et al., 2004).

5.2 How can the urban environment shape mood and anxiety disorders?

Recent studies have tried to identify specific features of the urban environment that give rise
to mood and anxiety disorders. Such research has focused on intraurban differences in
disorders across neighborhoods, and has considered the contribution that socioeconomic
characteristics of local neighborhoods, the physical environment, and the social interactions
that are shaped by the urban experience, make to psychiatric disorders (Galea, 2011). The
majority of these studies have focused on depression, and to a lesser extent on general
symptoms of anxiety or posttraumatic stress disorder(Mair et al., 2008).

Neighborhoods characterized by greater socioeconomic disadvantage have been consistently
found to have higher rates of psychiatric disorders (Beard et al., 2009; Diez et al., 2010;
Galea et al., 2007; Kubzansky et al., 2005; Mair et al., 2010; Silver et al., 2002; Wight et al,
2010) There are multiple pathways through which disadvantaged neighborhoods may
increase the risk for depression; here we discuss four illustrative examples. First,
neighborhoods with higher rates of poverty likely expose residents to multiple stressors,
such as crime, physical and social disorder, and social isolation, which interact to worsen
symptoms of mood disorders such as depression and increase anxiety (Galea et al., 2007).
Second, neighborhood disadvantage can affect the level of social organization and
investment in the neighborhood (Sampson et al., 1997). Neighborhoods with lower levels of
social organization have limited capacity to advocate for health services and resources for
individuals with mental health needs, and have weaker social support networks to protect
individuals from worsening problems of mood and anxiety (Blair, 2014; Cutrona et al.,
2005). Third, neighborhood disadvantage can affect the resiliency or vulnerability
individuals have to stressors and negative life events, which can put them at greater risk for
mood and anxiety disorders (Beard et al., 2009). Fourth, residents of disadvantaged
neighborhoods are exposed more often to drug activity, which is associated not only with
increased drug use, but also increased risk for mental health problems that develop
subsequent to drug use (Furr-Holden et al., 2011; Galea et al., 2003; Galea et al., 2004;
Galea et al., 2005).

Several features of the physical environment may also shape the intraurban distribution of
mood and anxiety disorders. As previously described, access to green space has been
proposed as a resource that can alleviate stress; additionally, access to green spaces can
encourage social engagement in urban neighborhoods (Astell-Burt et al., 2014; Beyer et al.,
2014; de Vries et al., 2013; Roe et al., 2013). Further, neighborhoods characterized by more
densely populated and vibrant streets, including mixed land use, availability of destinations
for daily living and street connectivity are more walkable and can promote social
engagement and contact (Miles et al., 2012; Saarloos et al., 2011). In contrast, deterioration
and disorder of the urban environment, including graffiti, litter in the streets, and dilapidated
buildings can have a direct effect on mood and anxiety disorders by increasing the level of
fear and lack of perceived control in local neighborhoaods, and it can also reflect deteriorated
neighborhood conditions (Gapen et al., 2011; Ross and Mirowsky, 2001).
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The social fabric of urban neighborhoods may be an important driver of mood and anxiety
disorders. The higher population density of urban neighborhoods, coupled with residential
turnover due to population migration into and between urban neighborhoods, can affect the
level of social cohesion among neighbors, and neighborhood collective efficacy, defined as
the capacity of neighbors to work together to achieve common goals to improve the
neighborhood (Galea, 2011; Sampson et al., 1997). Social cohesion and collective efficacy
have been proposed as protective buffers against psychiatric disorders, as they contribute to
broader support networks, generate a greater sense of trust, and allow people to feel greater
control over their living environments (Blair, 2014; Latkin and Curry, 2003; Stafford et al.,
2011). Social cohesion and collective efficacy have been associated with lower rates of
depression in urban neighborhoods, (Ahern and Galea, 2011; Echeverria et al., 2008; Gary et
al., 2007;. Mair et al., 2010) as well as with lower rates of posttraumatic stress disorder
(Gapen et al., 2011; Johns et al., 2012; Lowe et al., 2014; Ursano et al., 2014).

5.3. The next step: Generating effective intervention strategies

Population-level studies have revealed potential local mechanisms in urban neighborhoods
that may shape the distribution of mood and anxiety disorders within cities. The next step
then, is to determine how to intervene in urban neighborhoods to interrupt the previously
described associations between local socioeconomic, physical and social features of urban
habitats and increased population rates of mood and anxiety disorders.

