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The Neurotrophic Hypothesis of Depression:
An Exemplary Exploration of the Treatment
Potential of Erythropoietin

Review

A purely neurotransmitter-based explanation of major depression and
antidepressant action, such as the monoamine hypothesis, falls short to explain
the delayed clinical onset of most agents in reference to the immediate
neurochemical effects. Recently, in attempts to understand the psychobiological
underpinnings of depression, the focus shifted to an involvement of
intracellular signaling cascades, gene expression and protein translation. This
review discusses evidence for the neurotrophic hypothesis of depression, which
emphasizes stress-induced disruption of brain-derived neurotrophic factors
(BDNF), second messenger systems, gene expression and subsequent neural
atrophy and network changes that manifest as depressive symptoms in the
etiology of depression. Within the framework of the neurotrophic hypothesis,
the treatment potential of the cytokine Erythropoietin (EPO) is discussed.
Research does show some promising results for EPO as an antidepressant agent,
however more research on its efficacy on its own as well as a potential add-on

treatment to standard antidepressant treatments is required.
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INTRODUCTION

Major depressive Disorder (MDD) is one of the most prevalent and impairing
forms of mental illnesses. According to the World Health Organization (WHO), MD
affects over 300 million people worldwide and is predicted to become the leading cause
of disease burden by 2030 (WHO, 2017; WHO, 2008), underlining the urgency for a
better understanding of its etiology and potential treatments. This is particularly
important since the available pharmacological antidepressant treatments, most
commonly selective serotonin or norepinephrine reuptake inhibitors (SSRIs and
SNRIs, respectively) have significant limitations in their time lag for treatment
response and lack of effectiveness, leading to high rates of relapses and treatment-
resistant depression (Duman & Li, 2012). Strikingly, 50 years after introduction of the
first-line antidepressant treatment — SSRIs - the field of psychiatry still has not
managed (1) to fully understand the etiological mechanisms underlying MD or (2) to
develop more effective treatment strategies. In fact, treatment-resistance, the failure to
respond to antidepressant treatment of adequate dose and duration, is a major
problem, underlining the importance for developing new or additional therapeutic
agents (Fava, 2003).

Over time, the understanding of the etiology underlying depression moved
away from the classic monoamine hypothesis that held a deficiency in the monoamine
neurotransmitters solely responsible for the development of MD. This shift was
primarily based on the realization that neurochemical and therapeutic effects of

antidepressants had very different time scales, with potentiation of monoamines
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occurring within hours after drug administration, while clinical improvement can take
up to weeks to set in (Vetulani & Sulser, 1975). Subsequently, research sought to
identify neurobiological mechanisms underlying this delay, such as neuroadaptive
changes that might occur in the days and weeks after antidepressant treatment
initiation and could account for this therapeutic delay (Harmer, Duman, & Cowen,
2017). By doing so, the focus shifted towards abnormalities in monoamine receptors
and subsequent deficits in downstream molecular events, such as the gene expression
of growth factors (Stahl, 2013). The deficiency in MD would not lie in the monoamine
levels or their receptors directly, but more in the downstream signal transduction
occurring upon postsynaptic receptor binding (Stahl, 2013).

Moving away from the monoamine hypothesis, neuroplasticity theories of
depression, including the neurotrophic hypothesis, became increasingly popular,
emphasizing the involvement of intracellular signaling cascades, gene expression and
protein translation as core mechanisms of antidepressant drug action and hence the
etiology of depression. One theory, the neurotrophic hypothesis of depression, focuses
on the repression of the brain-derived neurotrophic factor (BDNF) gene and
consequently decreased BDNF levels, in the etiology of MD (Stahl, 2013; Hayley &
Litteljohn, 2013). BDNF is a growth factor essential for cell survival, neurogenesis,
synaptogenesis and neuroplasticity, with deficient levels being associated with cell
atrophy in hippocampal and prefrontal areas that have in turn been implicated in MD
vulnerability (Hayley & Anisman, 2013). Therefore, direct exogenous administration of
growth factors or treatments that increase endogenous BDNF, may constitute

promising antidepressant treatment strategies, especially for currently treatment-
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resistant cases (Hayley & Anisman, 2013). One such compound is the immune cytokine
erythropoietin (EPO), endogenously produced by the kidneys and currently used in
the treatment of anemia. Yet, recent evidence also suggests some antidepressant
potential of EPO due to its neurotrophic effects.

