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Abstract Major depression is associated with a wide range of neurobiological
disturbances, including anomalies in the structure and function of cortical and
subcortical gray matter and dysregulation of the HPA axis. In this chapter, we
review research demonstrating that many of these abnormalities are also present in
never-depressed offspring of adults with recurrent depression and discuss how
such findings might reflect dysfunctional neuroregulatory systems that precede the
onset of this disorder. We also briefly discuss candidate genes and environmental
factors that have been posited to be directly involved in the transmission of neural
and HPA-axis abnormalities from depressed parents to their offspring, and we
review how, by obtaining a better understanding of the neurobiological markers of
depression risk, we can facilitate the development of targeted strategies for the
prevention and treatment of major depression.
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Major depressive disorder (MDD) is among the most prevalent of all psychiatric
disorders; almost 20 % of the American population (or more than 30 million
adults) will experience a clinically significant episode of depression in their life-
time (Kessler and Wang 2009). Not surprisingly given this high prevalence, MDD
is associated with disturbingly high societal costs; in fact, the World Health
Organization has ranked MDD as the leading cause of years lived with disability
and the single most burdensome disease in the world in terms of total disability-
adjusted years among people in the middle years of life (Murray and Lobez 1996).

Given these alarming statistics, researchers have worked to understand factors
that are involved in the onset and maintenance of MDD. In this context, scientists
have described a complex interplay of genetic and environmental factors as playing
an important role in contributing to vulnerability for the development of MDD.
Indeed, the strongest and most reliable risk factor for the development of MDD is a
family history of the disorder (Williamson et al. 2004): having a parent with MDD
is associated with a three- to fivefold increase in the risk for developing a depressive
episode (Beardslee et al. 1998; Williamson et al. 2004). Despite this fact, we know
little about the mechanisms involved in this transmission of risk. Although inves-
tigators have identified a number of depression-related physiological and neural
abnormalities, we do not know if these anomalies are epiphenomena of MDD,
consequences of having been depressed, or familially transmitted aberrations that
increase vulnerability to the disorder. By examining individuals who have not yet
experienced MDD themselves, but who are at high risk for developing the disorder
by virtue of having a family history of MDD, we can begin to elucidate these issues.

In this chapter, we describe research that has been conducted with individuals
who are at familial risk for the development of depression, with a specific focus on
neurobiological factors. We begin by reviewing findings from neuroimaging
studies documenting abnormalities in brain structure and function in never-
depressed offspring of parents with recurrent depression, and then review evidence
implicating the specific involvement of hypothalamic—pituitary—adrenal (HPA)
axis dysfunction in the intergenerational transmission of risk for depression.
Finally, we present a brief discussion of specific genes and environmental factors
that have been posited to be directly involved in the transmission of neural and
HPA-axis abnormalities from depressed parents to their offspring.

1 Neuroimaging of Individuals at Familial Risk for Depression

Over the past 20 years, considerable advances in non-invasive neuroimaging
technologies, particularly magnetic resonance imaging (MRI), have contributed
significantly to our knowledge of anomalies in brain structure and function that are
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associated with MDD. While some of these abnormalities may be a function of the
depressive state at the time of assessment, other anomalies may reflect stable
predisposing factors that place individuals at increased risk for the onset of
depression. In the following section, we present findings from neuroimaging
studies designed to identify structural and/or functional aberrations associated with
an elevated risk for depression.

1.1 Structural Findings

Given that depression is primarily a disorder of the experience and regulation of
emotion, it is perhaps not surprising that structural neuroimaging studies of this
disorder have revealed volumetric abnormalities in brain regions that subserve the
processing of emotional stimuli and information. Indeed, recent meta-analyses of
depression-related structural neuroimaging studies indicate that depressed indi-
viduals reliably exhibit abnormal gray matter volumes of several structures,
including the hippocampus, amygdala, anterior cingulate cortex (ACC), and dor-
solateral prefrontal cortex (DLPFC) (Videbech and Ravnkilde 2004; Hamilton
et al. 2008; Koolschijn et al. 2009; Kempton et al. 2011). While it is possible that
structural abnormalities in these regions are a consequence of major depression, it
is also possible that these aberrations are present prior to the onset of the disorder
and contribute to an individual’s likelihood of developing MDD. To examine this
issue, it is necessary that investigators determine whether neural abnormalities in
depressed adults are also present in individuals who are at high risk for developing
depression but have not yet experienced clinically significant symptoms. Although
no structural neuroimaging studies have taken a prospective longitudinal approach
to identifying whether neural abnormalities in never-depressed individuals at high
risk for depression predict the eventual onset of MDD, over the past 5 years, a
number of reports have indicated that abnormalities in brain structure that have
previously been found to be associated with depression in adulthood are also
present in younger, vulnerable individuals.

