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Abstract

The molecular neurobiology of depression begins with an idea: depressive disorders represent a
family of related but distinct conditions. Different points of vulnerability in the brain may predispose
to depressive disorders. For example, it is likely that the core pathophysiology of depression
associated with early life adversity is different from non-trauma related disorders. In particular, the
pathophysiology of trauma-related depression involves the hypothalamic-pituitary-adrenal (HPA)
axis, although, in turn, this reflects underlying molecular etiologies. In particular, dysregulation of
signal transduction mechanisms may be one site of origin. This may be the result of yet other
processes such as the effects of reactive oxygen species (ROS) or genomic imprinting. Unraveling
these complex causes may lead to novel treatments that can be used in a targeted fashion.
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Unipolar depressive disorders encompass a range of features that strongly suggest a
neurobiological substrate. These include symptoms such as include sleep and appetite
disturbances (both up and down), loss of interest and pleasure, negative rumination, fatigue,
and poor concentration, but also apparent abnormalities of the hypothalamic-pituitary-adrenal
axis(1) or of neuroplasticity.(2) Moreover, depression appears to have genetic antecedents,
which also point to a biological contribution to etiology.(3) However, the exact
pathophysiology has been largely unknown until the last decade or so.

To begin, depression clearly is not one entity, but subsumes a range of causes that involve
genetic contributors, along with early and later stress.(2;4) Therefore, the depressive spectrum
include conditions related to early traumatic events (typically with early onset of depression
as well), through episodes in the absence of early trauma that may or may not be precipitated
by an acute stressor. Therefore, the heterogeneous nature of the condition must be taken into
account in any search for a biological substrate.

Unfortunately, that is not usually the case. In fact, most studies simply take an unselected
groups of “depressed” and “controls” for comparison. However, this is likely to contribute to
type Il error, since a particular biological finding may be applicable only to a subset of
depressed patients. To illustrate this point, take a study from our own research laboratory
(Figure 1).(5) In this study, protein kinase A (PKA) activity was determined in fibroblasts in

Mailing address: 1500 21st Avenue, South, Suite 2200, Nashville, TN 37212, Phone: 615-343-9669, Fax: 615-343-7868, Email:
richard.shelton@vanderbilt.edu.

Supported in part by NIMH grants MH073630, MH01741, and MH52339.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shelton

Page 2

culture from a group of depressed patients and controls. Panel A of Figure 1 shows the total
group of depressed patients compared with normal controls. Clearly, some patients have
reduced activity. However, there also is considerable overlap between depressed and control
populations. Alternatively, a different picture emerges when the depressed population is broken
down by subtype. The cells from patients with atypical features all fell within the control range.
All but one melancholic patient were outside of the range, with the ones not subtyped as
melancholic or atypical falling between. This indicates that a particular finding, low PKA
activity, is characteristic of only one subset of depressed patients. Similar data in human post-
mortem brain indicate that the reduced PKA activity may be associated with death by suicide.
(6;7) Together, these results indicate that there will not be a single, unitary set of biological
substrates that explain the full range of depressive disorders. Further, all contributors, such as
genetic antecedents, early trauma, and recent stress, confer their own, perhaps unique,
mechanisms of etiology

The role of stress

That life stressors contribute in some fashion to depression is almost a truism and, essentially
is an extension of what occurs normally. That is, adverse events confer negative mood states
in normals. The search for physiological underpinnings, therefore, can be thought of as an
extrapolation (and, hence, dysregulation) of normal responses, in many circumstances;(8) this
will be discussed in greater detail later. The work of Kendler and colleagues(9;10) suggests
that the both early and recent adversity contribute significantly to the potential for a depressive
episode.(9;10) Moreover, early adverse events, particularly abuse, appear to confer heightened
risk,(9;11-14) an issue that will resurface later in the discussion of cellular pathology.