This review aims to discuss the neurotrophic mechanisms underlying the
etiology of MD (i.e. the neurotrophic hypothesis of depression), before investigating

the potential of EPO as an innovative and alternative antidepressant treatment agent.

The neurotrophic hypothesis of depression

The neurotrophic hypothesis of depression states that MD results from decreased
neurotrophic support from growth factors, such as BDNF, and associated neuronal,
glial and synaptic atrophy (Duman & Li, 2012). Research emphasizes involvement of
BDNF in mood disorders and identified the BDNF polymorphism val66met as a risk
factor for MD, bipolar disorder and anxiety (Duman & Monteggia, 2006). Additionally,
there is evidence for atrophy in the prefrontal cortex (PFC), hippocampus and other
limbic structures in depression and other stress-related disorders, suggesting a
potential disease pathway of inflammatory or stress-induced growth factor depletion
and subsequent brain atrophy and depressive symptoms in MD (Duman & Li, 2012).
Such a common disease pathway would also account for the high level of comorbidity
of up to 50% between MD and other neurological inflammatory diseases, such as
Multiple Sclerosis or Parkinson’s Disease (Hayley & Littlejohn, 2013).It is however

unclear what might cause these deficits in neuroplasticity. At a molecular level,
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chronic stress - one of the key risk factors for depression - has been linked to
increased levels of extracellular glutamate, which in turn contributes to the excitotoxic
damage associated with depression (Popoli et al., 2012). Additionally, animal and
human studies have shown that stress or depression indeed decreases the expression of
BDNF, with stress/depression and antidepressant treatment exerting opposing effects
on neurotrophic factors (Duman & Monteggia, 2006). Post-mortem studies on
depressed patients who committed suicide revealed reduced BDNF levels in the
hippocampus (Dwivedi et al., 2003), whereas Chen, Dowlatshai, MacQueen, Wang,
and Young (2001) identified increased BDNF levels in the hippocampal areas (dentate
gyrus) in patients receiving antidepressant medication at the time of death as
compared to untreated subjects. Differences between antidepressant classes were
however not taken into account in their analysis (Chen et al., 2001). There are also
several reports of decreased serum BDNF levels in depressed patients that could be
reversed by antidepressant treatment (discussed in Duman & Monteggia, 2006).

These results are in line with decreased functioning of the mitogen-activated
protein kinase/extracellular kinase (MAPK/ERK) signaling pathway, the primary
signaling cascade for BDNF, found in depression (Dwivedi et al., 2001). Dowlatshai et
al. (1998) identified a decrease in the transcription factor CREB and its downstream
neurotrophic factor BDNF in MD patients after death, that were restored in those
treated with antidepressants. Similarly, an increase in the BDNF receptor tropomyosin-
related kinase B (TrkB), also part of the MAPK/ERK signaling pathway, was found after
antidepressant treatment (Bayer et al., 2000). Accordingly, evidence exists suggesting

that MD might stem from a downregulation of a complex second messenger signaling
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cascade, leading to decreased expression of BDNF and its receptors (e.g. TrkB) and
subsequently decreased neuroplasticity, synaptogenesis and increased atrophy within
the CNS.