Given the involvement of the hippocampus in mood (Critchley et al. 2000;
Eisenberger et al. 2007; Fusar-Poli et al. 2009) and physiological reactions (e.g.,
cortisol response) associated with psychosocial stress (Herman et al. 1989;
Mizoguchi et al. 2003), several structural neuroimaging investigations of indi-
viduals at high familial risk for MDD have focused on this structure. For example,
Chen et al. (2010) examined differences in hippocampal volume between never-
depressed adolescent daughters of mothers with a history of MDD (high risk for
depression) and never-depressed adolescent daughters of mothers with no history
of psychopathology (low risk for depression). Results of this investigation revealed
that high-risk girls had smaller hippocampal volumes than did their low-risk
counterparts, suggesting that neuroanatomic anomalies of the hippocampus that
are associated with depression (Videbech and Ravnkilde 2004; Koolschijn et al.
2009; Kempton et al. 2011) precede the onset of the disorder. This finding is
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consistent with the results of two other studies that examined hippocampal
abnormalities in never-depressed adults with a first-degree relative who was
experiencing depression. In the first study, Baaré et al. (2010) found reduced
hippocampal volume in never-depressed adult siblings of adults with recurrent
depression compared to never-depressed siblings of never-depressed adults. In the
second investigation, Amico et al. (2011) found that adults who had either a first-
or a second-degree relative with depression had smaller hippocampal volumes than
did both adults without a positive family history of depression and adults who were
diagnosed with current MDD. This latter finding is particularly interesting in that it
involves a comparison of hippocampal volumes between never-depressed high-
risk individuals and diagnosed depressed persons. While it may, at first, seem
counterintuitive that high-risk individuals had smaller hippocampal volume than
did diagnosed depressed persons, it is important to note that this finding is con-
sistent with a growing body of evidence indicating that hippocampal volume
increases with pharmacological treatment of MDD (Santarelli et al. 2003;
Vermetten et al. 2003; Lai et al. 2010), likely as a result of hippocampal neuro-
genesis (Malberg et al. 2000). In this context, therefore, Amico et al.’s findings not
only point to reduced hippocampal volume as a risk factor for depression, but also
suggest that depression-associated volumetric reductions of the hippocampus can
be reversed with medication.

Adding to this body of work, Rao et al. (2010), like Chen et al. (2010), found
adolescents at high familial risk for depression to exhibit volumetric decreases in
the hippocampus compared to never-depressed adolescents with no family history
of depression. Moreover, Rao et al. examined an additional group of adolescents
with current depression and found these participants to exhibit deficits in hippo-
campal volume similar to those found in the high-risk group. Although this latter
finding conflicts with the results of Amico et al. (2011), such a discrepancy may be
due to effects of medication; whereas Amico et al. included mainly medicated
participants in their depressed sample, Rao et al. assessed primarily medication-na
individuals. Importantly, Rao et al.’s study of high-risk adolescents also extends
previous findings obtained with high-risk populations by linking structural
anomalies in the hippocampus to childhood stress. More specifically, using
mediation analyses, Rao et al. found that early life adversity during childhood
increased the likelihood of having smaller hippocampi at initial assessment, and
that this association was present only in offspring of depressed parents, and not in
children of never-depressed parents. These findings are intriguing in suggesting
that depressed parents transmit a heightened sensitivity to stress to their offspring,
and that this sensitivity directly influences hippocampal development. Alterna-
tively, depressed parents may be more likely to select themselves, and therefore
their children, into high-stress environments, and this form of chronic childhood
stress may combine with other early life adversities to result in the volumetric
reductions. Finally, Rao et al. followed their participants longitudinally and found
that depressive symptoms at a follow-up assessment were partially mediated by
smaller hippocampal volumes at initial assessment. Thus, a positive family history
of depression in this study interacted with life stress to influence hippocampal
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development, and these factors collectively contributed to a greater likelihood of
developing depression. These findings are particularly notable because they are the
first to suggest that abnormalities in brain structure, present in individuals at initial
assessment, can predict which high-risk adolescents are most likely to develop
depression.

Recent structural neuroimaging investigations of youths at high familial risk for
depression suggest, in addition to the hippocampus, that volumetric abnormalities
in other brain regions may also precede the onset of MDD. In the same study in
which Amico et al. (2011) examined differences in hippocampal volume between
adults at low and high familial risk for depression, group differences were also
reported in the gray matter of the frontal lobe and striatum. More specifically,
individuals at high familial risk for depression were found to exhibit volumetric
reductions in the right DLPFC (tDLPFC) and putamen compared with low-risk
individuals. These findings are particularly interesting given the respective roles of
the rDLPFC and putamen in the processing of behavior and affect. For example,
the rDLPFC has been implicated in cognitive and inhibitory control processes
(e.g., Aron 2011; Ridderinkhoff et al. 2004), and is an integral component of a
frontal system that is involved in the regulation of emotion through inhibitory
control over limbic regions (e.g., Hariri et al. 2000; Beauregard et al. 2001). In
turn, the putamen, as part of the striatum and the cortico-striatal-pallidal-thalamic
(CSPT) loop (Alexander et al. 1986), has been posited to be involved in reward-
seeking behavior (Kawagoe et al. 1998; Gold 2003). Volumetric reductions in each
of these regions have also been reported in structural neuroimaging studies of
depressed adults (see Kempton et al. 2011). Thus, Amico et al.’s finding of
reduced volume of these structures in nondepressed individuals at familial risk for
MDD suggests that these anomalies may precede the onset of depression.

Other investigators conducting structural and functional neuroimaging studies
of depression have focused on the amygdala, given its critical involvement in the
perception and memory of emotional information (Kensinger and Corkin 2004;
Adolphs 2008; Pessoa and Adolphs 2010). Lupien et al. (2011) followed women
with recurrent depression and never-depressed controls who had given birth to
healthy offspring over a 10-year period and assessed their depressive symptoms at
regular intervals. At the end of this 10-year period, the children were scanned to
examine whether children of depressed mothers were characterized by structural
abnormalities in subcortical limbic areas. Results of this study showed that chil-
dren of depressed mothers had larger amygdala volumes than did their low-risk
peers and, further, that these volumes were significantly positively correlated with
the mothers’ mean depressive scores assessed over the 10-year interval. These
findings suggest that children’s neural development is affected not only by whether
their parent is depressed, but also by the severity and duration of the mother’s
depression during the child’s lifetime. The authors compared their findings to
results of studies that examined amygdala volume in children reared in orphan-
ages—a model of early maternal separation (Mehta et al. 2009; Tottenham et al.
2010)—and interpreted the greater amygdala volume in the high-risk children to
be a consequence of poor parental care caused by the mothers’ depression. Indeed,
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maternal depression has been found in other investigations to decrease the quality
of maternal care (Field 1984, 1994; Murray and Cooper 2003); the influence of
depression on parenting and the consequent effects on healthy neurobiological
development in the child are topics that warrant discussion and are addressed in
later sections of this chapter.

