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Abstract. Major depressive disorder (MDD) is a debilitating health condition af-
fecting a substantial part of the world’s population. At present, there is no biolog-
ical theory of MDD, and treatment is partial at best. Here I present a theory of
MDD that explains its etiology, symptoms, pathophysiology, and treatment. MDD
involves stressful life events that the person does not manage to resolve. In this
situation animals normally execute a ‘disengage’ survival response. In MDD, this
response is chronically executed, leading to depressed mood and the somatic MDD
symptoms. To explain the biological mechanisms involved, I present a novel theory
of opioids, where each opioid mediates one of the basic survival responses. The
opioid mediating ‘disengage’ is dynorphin. The paper presents strong evidence for
chronic dynorphin signaling in MDD and for its causal role in the disorder. The
theory also explains bipolar disorder, and the mechanisms behind the treatment of
both disorders.

Keywords. Depression; bipolar disorder; opioids; survival responses; dynorphin;
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Introduction
Major depressive disorder (MDD) affects hundreds of millions of people worldwide, and is
one of the leading causes of years lost to disability, with increasing prevalence over the last
decades [1]. The efficacy of current pharmaceutical treatment is moderate at best, with substan-
tial negative side effects [2, 3]. MDD is closely linked to bipolar disorder (BP), the distinction
depending on the presence of manic episodes. At present, there is no theory that explains MDD
or BP [2, 3], despite major research activity (over 700K/2M papers in pubmed/Google scholar).
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Here I present a theory (T*MDD) that explains the etiology, symptoms, pathology and treat-
ment of MDD and bipolar disorder. The theory is supported by strong preclinical and clinical
evidence, and points to novel treatment directions.

Theory overview. MDD is triggered by stress-inducing life events that the person does not
manage to resolve. In such situations, animals execute one of the innate survival responses
(‘fight or flight’). MDD occurs when the ‘disengage’ (withdraw, give up) response is impaired
and chronically executed.

To explain the biological mechanisms involved, I present a novel theory of opioids and
survival responses, in which each opioid supports one of the survival responses. The opioid
supporting the disengage response is dynorphin (DYN), which acts via the kappa opioid receptor
(KOR). KOR mediates disengage by suppressing the phasic responses of neurons releasing
dopamine (DA), corticotropin-releasing hormone (CRH), norepinephrine (NEP), and serotonin
(SER).

In MDD, KOR signaling is impaired, leading to its chronic activation. The resulting dys-
regulation of DA, CRH, NEP and SER reduces goal-directed behaviors, dysregulates appetite
and sleep, and induces motor agitation or retardation, difficulties in concentration, and fatigue.
In humans, this state is associated with dysphoria and reduced positive emotions, and pro-
motes suicidal thoughts (the ultimate ‘withdraw’ response). Thus, T*MDD explains the defin-
ing symptoms of MDD [4]. Females are more vulnerable than males because their expression
of CRH1 is higher and their KOR signaling is more prolonged.

In addition to MDD, T*MDD explains bipolar disorder. Manic episodes occur when chronic
KOR activation leads to its complete desensitization, allowing the dysregulated NEP and DA
systems to reach a hyperactivated state. This leads to reduced sleep, increased goal-directed
activities, excessively elevated mood, a feeling of omnipotence, and other mania symptoms [3].

The leading treatment of MDD at present is via drugs that increase brain SER levels. Moder-
ate and high SER levels oppose DYN and provide energy, explaining why these drugs suppress
most MDD symptoms. However, SER also opposes CRH and NEP, with general suppression of
novelty-induced responses, including positive ones. This can result in an unpleasant emotional
state. In addition, high SER levels can induce motor and mental agitation. T*MDD points to
the KOR pathway as a promising treatment direction.

Stress Responses and MDD
Organisms can be in a state of satiety with no needs or threats, or in a stress state where
these are present. Stressful events trigger internal body responses collectively known as stress
responses, whose goal is to recruit resources (e.g., glucose, oxygen) that allow the organism
to deal with the event. Stressful events can involve both threats (e.g., predators) and need-
satisfying opportunities (e.g., food, sex).