The literature suggests there are several aspects of the urban environment that, if modified,
could have an impact on population levels of mood and anxiety disorders, including:
reducing the concentration of poverty, increasing green space and improving the walkability
of urban areas, and strengthening social cohesion and social control in local neighborhoods.
However, there remains a substantial inferential leap from observational data suggesting that
there are neighborhood influences on the risk of mood and anxiety disorders to confidence
that manipulating neighborhoods can substantially reduce the prevalence of mood and
anxiety disorders (Kaufman et al., 2003; Pearl, 2000; Shafer, 1995). Observational studies
have difficulty distinguishing differences in neighborhood characteristics from differences in
the types of individuals residing in neighborhoods (Oakes, 2004; Oakes and Kaufman,
2006)- this is a particular concern in the case of mood and anxiety disorders, since some
evidence exists that psychiatric disorders lead to downward drift into worse neighborhoods
(Freeman and Alpert, 1986).

To address this challenge there has been a growing investment in randomized social
interventions to evaluate the impact of local interventions in urban neighborhoods on health,
including on mental health (Leventhal and Brooks-Gunn, 2003). However, randomization of
urban environments is not without its own challenges, (Kaufman et al., 2003) including the
impossibility of randomization to certain exposures, resource constraints, ethical issues, and
long latency periods between social exposure and the onset of symptoms. Further, existing
experimental evaluations of urban interventions have focused on only one intervention in
isolation, limiting our understanding of the relative effectiveness and cost of investing in
different types of interventions — alone or in combination. Finally, experimental approaches
attempt to isolate the effect of changing a single factor while keeping the rest of the system
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constant — this type of design constrains the replicability of study findings, as it does not
consider the complexity of the urban system that affects the effectiveness of an intervention.
Experimental (and for that matter, observational, regression-based) approaches are not able
to adequately and simultaneously consider dynamic, feedback relations between multiple
features of the urban system, the role that interactions between individuals plays in shaping
population patterns of disease, or the nonlinear relations between different components of
the urban system.

5.4 Using complex systems approaches to identify promising intervention strategies in
urban neighborhoods

There is an increasing recognition that we need methods that identify and incorporate the
complexity of social systems in order to better understand and intervene on the urban
environment to improve health (Diez et al., 2010; Galea, 2011). Hence, complex systems
methods such as agent-based models are increasingly used as a complement to existing
observational and experimental studies. Complex systems approaches involve the use of
computer-based algorithms to model dynamic interactions among individuals and between
individuals and their environment (Galea et al., 2009; Galea et al., 2010).

In this section, agent-based models (ABMs) are evaluated; ABMs refer to a type of complex
systems approach, in which agents with a specified set of features interact with each other
and their environment according to a set of prescribed rules, and are able to adapt their
behavior based on changes in their environment, their past history and interactions with
other agents (Bonabeau, 2002). Emerging population-level patterns can be compared under
different behavioral rules and in agent populations with different characteristics (Epstein,
1999; Epstein and Axtell, 1996). Agents are allowed to be heterogeneous and autonomous
and reciprocal relations between exposures and outcomes can be explicitly modeled in the
system.

This type of approach offers a promising tool to refine hypotheses about the types of
interventions in the urban environment that may be worth testing in community randomized
trials (Auchincloss and Roux, 2008; Galea et al., 2009). By establishing prescribed rules
about the characteristics of simulated individuals (i.e., agents), their networks, contexts, and
behaviors, investigators can simulate scenarios where only one aspect of the initial
conditions is changed, given an underlying and specified context of complexity, and thus
conduct counterfactual urban policy experiments without issues of resource costs or ethical
concerns.

A simulation of the impact of neighborhood interventions on racial/ethnic inequalities in
violence serves as an illustration of the potential offered by complex systems approaches
such as ABM. Violence disproportionately affects urban Blacks: in 1980-2008, Blacks were
6 times more likely to die from homicide than Whites, and the rate of violent offending was
8 times higher among Blacks than among Whites (US Department of Justice, 2011).
Mobilizing collective efficacy in urban neighborhoods has been proposed as a strategy to
reduce rates of violent offending and victimization (Sampson et al., 1997), as it has been
consistently associated with reduced neighborhood victimization across observational
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studies in the United States and other countries (Ahern et al., 2013; Morenoff et al., 2001;
Sampson et al., 1997; Sampson and Wikstrom, 2007; Simons et al., 2005).