Finally, in a study examining structural abnormalities of cortical gray matter
using measurements of cortical thickness, Peterson et al. (2009) found significant
cortical thinning in never-depressed individuals with first- or second-degree rel-
atives with depression in the right dorsal and inferior frontal gyri, somatosensory
and motor cortices, dorsal and inferior regions of parietal cortex, and posterior
regions of temporal cortex, compared to individuals who did not have a family
history of depression. Follow-up correlational analyses of these data indicated that
thinner cortical gray matter in these regions of high-risk individuals was associated
with higher levels of inattention and poorer performance on tests measuring
immediate and delayed visual memory. Risk-related cortical thinning in these
brain regions may therefore directly underlie poor performance on measures of
inattention and lead, in turn, to maladaptive emotion processing and subsequent
difficulties in the ability to regulate emotional arousal, which may contribute to the
onset of MDD. Indeed, mediator analyses confirmed that cortical thickness
abnormalities mediated the association of familial risk with performance on cog-
nitive tests. These findings both provide insight into how neurobiological abnor-
malities might mediate the intergenerational transmission of depression and
highlight the need for future neuroimaging studies of samples at familial risk for
depression to incorporate and integrate measures of behavior and cognition.

While the results of these studies suggest that structural differences within
certain brain regions are involved in the intergenerational transmission of risk for
depression, other research implicates the neural connections among brain regions
in this process. For example, depression-related abnormalities have been docu-
mented in the white matter tracts that connect proximal and distal brain regions to
facilitate complex behaviors (e.g. Sexton et al. 2009; Kieseppi et al. 2010). Using
diffusion tensor imaging (DTI) to examine the possibility that these white matter
abnormalities precede the onset of depression and represent a vulnerability marker
for MDD, Huang et al. (2011) examined fractional anisotropy (FA, a measure that
reflects aspects of membrane integrity and myelin thickness) in healthy adoles-
cents who were at high or low familial risk for depression. Results of this
investigation showed that high-risk adolescents exhibited reduced FA in the cin-
gulum, which connects gray matter of the cingulate with that of the hippocampus
and perihippocampus, as well as reduced FA in tracts that connect rostral portions
of the temporal lobe (e.g., amygdala and hippocampus) with the inferior portions
of the frontal lobe that have been posited to be involved in social and emotional
regulation (Schmahmann et al. 2007; Sexton et al. 2009).

Taken together, these structural neuroimaging findings suggest that both sub-
cortical and cortical gray matter structure, as well as FA of white matter, are
aberrant in individuals who are at familial risk for depression but who have not yet
experienced a depressive episode themselves. While the precise causes of these
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structural anomalies are not yet known, genetic and/or environmental factors are
likely to be involved. We will address the possible influence of a specific set of
genes and environmental variables later in this chapter. It is also unclear how
abnormalities in brain structure might affect function in overlapping and connected
areas. Although we review findings below from studies examining brain function
in individuals at familial risk for depression, experiments are required that address
the direct consequences of changes in gray matter structure on brain function and
behavior.

1.2 Functional Findings

Like the research described above examining risk-associated anomalies in brain
structure, functional neuroimaging of individuals at familial risk for depression is
still in its infancy. Given that depression is primarily a disorder of emotional
processing, and that most neural functional abnormalities that have been found in
depression are reported in emotion-related circuitry (Price and Drevets 2010),
research conducted to date on populations at high risk for depression has focused
almost entirely on neural activity associated with the processing of emotional
stimuli. In support of such a focus, behavioral studies have demonstrated that, like
depressed persons, never-depressed individuals at familial risk for depression are
characterized by negatively biased processing of emotional information; high-risk
individuals have been found behaviorally to exhibit negative biases in the inter-
pretation (Dearing and Gotlib 2009) and identification (Joormann et al. 2010) of
stimuli, in attentional processing (Joormann et al. 2007), and in the categorization
of emotional information (Mannie et al. 2007a).

Results of the few emotion-related functional neuroimaging studies that have
been conducted with individuals at high risk for MDD are generally consistent
with findings from neuroimaging studies of depressed adults indicating that strong
bottom-up neural responses in emotion-processing regions (such as the amygdala
and limbic circuits), coupled with hypo-responsivity in top-down regulatory
regions (such as the DLPFC), may contribute to these negatively based responses
to emotional information (Browning et al. 2010; De Raedt et al. 2010). For
example, compared to their low-risk peers, adolescents at high risk for MDD have
been found to have a greater neural response in brain regions that mediate emo-
tional reactivity to affective stimuli, such as the amygdala and insula, as they view
negative emotion faces (Monk et al. 2008) or sad film clips (Lévesque et al. 2011;
Joormann et al. 2012). High-risk young adults have also been found to have a
smaller left DLPFC response than do their low-risk counterparts as they view
negative emotion faces during an emotion-matching task (Mannie et al. 2011) or
attempt to repair sad mood through recalling positive memories (Joormann et al.
2012). While these findings suggest that limbic and frontal functioning serve as
markers for increased vulnerability to depression, it is clear that further investi-
gation is warranted. For example, Monk et al. (2008) observed increased limbic
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response by high-risk adolescents only when their attention was unconstrained, not
in a constrained-attention condition, suggesting that attention-related processes
mediate this effect. Similarly, Mannie et al. (2011) found no differences between
young low- and high-risk adults in subcortical limbic response, highlighting the
importance of considering the role of development in emotion processing.