Hayley and Littlejohn (2013) propose how these molecular and cellular
abnormalities might translate to changes on network and systems levels (“faulty
wiring”) that are ultimately responsible for depressive symptoms on the behavioral
level. They argue that MD is likely the result of deficient wiring of emotional and fear
circuitry and that neuroplasticity is essential in antidepressant treatment as it enables
the “rewiring” of such circuits. This is in line with evidence from Drevets, Price, and
Furey (2008) who identified alterations in gray matter volume and neurophysiological
activity in emotional brain networks around the medial PFC, including limbic areas in
subjects with recurrent depressive episodes. The medial PFC is part of the default
mode network (DMN), essential for self-referential thinking and likely the neural
correlate of negative rumination seen in MD (Hayley & Littlejohn, 2013). Depressed
patients fail to appropriately down-regulate DMN activity during tasks and
consequently get stuck in their self-focused negative rumination (Sheline et al., 2009).
It is argued that deficiencies in neuroplasticity, caused by low BDNF levels, contribute
to faulty strengthening rather than correcting or “rewiring” of these circuits (Hayley &
Littlejohn, 2012).

These findings indicate that chronic or excessive stress can lead to increased
extracellular glutamate and disruption of BDNF signaling, causing synaptic and
behavioral deficits, which, when paired with genetic factors, might increase the risk for

MD (Harmer et al., 2017).
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As evident across all studies presented, antidepressant treatments at least partly
seem to work via upregulation of these signaling pathways and subsequent BDNF.
Notably, chronic, but not acute, antidepressant treatment leads to an upregulation of
BDNF and an increased BDNF expression in hippocampus and PFC. At the same time,
the therapeutic effect requires long-term (at least four weeks) use of antidepressant
medication, supporting the notion that BDNF upregulation and alterations in
functional and structural plasticity are necessary for antidepressant effects to occur
(Duman & Monteggia, 2006). Thereby the neurotrophic hypothesis does manage to
account for the time lag in treatment response common to antidepressants, such as
SSRIs to some extent.

As shown, research strongly suggests the conceptualization of MD as a multi-
causal syndrome. It likely involves a complex molecular pathway of stress-induced pro-
inflammatory growth factor depletion, subsequent CNS atrophy and network changes
that manifest as depressive symptoms. Consequently, one potential treatment strategy
would be to reverse that growth factor depletion by targeting BDNF more directly.
Considering that our current antidepressant agents do not work for all patients,

exploring new treatment options is an absolute necessity.

Erythropoietin (EPO) as an antidepressant agent?

One such compound targeting BDNF with potential antidepressant effects is the
cytokine EPO. It easily crosses the blood-brain barrier (a prerequisite for an agent to

act on the central nervous system [Miskowiak et al., 2010]). It has been shown to
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possess neuroprotective and neurotrophic effects (Miskowiak et al., 2010), such as
protection from stress-induced apoptosis in the hippocampus and increased
neurogenesis (Hayley & Littlejohn, 2013); additionally, it has been found to induce
antidepressant-like effects in animal models of depression on the forced swim and
novelty-induced hypophagia tests (Grigenti et al., 2009).

Support for EPO’s potential as an antidepressant treatment agent in humans
comes from studies of Miskowiak and colleagues (2010; 2008; 2014). In two different
studies, neuronal responses to emotional faces (fearful, happy) was assessed in 24
healthy and 19 acutely depressed (i.e. current acute depressive episode) patients three
to seven days after EPO vs saline administration (Miskowiak et al. 2008, 2010). In
healthy volunteers, EPO improved self-reported mood for all three days post-
administration, and enhanced activation in the left amygdala and right precuneus to
happy and fearful expressions (Miskowiak et al., 2008), underlining its effect on
emotional processing. In patients, there was a reduced neural response to fearful faces
in comparison to happy faces in limbic and tempo-occipitoparietal regions post EPO as
compared to baseline. This was accompanied by a reduction in fear recognition,
similar to effects seen with antidepressant treatment (Miskowiak et al., 2010).
Accordingly, although EPO was shown to have different neural effects in patients and
healthy volunteers, its mood-improving and antidepressant effects were evident in
both groups.

In another randomized, placebo-controlled trial with 79 patients with major
depression it was shown that EPO significantly decreased depressive symptoms and

increased quality of life and memory recall and recognition in treatment-resistant MD
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up to 14 weeks post treatment (Miskowiak et al., 2014). Hence, besides reduced
negativity bias in emotional processing, EPO seems to be particularly beneficial in
treatment of neurocognitive symptoms of mood disorders (Miskowiak et al., 2014;
2016). Neural correlates of these neurocognitive effects were decreased hippocampal
volume loss and activity changes in encoding and recall-related networks (Miskowiak
et al., 2016).