The interplay of genetics and environment is highly complex and research in this area is in its
infancy. Caspi et al.(15) have demonstrated a causal interaction between a specific polymorphic
variant of the serotonin transporter (5HT-T), early and late adversity, and the occurrence of
depression. This group investigated the contribution of a common and functional
polymorphism of the promoter region of the 5SHT-T gene (SHTTLPR). 5HT-T is the principal
modular of synaptic serotonin (5HT) activity, and is blocked by serotonin selective reuptake
inhibitors. This study evaluated 847 people followed over the course of two decades. The
results suggested an interaction between the functional, so-called “short” (s) variant of
S5HTTLPR with both early and late adversity. For example, stressful events were tabulated for
the period between ages 21 and 26. There was no relationship between the s variant and the
occurrence of depression in participants who reported no major stressors during this period.
However, the occurrence of stressors conferred increased risk primarily in persons carrying
the s allele. Moreover, there was an environmental stress “dose” effect — i.e., more stressful
events produced higher risk. As well, there was a “gene dose” effect in which the ss carriers
had the highest risk, the “long-long” (Il) the lowest, and the Is falling in between. There also
was a relationship between early traumas and risk for depression that was modulated by
genotype. Specifically, persons with no history of early maltreatment did not show any
association between transporter alleles and depression. However, in those who did have early
maltreatment, the risk segregated according to allelic status, with the ss having the highest risk.
Again, there was both a “stress dose” and “gene dose” effect. These results were confirmed in
arecent study with a new cohort.(16) These results suggest a strong interaction between genetic
diathesis (and, hence, biological substrate) with both early and recent stressors. Although this
is a complicating element, in fact it opens particular avenues of investigation.

Psychiatr Clin North Am. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shelton Page 3

Stress and the hypothalamic pituitary adrenal axis dysfunction: Risk for
depression

Abnormalities of the HPA axis in depressed patients are well-described.(1) However, overt
dysregulation is found only in a subset of depressed patients. As articulated by Nemeroff and
colleagues,(17;18) depression and early trauma converge at the level of HPA axis regulation.
Adversity that is early in life, severe, and prolonged, appears to contribute significantly both
to subsequent risk for anxiety and depressive disorders, and HPA dysfunction. Traumas such
as physical or sexual abuse or the loss of a parent that occur during critical periods of
development result in a permanent alteration of stress reactivity in the CNS. Actually, from a
teleological perspective, the maintenance of an activated stress response system following
chronic or severe stress makes adaptive sense. The concept being that high threat intensity
would result in a persistently elevated “alert” status.

Persistent enhancement of stress reactivity could explain the findings of heightened HPA axis
activity in some depressed patients including elevated peripheral cortisol(1;19;20) and central
corticotrophin releasing hormone (CRH).(21;22) The interplay of genetic predisposition and
early adversity would then lead to a vulnerable phenotype. Moreover, this is likely to result in
heightened stress reactivity by at least two mechanisms. The first would be the biological
diathesis. The second would be a pattern of maladaptive responses to stressors. For example,
withdrawal from a stressor would be highly adaptive in the case of early abuse. However, that
same behavior, manifested in adult life, would be equally maladptive. These, then, would
combine to elevate risk for depression.

Alternatively, the fact that not all depressed persons have been abused in childhood would
explain why only a subset shows HPA activation. The etiological pathways and the subcellular
dysfunction associated with it could, then, differ in depressed persons without history of early
adversity.

Intracellular signal transduction

A number of studies implicate intracellular signal transduction in the pathophysiology of
depression. One key set of mechanisms involve phosphorylation enzymes, including protein
kinases A (PKA) and C (PKC) (Figure 2). The binding of a transmitter with a g-protein linked
receptor activates the coupling of g-proteins (Gs and Gq) with second messenger enzymes such
adelylate cyclase (AC) or phospholipase C (PLC). These, in turn, catalyze the formation of the
second messengers cyclic AMP and diacylglycerol (DAG). These, in turn, bind to PKA and
PKC respectively, which facilitates phosphorylation by these enzymes.(23)

Protein kinases are critical elements of stimulus-response coupling.(24) One critical effect is
the subsequent phosphorylation of the transcriptional factor cyclic AMP response element
binding protein (CREB). CREB phosphorylation is linked to both norepinephrine- (NE) and
serotonin- (5-HT) linked cascades and may represent a common target of action of more
noradrenergic and serotonergic antidepressants.(24) Phosphorylated CREB binds to cyclic
AMP response element (CRE) in the promoter region of genes, which regulates gene
expression.(25) This represents an integrative set of mechanisms in which antidepressants
acting via either NE or 5-HT can target a common set of genes and their respective protein
products.