Given the diminished experience of pleasure and the high levels of anhedonia
that often characterize individuals diagnosed with MDD, investigators studying
intergenerational risk for depression have also started to examine the possibility
that functional anomalies related to the processing of reward information may
serve as markers for increased vulnerability to MDD. Building on evidence that
both depressed adults (Steele et al. 2007; Kumar et al. 2008; Pizzagalli et al. 2009)
and adolescents (Forbes et al. 2007, 2009) show attenuated striatal activity in
response to reward information, Gotlib et al. (2010) scanned low- and high-risk
adolescent girls as they performed a task designed to study reward anticipation and
consumption. These investigators found that high-risk adolescents demonstrated
attenuated striatal response during the processing of reward, suggesting that
reward-related neural function is a marker of increased risk for depression. While
these data are encouraging, this is the only study to date to examine reward-related
neural function in high-risk individuals. Therefore, it is critical that investigators
extend this finding so that we can gain a better understanding of the role of reward-
related processing in contributing to vulnerability for depression.

2 HPA-Axis Dysregulation in Individuals at Familial Risk
for Depression

The observations that patients with Cushing’s syndrome often experience severe
depression (Gallagher et al. 2009) and that levels of cortisol increase in response to
stress (Dickerson and Kemeny 2004) have contributed to the refinement of stress-
diathesis hypotheses of depression (e.g., Monroe and Simons 1991), in which high
levels of cortisol are posited to play a significant pathophysiologic role in the
etiology of MDD. Indeed, one of the more consistently reported physiological
abnormalities in major depression is abnormally elevated levels of cortisol (Burke
et al. 2005; Knorr et al. 2010; Stetler and Miller 2011). This glucocorticoid hor-
mone is released into systemic circulation by the HPA axis following awakening
or during times of stress. More specifically, corticotropin-releasing hormone
(CRH) is secreted from the hypothalamus, which causes the neighboring pituitary
gland to secrete adrenocorticotropin hormone (ACTH). ACTH then acts on the
adrenal glands to induce the release of cortisol, in addition to a number of other
hormonal compounds, which help the body respond adaptively to awakening or to
a stressful event by increasing heart rate, boosting vascular tone, and speeding
reaction time. Elevated levels of cortisol also typically function through negative
feedback mechanisms in the hippocampus to inhibit the further production and
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secretion of cortisol by the HPA system (Sapolsky et al. 1986). Thus, in normal
functioning, cortisol facilitates individuals’ ability to adapt to, and recover from,
stress.

Previous studies that have examined HPA responses to stress have typically
used laboratory tasks that measure the temporal dynamics of cortisol release fol-
lowing exposure to a psychosocial stressor. Such a sampling approach typically
consists of three phases: (1) a basal activity phase, involving baseline cortisol
levels in the absence of a stressor; (2) a ‘stress reactivity’ phase, in which cortisol
increases from baseline (i.e., pre-stressor) levels following the onset of a stressor;
and (3) a ‘stress recovery’ phase, in which cortisol levels return to baseline fol-
lowing the offset of the stressor (McEwen 1998). Although reports of cortisol
release in depressed individuals in response to a laboratory stressor are mixed
(Gotthardt et al. 1995; Heim et al. 2000; Young et al. 2000), a recent meta-analysis
showed that, controlling for baseline levels, elevations in cortisol in response to
laboratory stressors are typically attenuated compared to levels in never-depressed
control subjects (Burke et al. 2005). This meta-analysis also reported abnormalities
during the stress recovery phase; across studies, depressed individuals generally
take longer than do nondepressed individuals for their cortisol to return to baseline
levels following the removal or termination of the stressor (Burke et al. 2005).
Thus, whereas never-depressed individuals show reliable and dynamic patterns of
neuroendocrine responses to laboratory stress, with greater stress reactivity and
rapid recovery following stress, individuals diagnosed with MDD exhibit a rela-
tively flat and unresponsive pattern of cortisol secretion. The meaning of this
pattern in depression is unclear, although it has been posited that abnormal cortisol
responses to stress may reflect difficulties in the ability of depressed individuals to
adapt to, and recover from stressful events.

A second, more widely replicated finding in MDD concerns diurnal fluctuations
in salivary cortisol. Typically, cortisol levels rise in the early morning, peaking
approximately 30 min after awakening, and then diminish over the course of the
day, reaching the lowest points in the evening (Posener et al. 1996). Although
some investigators have reported a blunted cortisol awakening response in
depression (Stetler and Miller 2005; Huber et al. 2006), most studies have docu-
mented abnormally high levels of morning salivary cortisol in MDD (Pruessner
et al. 2003; Bhagwagar et al. 2005; Vreeburg et al. 2009). Consistent with this
pattern of results, two recent meta-analyses concluded that morning salivary
cortisol levels are higher in individuals diagnosed with MDD than they are in
never-depressed participants (Knorr et al. 2010; Stetler and Miller 2011).
Abnormally elevated levels of cortisol following awakening have also been found
in studies of individuals who report chronic stress or worrying (Wust et al. 2000;
Schlotz et al. 2004) and work overload (Steptoe et al. 2000). Thus, elevations in
waking cortisol in depression could be a consequence of chronic stress, or could be
related to the anticipation of more burdensome demands in daily life (Fries et al.
2009). Meta-analyses examining diurnal fluctuations of cortisol secretion in
depression have also found, in addition to higher morning cortisol levels, that
depressed individuals exhibit elevated cortisol levels before bedtime. This finding
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provides empirical support for the suggestion that baseline levels of cortisol are
chronically elevated in MDD, which may contribute to a ceiling effect observed in
some laboratory studies of depressed individuals’ cortisol response to stress.