Recently, researchers simulated an agent population consisting of 4000 adults that matched
the New York City population and further evaluated the impact that mobilizing collective
efficacy had on racial/ethnic disparities in violent victimization in two different types of
hypothetical contexts: (1) complete residential segregation by race; and (2) no segregation
by race and income (see Figure 4; Cerda et al., 2014). Results indicated that increasing
collective efficacy by a small amount for the entire population effectively reduced the
population prevalence of victimization (Cerda et al., 2014). However, assuming a context of
residential segregation by race (which most closely resembled the observed New York City
context), collective efficacy experiments benefitted Whites more than Blacks, preserving
racial inequalities in victimization (Cerda et al., 2014). The only way to reduce Black-White
inequalities in victimization was to reduce residential segregation.

In this case, ABM allowed researchers to answer questions about the effectiveness of
community-level experiments that we could not have answered with observational data or
with real-life experiments. Through simulations, these researchers were able to enact a series
of counterfactual experiments, reflecting different doses of collective efficacy, at different
durations, assuming different patterns of racial and economic residential segregation.
Because of existing patterns of residential segregation, it was not possible to randomize the
same population to such an experiment under different segregation patterns. This is just one
example of the ways that complex systems approaches can be used to answer new questions
about the role the urban environment plays in shaping key drivers of mood and anxiety
disorders.

5.5 Conclusion

Research suggests that populations living in urban environments may be at increased risk for
mood and anxiety disorders. Key features of the urban environment have been shown to
matter for psychiatric illness, including socioeconomic features of the neighborhood such as
concentrated poverty, features of the physical environment such as access to green space,
and the social fabric that characterizes urban neighborhoods. A critical unanswered question
concerns how to strategically intervene in urban neighborhoods to interrupt the observed
associations between exposure to local socioeconomic, physical and social features of an
urban environment and increased population rates of mood and anxiety disorders. Complex
systems approaches provide a tool to identify promising avenues for intervention before
investment is made in large-scale randomized community trials.

6. Concluding Remarks

Compared to rural environments, multiple aspects of urban habitats may lead to increased
vulnerabilities for maladaptive neurobiological functions and the consequent emergence of
psychiatric illness. Considering that, in many ways, urbanization represents an evolutionary
mismatch between contemporary brains and the neural systems of our human ancestors, an
increased vulnerability for psychiatric illness may represent an escalating medical threat as
urban populations are projected to rise in future years (Hidaka, 2012; Seto et al., 2012).

Neurosci Biobehav Rev. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lambert et al.

Page 21

Although many factors have been associated with urbanization effects, the following were
considered in the current review: (1) exposure to artificial, evolutionarily unfamiliar
physical landscapes; (2) excessive exposure to unnatural environmental light sources; (3)
heightened exposure to urban-specific threatening stimuli—especially in the context of
specific genetic predispositions; and (4) population-based models incorporating a
compilation of urban parameters such as increased population density, restricted resources
and altered social/family structures. As discussed in this review, experimental approaches
ranging from controlled laboratory investigations using rodent models to human field
research in urban settings are necessary to understand the complex mechanisms underlying
the emergence of urban-based psychiatric illness. Epidemiological research utilizing
computer-generated models (e.g., agent-based models) also offer promise for understanding
the relevance of urban-specific variables. Together, these actual and simulated data all point
to the conclusion that the places we live leave a neural footprint that may have a significant
impact on neural health and adaptive functions throughout an individual's lifetime and
beyond.
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Highlights
1. Natural-enriched environments are associated with emotional resilience.
Depressive symptoms are observed in rodents exposed to light at night.

Exposure to threatening stimuli in cities has been linked to PTSD.

& w N

Population-based analyses emphasize threats of urbanization on mental health.
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Figure 1.
Examples of natural-enriched (left) and artificial-enriched (right) environments. Groups of

10 animals were housed in these environments in which an equal number of objects, with
similar functions, were presented to the animals.
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Figure 2.
Artificial light at night as seen from space. Images are composites acquired by the NASA

Suomi NPP satellite in 2012. A TIFF file is available at: earth_lights _4800.tif
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A B

PTSD > Trauma Control ADCYAP1R1CC > GC/GG

Figure 3.
Brain activation to fearful vs. neutral faces is higher in A) Subjects with PTSD compared to

trauma controls, and B) ACYAP1R1 CC genotype compared to G allele carriers.
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Other Hispanic Black White
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Figure 4. Agent locations in a grid of neighborhoods, with Agents (a) segregated in
neighborhoods by race and Income, or (b) assignhed random locations

Note. Each racial/ethnic group is represented by a different shade of gray (black: other non-

Hispanic; medium gray: Hispanic; light gray: Black non-Hispanic; lightest gray: White non-
Hispanic). Darker circles reflect higher income levels within each racial/ethnic group. Figure
taken from: (Cerda et al., 2014). Figure copyright: American Public Health Association.
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