A variety of research has implicated deficiencies in PKA and PKC in a subset of depressives.
(26) For example, our research group has shown that, relative to normal controls, certain
depressed patients have deficient PKA and PKC protein levels,(27;28) lower binding of cyclic
AMP to PKA,(29) reduced phosphorylation of CREB,(29) and altered gene expression
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patterns;(30) these findings have also been shown in both peripheral and post-mortem brain
tissues by other groups.(6;7;7;31-39) This decrease in the activity of these two key enzymes
would be expected to alter the expression of genes that contain CRE elements in their
promoters; these would include key proteins that regulate the stress response in brain, including
brain derived neurotrophic factor (BDNF),(40-42) the BDNF receptor trk-b,(43) and
glucocorticoid receptors (GR).(44) Moreover, GR functions as a transcriptional factor and
regulates the expression of other genes, specifically exerting an inhibitory effect on
corticotrophin releasing hormone (CRH).(45) Hence, reduced activity of these key enzymes
could enhance stress reactivity via altered regulation of the expression of specific genes.
Important elements of stress regulation could, then, be vulnerable under demand conditions.
In fact, the knockout of PKA and PKC protein isoforms in mice have demonstrated a variety
of cellular effects,(46;47) most particularly hippocampal neuroplasticity,(46;48) which has
been implicated in depression.(49)

Mechanisms for altered protein activity

Although the evidence for altered kinase activity seems sound, the exact mechanisms for
inducing these effects are unknown. One possible avenue is via protein oxidation. The
oxidation-reduction (redox) potential is altered by reactive oxygen species (ROS), which are
formed by a variety of factors, including inflammatory cytokines.(50) Altered redox potential
has been shown to affect the activity of kinases.(50) Glutathione, an intracellular antioxidant,
is involved in the protection of proteins against oxidative stress,(50-52) by binding to redox
sensitive amino acids (particularly cysteines). Recently, glutathionylation has been described
as an important regulator of PKA degradation,(53) and could be involved in the availability of
PKA proteins.

As noted, proinflammatory cytokines are involved in the genesis of ROS and thereby affect
oxidation and, hence, degradation of proteins. Altered cytokine activity is well-described in
depression,(54) and antidepressant drugs have been shown to regulate the expression of
specific cytokines, in particular, inhibiting pro-inflammatory cytokines that are involved in
enhancing ROS.(55) Curiously, this appears to be mediated via kinase-related pathways.(56)
Maes et al. showed that the inhibitory effects of fluoxetine on tumor necrosis factor alpha are
mediated, in part, by PKA. This suggests an interactive system in which kinase dependent
pathways may modulate cytokine expression, and pro-inflammatory cytokines may affect
kinase-dependent pathways via protein oxidation.

Another key element in regulation of stress-responsivity is epigenetic regulation of gene
expression. DNA does not exist in an unregulated, “open” fashion. DNA is associated with
histone proteins which determine gene expression to a significant extent(57-59) A number of
protein modification processes, including phosphorylation, acetylation, methylation,
ubiquitination, and ribosylation, can influence these proteins similarly to other protein elements
in cells.(59;60) Furthermore, direct methylation of DNA sequences, particularly promoter
regions, also exerts major influences on activity. Methylation is a key determinant of DNA
expression. This occurs on cytosines of the dinucleotide CpG via DNA methyltransferases.
(59;60) These mechanisms, termed epigenetic regulation, represent inducible and, potentially,
reversible phenomena that can be modified by environmental factors. These effects may, then,
mediate gene-environment interactions and determine both short- and longer-term responses
to environmental cues.(59;60)