Although anomalous functioning of the HPA axis could be the consequence, or
“scar,” of having a depressive illness, or of having experienced traumatic life
events, it is also possible that dysregulation of the HPA-axis represents a vul-
nerability marker for depression. Indeed, investigators have found that depressed
individuals who exhibit no change in HPA-axis activity following pharmaco-
therapy for MDD have poorer outcome than do depressed individuals who
show medication-related normalization of the HPA axis (Heuser et al. 1994).
Researchers have also found that alterations in HPA-axis activity can predict
subsequent episodes of depression in remitted individuals, independent of the type
of treatment they receive (Harris et al. 2000; Wust et al. 2000; Zobel et al. 2001).

Whether dysregulation of the HPA-axis might also predict the initial onset of
MDD is a focus of ongoing research. Because, as we noted earlier, one of the
strongest risk factors for depression is a family history of MDD, studies of young
offspring of depressed parents are particularly promising in elucidating this issue.
Interestingly, investigators who have examined HPA-axis function have found that
children and adolescents who have a depressed parent demonstrate both increased
basal (Lupien et al. 2000; Young et al. 2006; Lupien et al. 2011) and increased
waking (Mannie et al. 2007b; Vreeburg et al. 2010) levels of salivary cortisol
compared to offspring of never-depressed parents. These patterns are in striking
overlap with findings of studies of currently depressed adults (Pruessner et al.
2003; Bhagwagar et al. 2005; Vreeburg et al. 2009; Knorr et al. 2010; Stetler and
Miller 2011), and provide support for the formulation that aberrant HPA-axis
function precedes the onset of MDD.

The gold-standard approach, however, to determining whether HPA-axis dys-
function precedes the onset of depression involves measuring cortisol secretion in
participants prior to the onset of the first depressive episode and then following the
same individuals longitudinally to determine whether anomalies in HPA-axis
regulation predict higher rates of depression over time. Few studies have used this
methodological approach. Of these few, however, there is a striking consistency in
their findings. For example, Adam et al. (2010) found higher levels of morning
salivary cortisol never-depressed adolescents who developed an episode of major
depression over the following year than in adolescents who did not develop
depression. Consistent with this finding, Rao et al (2009) examined nocturnal
urinary-free cortisol (NUFC) excretion (i.e., basal levels of cortisol) in adolescents
with or without a family history of depression. These investigators found that
adolescents at familial risk for depression exhibited higher NUFC excretion than
did their low-risk counterparts and, further, that levels of NUFC excretion were
highest in those adolescents who developed MDD by a 5-year follow-up assess-
ment. Goodyer et al. (2000) also followed adolescents who were at high risk for
depression by virtue of either having a depressed parent or of experiencing psy-
chosocial adversities. These adolescents were assessed at baseline for morning
levels of salivary cortisol, and were assessed again for depressive symptoms 12
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months later. Goodyer et al. found that high-risk adolescents who met diagnostic
criteria for MDD at follow-up exhibited significantly higher morning cortisol
levels at initial assessment a year earlier than did high-risk adolescents who did not
develop depression. Interestingly, subsequent analyses of these data showed that
the association between cortisol and risk for depression was moderated by genetic
factors (Goodyer et al. 2009). More specifically, of the adolescents at familial or
psychosocial risk for depression, those who carried at least one copy of the short
(s) allele in the promoter region of the serotonin transporter gene (5-HTTLPR)
exhibited significant higher levels of morning salivary cortisol than did high-risk
individuals who were homozygous for the long (1) allele. Moreover, the risk for
depression was highest in individuals who both were s-carriers and exhibited
abnormally elevated waking cortisol levels at the initial assessment. Thus, genetic
factors appear to influence both HPA-axis function and subsequent risk for
depression. We discuss the role of genetic factors in the intergenerational trans-
mission of neurobiological abnormalities below.

3 Mechanisms of Transmission of Neurobiological
Abnormalities

One challenge facing researchers interested in elucidating intergenerational
neurobiological markers of depression risk involves understanding the multiple
pathways through which neurobiological abnormalities are transmitted from
depressed parents to their children. Although several mechanisms have been
proposed, in this section, we focus on the roles of genes and maternal environment.

3.1 Genetic Factors

Genetic factors are likely to contribute to associations that are observed between
maternal depression and the emergence of depression-related neurobiological
abnormalities in their children. One relatively straightforward first step in eluci-
dating the specific genes that are involved in the intergenerational transmission of
these anomalies is to study healthy individuals at genetic risk for depression to
examine whether their brain structure and function resembles that of depressed
persons. Although different genes have been proposed to moderate individuals’
vulnerability to depression (Levinson 2006), investigators in this area have focused
on two genes, in particular.

First, due in part to the efficacy of selective serotonin reuptake inhibitors
(SSRIs) in the treatment of depression, researchers have examined neural char-
acteristics associated with functional polymorphisms of the serotonin transporter
(5-HTT) gene. More specifically, the short (s) and long (1) alleles of the promoter
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region of the serotonin transporter gene (5S-HTTLPR) have been found to decrease
and increase transcription rates of 5-HTT, respectively. Recent investigations of
5-HTTLPR suggest that functional polymorphisms of this gene contribute to the
onset of depression by influencing individuals’ sensitivity to stress. 5S-HTTLPR
s-allele carriers have been found to exhibit a greater number of, and more severe,
depressive symptoms in response to stressful life events than do individuals who
are homozygous for the long allele (Caspi et al. 2003; Kaufman et al. 2004).
Evidence supporting this formulation comes from two studies reporting that
increases in cortisol in response to stress are mediated by 5S-HTTLPR polymor-
phisms, with s-allele homozygotes showing greater cortisol increases, as well as
prolonged recovery from stress, compared to l-allele carriers (Gotlib et al. 2008;
Way and Taylor 2010). Similarly, Chen et al. (2010) found that never-depressed
girls who were s-allele carriers exhibited higher waking, but not afternoon or
evening, cortisol levels than did I-allele homozygotes. Moreover, in a study we
described earlier, Goodyer et al. (2009) found that s-allele carriers who were at
familial or psychosocial risk for depression, but were not themselves depressed,
exhibited both higher waking cortisol levels and higher rates of depression at a
follow-up assessment than did high-risk individuals who were homozygous for the
l-allele. Thus, a consistent picture is emerging across studies indicating that the
s-allele genotype of 5S-HTTLPR is associated with higher cortisol in response to
awakening and psychosocial stress, and that this may serve to increase vulnera-
bility for the development of depression.