Hayley and Littlejohn (2013) propose that on a molecular basis EPO might
modulate the MAPK signaling pathway, finally leading to activation of anti-apoptotic
factors (e.g. BDNF), increased neuroplasticity and induction of antidepressant effects.
There is some support from preclinical studies for EPO increasing BDNF production
and gene expression (Ma et al., 2016). However, a clinical study by Vinberg et al. (2015)
on the other hand reported a downregulation of plasma BDNF after EPO treatment in
treatment resistant MD, questioning whether the neuroprotective and antidepressant
effects of EPO really do occur via BDNF upregulation. On that account, Kamal et al.
(20m1) provide evidence for decreased excitatory neurotransmission as underlying the

neuroprotective effects of EPO.

DISCUSSION

This review aimed to investigate the neurotrophic hypothesis of MD as well as
the treatment implications for the cytokine EPO.
There is support for a neurotrophic involvement in MD, as many studies report

neural atrophy, reduced BDNF levels or expression and neuroplasticity in MD, that are
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reversed by antidepressant treatments. Research underlines the multicausality in the
etiology of MD, involving a complex signaling cascade of stress-induced pro-
inflammatory growth factor depletion, subsequent CNS atrophy and network changes.
However, it is very clear that the picture is even more complex than that, as there seem
to be regional differences in the effects of BDNF; whereas, in line with the
neurotrophic hypothesis, neuroplasticity in hippocampal and PFC regions is usually
linked to antidepressant effects, increased neuroplasticity in the amygdala has been
associated with depressive relapse (Hayley & Littlejohn, 2013). Accordingly, it certainly
seems that BDNF is involved in the etiology of MD, but the directionality of that
relationship is not as straightforward. Hence, more research on the exact involvement
of BDNF in MD in animals as well as humans is needed.

Nevertheless, targeting BDNF as antidepressant treatment seems promising and
EPO does show some antidepressant and mood-improving potential in both patients
and healthy volunteers. Although its effects on BDNF expression are still debated due
to contradictory results, there is some support for its antidepressant effects in
regulating emotional processing and improving neurocognitive functioning. However,
before EPO could actually be implemented as an add-on treatment for MD, more
research on its efficacy and precise working mechanisms are certainly needed, in order
to shed light on its effects on BDNF and to investigate other potential therapeutic
mechanisms (e.g. anti-inflammation, decreased excitation) that might underlie its
antidepressant properties.

Lastly, research needs to investigate EPO’s safety profile. Currently, solely

approved as a treatment agent for anemia, EPO has been linked to higher rates of
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venous thromboembolism and mortality in these patients (Bennett et al., 2008).
Considering these serious safety issues, it is important to determine EPQO’s long-term
effects on patients with other indications, such as MD.

Despite all these points of caution, the neurotrophic hypothesis and the
investigation of neuroprotective compounds, such as EPO, creates hope. Now, decades
after the introduction of antidepressants, MD remains to be one of the most prevalent
and impairing mental illnesses. As the currently approved antidepressant medications
do fall short due to their delayed treatment response and because they are not effective
in all patients, it is time to turn to alternative agents, such as EPO, and to ascertain
their treatment potential.

While this review certainly provided evidence for the neurotrophic hypothesis
of depression and the involvement of BDNF and neuronal atrophy in its etiology and
treatment, it should be noted that it is unlikely to be the whole story. Rather, we
should consider neurotrophic factors and their evidence as one piece of the
multifactorial origin of MD, that might play a larger or smaller role depending on the
individual. Not only is the neurotrophic hypothesis multifactorial by itself, but
additional, interacting and interlinked factors, such as environmental and biological
stress, monoamine dysregulation, disruption of emotional brain circuits and
psychological vulnerability factors (e.g. a neurotic personality or trauma), must not be

forgotten.
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