This concept was tested recently in an elegant set of experiments from the laboratory of Dr.
Michael Meaney.(61-67) Rat mothers periodically engage in licking and grooming (LG) and
arched-back nursing (ABN) of their pups. However, they show a range of such responses, with
some mothers showing high- and others low-LG-ABN and others demonstrating LG-ABN.
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Low-LG-ABN was associated with a marked elevation in methylation of exon 17 of the GR
promoter region relative to high-LG-ABN, an effect that persisted into adult life. The cross-
fostering of pups reversed this pattern, indicating that maternal behavior was the mediator.
This increased promoter methylation resulted in decreased GR expression in brain, and a
heightened corticosterone response to stress. These data indicate a causal relationship between
maternal behavior and subsequent stress reactivity that is mediated via methylation of a specific
gene.

Depression is a condition with a complex biological pattern of etiology. We have seen how
environmental stressors modulate subsequent vulnerability to depression. In particular, early
adversity appears to induce heightened reactivity to stress via several possible mechanisms,
both biological and psychological. This increased reactivity results in an enhancement of
biological stress-response mechanisms, especially the HPA axis. Regulators of this system,
particularly signal transduction pathways involving PKA and PKC, may be important in the
regulation of key genes in this system including genes for GR, BDNF, and trkb. This system
is potentially vulnerable to ROS and, therefore, indirectly to the effects of cytokines. Finally,
some of these effects may be controlled by chemical modification of DNA, specifically,
methylation of promoters or other gene regions. This is a mechanism by which long-term
biological change can be induced via environmental stressors.

The brain is homeostatic; therefore, it is possible that alterations at multiple points in this system
may induce dysregulation and, as a result, vulnerability to stress. Therefore, a person may be
vulnerable to depression, which may be a final common “pathway” for this family of
conditions. However, people may vary considerably with regard to the locus of the problem.
Therefore, for example, functional variants in a set of genes might predispose some people,
while others may have epigenetic imprinting, and yet others with different causes. Although
complicated, it is not impossible to unravel this mix. In fact, this could lead to the development
of novel interventions that could target specific points of vulnerability, allowing an improved
matching of patient to treatment based on differential abnormalities at the cellular level.
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Protein kinase A activity in depressed patients and normal controls. Panel A: Activity in the
total group, depressed and controls. Panel B: Activity in depressive subtypes and controls.(5)
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Figure 2.
Representative intracellular g-protein coupled signal transduction cascades. Subheading: Cell

surface receptors, such as norepinephrine R receptors, are coupled to stimulatory G (Gs)
proteins. On transmitter binding, Gs activates adenylate cyclase (AC), catalyzing the formation
of cyclic AMP from ATP (I. Cyclic AMP is degraded to AMP by phosphodiesterases (PDE),
which inactivate the cyclic AMP signal 2. Cyclic AMP binds to the regulator subunits (R) of
protein kinase A (PKA), resulting in a conformational change and the release of two catalytic
subunits (C) (3. The C subunits then are capable of phosphorylating serine and threonine
residues on target polypeptides. One such protein is cyclic AMP response element binding
protein (CREB), a transcriptional factor &, Phosphorylation of CREB results in translocation
of CREB-P to the nucleus and subsequent binding to CRE-containing gene promoter regions
activating expression ‘€. A parallel pathway, exemplified by the 5-HT,, transductional
cascade, couples to Gq (another stimulatory G protein), activating phospholipase C (PLC)
catalyzing the conversion of phosphotidylinositol (PI) to diacylglycerol (DAG) and inositol
triphosphate (IP3) ®. 1P3 mobilizes Ca?* release from intracellular stores. DAG binds to
protein kinase C resulting in phosphorylation of target proteins; these include both CREB and
PKA @. The phosphorylation of PKA regulates the activity of the enzyme. Phosphorylated
substrates are subsequently dephosphorylated by protein phosphatase 2A ®. On
dephosphorylation, CREB returns to the cytosol. Another regulator of PKA activity is protein
kinase inhibitor (PKI); in the case of fibroblasts, this is the PKIy isoform @. Both PKA and
PKC can be glutathionylated, protecting them from oxidative degradation @. The activation
loops of both enzymes are phosphorylated by phosphoinositide dependent kinase 1 (PDK1)
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