Other investigators have focused on the involvement of 5S-HTTLPR polymor-
phisms in the emergence of alterations in the structure and/or function of neural
gray matter. In one study of never-depressed individuals, Hariri et al. (2005) found
carriers of the s-allele to exhibit significantly greater activation in the amygdala
during the performance of an affective faces task than did 1-allele homozygotes.
The association between amygdala response and s-allele carrier status has been
replicated by other researchers (Dannlowski et al. 2010; Furman et al. 2010; von
dem Hagen et al. 2011), adding support to the hypothesis that broad measures of
neural system engagement are sensitive to alterations in serotonergic function
influenced by 5-HTTLPR polymorphisms. Interestingly, the amygdala is well-
known to provide positive feedback to the HPA axis (Feldman et al. 1982);
therefore, S-HTTLPR-related hyperreactivity of this region may contribute to the
higher cortisol responses to stress that have been documented in s-allele carriers.

Researchers have also examined the effects of 5S-HTTLPR polymorphisms on
the structure of, and functional connectivity between, brain regions involved in the
processing of emotional information. Pezawas et al. (2005) found that relative to 1-
allele homozygotes, s-allele homozygotes are characterized by reduced gray
matter volume in, and abnormal functional connectivity between, the amygdala
and the peri- and subgenual anterior cingulate cortices. Moreover, decreased
cortical gray matter volume of the inferior frontal gyrus has been reported in
s-allele carriers compared to l-allele homozygotes (Selvaraj et al. 2011). As we
noted above, these areas have been implicated consistently in neuroimaging
studies of depressed adults (Gotlib and Hamilton 2008; Koolschijn et al. 2009) and
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their never-depressed offspring (Monk et al. 2008; Peterson et al. 2009). It is
tempting to speculate, therefore, that depression-related abnormalities in brain
structure and function (and, consequently, risk for MDD) may be transmitted
directly from depressed parent to child through allelic variations in 5-HTTLPR.

Another gene that has been implicated in depression is one that encodes brain-
derived neurotrophic factor (BDNF), a protein that aids in the survival and plas-
ticity of neurons (Murer et al. 2001), the growth and differentiation of new neurons
and synapses (especially in the hippocampus, e.g., Huang and Reichardt 2001),
and the protection of neurons against stress-induced damage (Radecki et al. 2005).
BDNF polymorphisms involving the substitution of Valine (Val) for Methionine
(Met) at codon 66, result in an increase of activity-dependent secretion of BDNF
(Egan et al. 2003). The amount of available BDNF protein, therefore, is signifi-
cantly decreased in carriers of the Met allele.

Interestingly, recent research has documented that low levels of the BDNF
protein are present in individuals with MDD (Karege et al. 2002), and that
polymorphisms of the BDNF gene are associated with increased risk for depres-
sion (Schumacher et al. 2005). One hypothesis concerning the etiology of MDD is
that lower levels of the BDNF protein decrease protection against stress-induced
damage to neuronal gray matter (Duman and Monteggia 2006). Indeed, at least one
study examining the association between MDD and the BDNF gene has supported
this formulation. Frodl et al. (2007) found that currently depressed individuals
exhibited reduced hippocampal volume compared with never-depressed individ-
uals; interestingly, the greatest reductions were found in individuals who carried
the BDNF Met allele. Importantly, however, this study, like others (Pezawas et al.
2004; Bueller et al. 2006) also found associations between BDNF and hippo-
campus volume in the nondepressed group, suggesting that the BDNF gene alone
does not account for MDD-related abnormalities in brain structure. In this context,
the results of more recent studies point to a better-defined role of BDNF poly-
morphisms in the pathogenesis of depression. For example, Gatt et al. (2009)
found that the combination of Met-allele carrier status and exposure to childhood
trauma predicted a reduction in gray matter in hippocampus and lateral prefrontal
cortex and, in turn, higher rates of depression. Similarly, Gerritsen and colleagues
(in press) reported that Met-allele carriers with a history of childhood trauma had
significantly less gray matter volume in the subgenual ACC than did both Met-
allele carriers without trauma and Val/Val homozygotes with trauma. Therefore,
similar to the role of S-HTTLPR in the emergence of depression and its related
neurobiological abnormalities, the likelihood that neural markers for depression
are transmitted from parent to child could also be a function of the interaction of
the BDNF genotype and other personal or environmental factors.

Finally, a growing body of research suggests that interactions among various
genes play a significant role in the development of both depression and depression-
related abnormalities in neural structure and function. For example, in a study of
healthy preschoolers, HPA-axis reactivity to a laboratory stressor was found to be
higher in s-allele homozygotes who were also carriers of the BDNF Met-allele
than it was in s-allele homozygotes who carried two copies of the BDNF Val allele
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(Dougherty et al. 2010). This finding is consistent with the results of at least one
study linking an interaction of the BDNF Met-allele and 5-HTTLPR s-allele with
elevated levels of depressive symptoms in children (Kaufman et al. 2006), and
extends prior suggestions of a protective effect of the BDNF Val-allele. However,
the results of research examining the protective effects of the BDNF gene are
equivocal. Pezawas et al. (2008), for example, found significant volume reductions
in subgenual ACC in non-disordered individuals who were homozygous for the
5-HTTLPR s-allele compared to carriers of the l-allele, with the most severe
deficits present in individuals who were also homozygous for the BDNF Val allele.

Indeed, a recurring difficulty in this field involves the non-replication of initially
promising findings (e.g., see Scharinger et al. 2010 for a review). While this may
be due in part to small sample sizes, another issue that serves to complicate matters
is gene—environment correlations (rGE), which occur when specific genetic
factors influence individuals’ exposure to certain environments. It therefore
remains possible for example, that reductions in neural function and structure of
5-HTTLPR s-allele homozygotes could be directly related to heritable increases in
the exposure to high-risk environments. Indeed, relevant to the focus of this
review, a growing body of research provides evidence to support the notion that
environmental risk factors for depression, including aspects of the social envi-
ronment, such as the experience of negative life events and negative parent—child
relationships, are heritable (Thapar et al. 1998; Rice et al. 2003; Lau et al. 2006;
Lau and Eley 2008; Wichers et al. 2008). These findings, taken in context with the
knowledge that environmental factors have a profound effect on the development
of depression and its neurobiological hallmarks (as we discuss in greater detail
below), make it clear that additional studies are needed, with sample sizes large
enough to be able to test the interaction of BDNF and 5-HTTLPR polymorphisms,
to help clarify epistatic relations between these genes and their interaction with
other neural and environmental risk markers for depression.

3.2 Environmental Factors

It is now well-documented that long periods of separation of neonatal rodents and
non-human primates from their mothers elicit changes in HPA-axis function that
persist into adulthood and that resemble characteristics of depressed adults
(Sanchez et al. 2001). Paralleling these findings are reports showing that HPA-axis
dysfunction (Heim et al. 2002, 2008) and volumetric reductions in cortical (Hanson
et al. 2010; van Harmelen et al. 2010) and subcortical gray matter (Vythilingam
et al. 2002) are present in individuals who have experienced childhood trauma.
Given these findings, researchers seeking to identify the factors that are
involved in the intergenerational transmission of depression risk have also focused
on whether environmental factors, such as depression-related alterations in
parental care, might influence both risk for depression, and abnormal development
of the HPA axis. For example, Halligan et al. (2004) found in a longitudinal study



Neurobiological Markers of Familial Risk for Depression 195

that the presence of postnatal depression in mothers was significantly associated 13
years later with higher morning waking cortisol levels in their offspring, sug-
gesting long-term associations between early exposure to maternal depression and
HPA-axis dysfunction. Interestingly, subsequent analyses of these data indicated
that cortisol abnormalities in these adolescent offspring were significantly asso-
ciated with the quality of maternal care received during the first year of life, but
not 5 years later when the majority of cases of mothers’ depression had remitted
(Murray et al. 2010). Additional data collected from this sample indicate that the
level of cortisol abnormalities at age 13 significantly predicted the severity of
depressive symptoms an average of 3 years later (Halligan et al. 2007). Thus,
depression-related disturbances in maternal care may contribute to the risk for
depressive disorder through long-term alterations of HPA-axis function in the first
year of life.

Indeed, researchers are documenting that depression in mothers is associated
with disturbed parenting processes, including a decreased sensitivity to infant
needs and increased rates of withdrawn and disengaged behaviors (Field 1984,
1994; Murray and Cooper 2003). These types of behaviors may be particularly
stressful to the child (Langrock et al. 2002), and researchers have suggested that
this type of chronic stress mediates the association between maternal depression
and depression in the offspring. For example, Hammen et al. (2003) found that
whereas the onset of depression in offspring of depressed mothers was more
frequently associated with chronic interpersonal stress (i.e., stress resulting from
social interactions between the child/adolescent and others in his or her environ-
ment), the onset of depression in offspring of never depressed mothers was
associated more frequently with an episodic stressor (i.e., a stressful life event).
Moreover, although there are not yet studies similar to that conducted by Murray
et al. (2010), who examined neuroendocrine systems while taking into account
depression-related alterations in maternal care, it is becoming increasingly clear
that poor maternal care is associated with alterations in structure of the amygdala
(Caldji et al. 1998) and disturbances in HPA-axis function (Liu et al. 2000; Huot
et al. 2004). Moreover, periods of maternal separation lasting as little as 24 hours
have been documented in animal studies to lead to permanent reductions in hip-
pocampal BDNF expression (Roceri et al. 2002). It is clear, therefore, that we need
more investigations that integrate the construct of maternal care into models
testing the mediating effects of this variable on the association between maternal
depression and neurobiological abnormalities in the children.

Finally, maternal depression may contribute to neurobiological abnormalities in
the child through prenatal exposure to biological factors present during pregnancy
(see Goodman and Gotlib 1999, for a model and review). Although depression
during pregnancy is at least as common as, if not more common than postnatal or
lifetime depression (O’Hara et al. 1990; Evans et al. 2001), relatively few studies
have examined this issue. Of these few however, women who experience
depression during pregnancy have been found to demonstrate higher basal cortisol
levels than do pregnant women who are not depressed (Lundy et al. 1999;
Field et al. 2006a, b). Moreover, these elevations in cortisol have been linked with
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higher levels of fetal (Glover 1997; Gitau et al. 2001) and newborn cortisol (Lundy
et al. 1999; Diego et al. 2004). Newborns of mothers who were depressed during
pregnancy also exhibit greater relative right frontal electroencephalography (EEG)
asymmetries, as well as more negative and “withdrawal” emotions compared to
newborns of mothers who were not depressed during pregnancy (Lundy et al.
1999; Diego et al. 2004). Thus, neurobiological abnormalities in offspring of
depressed parents may emerge not only as a consequence of genetic factors and/or
depression-related alterations in parental care, but may result from abnormal
development of neural systems caused by exposure to aberrant biological factors in
utero.

4 Conclusion and Future Directions

Major depression is associated with a wide range of neurobiological disturbances,
including dysregulation of the HPA axis and disruptions in the structure and function
of cortical and subcortical gray matter. In this chapter, we have reviewed research
demonstrating that many of these same abnormalities are also present in the
never-depressed offspring of adults with recurrent depression, suggesting that these
aberrations are not necessarily correlates or consequences of the experience of
depression and/or its treatment, but could reflect dysfunctional neuroregulatory
systems that precede the onset of this disorder. Indeed, literature in this area has
demonstrated that disruptions in the structure and/or function of the hippocampus,
amygdala, prefrontal cortex, basal ganglia, and striatum are present in individuals
who are at familial risk for MDD, as are abnormalities in the regulation of the HPA
axis. Studies using a prospective approach have extended these findings to show
that high-risk offspring who later go on to develop depression have more severe
abnormalities in HPA-axis function and hippocampal structure than do individuals
who do not develop depression. These findings indicate that anomalies in neuro-
biological functioning may be useful in predicting which high-risk individuals are at
even greater risk for developing MDD. Whether neural function and structure of
other brain regions may be similarly useful in predicting which individuals will
develop depression is not known, and clearly is an important area for future research.

We also presented and discussed different mechanisms by which abnormalities
in neural and neuroendocrine function may be transmitted from depressed parent
to child. Genetic factors (e.g., S-HTTLPR, BDNF) are likely to be important in
explaining associations between maternal depression and neural anomalies in the
offspring. In addition, environmental factors, particularly those involving stress
and/or disruptions in prenatal, infant, or childhood surroundings, likely also
influence the emergence of neurobiological markers of risk. It is imperative that
researchers continue to try to understand how these and other factors may be
involved in the transmission of neurobiological markers of risk; such studies
will be critical to elucidating the mechanisms that underlie the intergenerational
transmission of risk for depression. Complicating matters, however, are findings
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that allelic variants of certain genes are correlated with environmental risk factors
for depression (Lau and Eley 2008). Moreover, it is likely that there are several
other variables that we did not discuss in this chapter but that are also involved in
the intergenerational transmission of neurobiological abnormalities, and that these
other variables interact with genetic and environmental risk factors for depression
in complex ways, creating diverse pathways to MDD and depression-related
patterns of neural anomaly.

In this context, future studies examining the intergenerational transmission of
neural abnormalities should also elucidate the potential causal relations among
different neurobiological markers of risk. The hippocampus and PFC, for example,
both provide negative feedback to the HPA axis (Herman et al. 2005), and both
are structurally and/or functionally abnormal in depressed individuals and their
never-depressed offspring (Videbech and Ravnkilde 2004; Hamilton et al. 2008;
Koolschijn et al. 2009; Kempton et al. 2011). Altered HPA-axis activity in
depressed and high-risk individuals, therefore, could be secondary to damage to
hippocampal or PFC gray matter. Chronically elevated levels of cortisol, however,
can have adverse morphologic effects on gray matter (Sapolsky 2000), particularly
in brain areas that contain a high density of cortisol receptors, such as the
hippocampus and PFC (Chao et al. 1989; Sapolsky 2000; Furay et al. 2008). Thus,
increased systemic levels of this hormone may cause the volumetric reductions
that have been found in these brain regions. Future studies that integrate multiple
measures across several time points would be helpful in determining whether and
how these neurobiological markers of risk are causally related to each other in
forming a vicious cycle of neurobiological abnormality.

Finally, although the research discussed in this chapter serves to increase our
understanding of how depression in parents can influence neurobiological abnor-
malities in their never-depressed offspring, these findings could also contribute to
the development of effective prevention strategies. Certainly, it is clear that there is
still much to be learned about what leads to the development of neurobiological
abnormalities in offspring of depressed parents; it is also clear that we do not yet
understand precisely how these anomalies might mediate the appearance of
depressive symptoms. Nevertheless, we are beginning to link the study of neuro-
biological anomalies with the elucidation of possibilities for prevention efforts. For
example, Dozier et al. (2008) found that HPA-axis dysfunction becomes
normalized in foster children, a population posited to share adversities similar to
those of animals studied in early-separation paradigms, whose foster parents
participate in behavior intervention paradigms that promote nurturing care and
attachment security. These findings are consistent with “cross-fostering” experi-
ments with animals, in which researchers have found that neurobiological changes
associated with early life trauma can be altered by subsequent “optimal” caregiving
experience (Maccari et al. 1995; Barbazanges et al. 1996). Other investigators
have found that specific pharmacologic agents are capable of reversing neuro-
biological alterations caused by early life stress (Suomi 1991; Lopez et al. 1999).
And, importantly, other classes of medications have been found to prevent
abnormalities in neural structure (McEwen et al. 1997; Magarifios et al. 1999)
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that have been documented in previous studies to be caused by trauma or stress.
Thus, pharmacologic agents and optimal caregiving environments may be useful
in protecting against further neurobiological abnormality in individuals at familial
risk for depression.

Findings from prevention and treatment studies are intriguing because they
suggest that the results of these investigations, when combined with research
examining aspects of parental depression that may contribute to the presence of
neurobiological abnormalities in the children, could facilitate the development of
targeted strategies for prevention and intervention, and thereby reduce the socio-
economic burden of MDD. Moreover, by continuing to study and elucidate
neurobiological abnormalities in individuals who are at high risk for depression
but who have not yet developed depression themselves, we can begin to under-
stand whether and how these abnormalities, once inherited, can influence the
subsequent onset of clinically significant symptoms of MDD.
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