There are two major stress response systems, the sympathetic nervous system (SNS) and
the hypothalamus-pituitary-adrenal (HPA) axis. At stress onset, external surprises trigger
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an alert conveyed by high frequency neural firing in sensory input paths. This alert recruits
the SNS, which provides immediate energy via glycogenolysis and elevated blood glucose and
heart rate. It also enhances sensory inputs (e.g., by increasing pupil diameter). In parallel,
sensory input induces the release of CRH, mainly from neurons in the central nucleus of the
amygdala (CeA) and the paraventricular hypothalamus (PVH). CRH stimulates the HPA axis,
acting on CRH1 receptors in the pituitary to induce the release of ACTH, which in turn induces
the secretion of glucocorticoids (cortisol in humans) from the adrenal gland [5]. Within minutes,
cortisol increases blood glucose and promotes food intake. CRH also sustains the recruitment
of the SNS, and recruits its brain counterpart, NEP from the locus coeruleus (LC).

MDD is known to be triggered by life events involving strong stress [6]. In some people,
MDD can be triggered by mild stress. However, this type of susceptibility is usually associated
with early life or parental stress, and can be attributed to stress-induced epigenetic or genetic
adaptations [6, 7]. Thus, stress is the underlying cause of MDD in virtually all cases.

In accordance with chronic stress, MDD patients show chronically dysregulated (mainly
elevated) SNS and HPA axis activity [8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. However, stress
is involved in many, probably most, psychiatric disorders [18]. Thus, although depression is
triggered by stress, stress responses alone do not explain the unique characteristics of MDD.

A Theory of Opioids and Survival Responses
A central thesis of T*MDD is that the occurrence of MDD is related to the concrete actions
that the person takes to deal with stress, rather than to general stress responses. Specifically,
T*MDD posits that MDD is due to the chronic execution of the ‘disengage’ survival response.

A major contribution of the present paper is a theory of opioids (T*OPS) that connects
survival responses with opioids (OPs), allowing a mechanistic understanding of MDD. In prin-
ciple, T*MDD only requires a theory of DYN function. However, presenting the full theory of
OPs strengthens the case for both DYN function and its effect in MDD.

Survival responses. Animals have a repertoire of innate survival responses, the main ones
being charge (prey or sex), fight, flight, chase, and disengage (withdraw, give up). These
responses promote survival of the individual or the species. Stress responses are body internal,
and their main function is metabolic, while survival responses involve external actions. Note
that both stress and survival responses respond to both rewarding and aversive stimuli [19].

The disengage response is crucial for survival in confrontations with a strong adversary.
Some animals have a ‘faint’ response, which is a variant of disengage. Another variant is
freezing without muscle flexing and with reduced heart rate. Freezing with muscle flexing and
increased heart rate accompanies the SNS response to an initial surprise, and is not one of the
survival responses strategies.

Opioid signaling. Survival responses are crucial to the animal and to its species, so it is reason-
able to expect that there would be molecular agents that have evolved to support each specific
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survival response. According to T*OPS, opioids are the major agents mediating survival
responses.

There are four well-known OPs, beta-endorphin (BEND), enkephalin (ENK), nociceptin
(NOCP), and dynorphin (DYN). These signal via the G protein-coupled receptors (GPCRs) mu
opioid receptor (MOR), delta opioid receptor (DOR), NOCP receptor (NOCPR, also known as
nociceptin/orphanin FQ receptor and opioid receptor like 1, ORL1), and kappa opioid receptor
(KOR), respectively [20].

Endomorphin1 (EM1) and endomorphin2 (EM2) have received less research attention than
the other OPs, but are probably just as important (see below). Like BEND, they are MOR
ligands, but may act on different alternatively spliced MOR subtypes [21, 22].

The opioid receptors (OPRs) are usually described as coupled to Gi/o proteins, with in-
hibitory actions on their cells via suppression of cAMP production, and activation of G protein-
coupled inwardly-rectifying potassium channels (GIRKs) [20]. A lesser-known fact is that
OPRs also couple to Gs, which has opposite effect on cells, exciting them by decreasing potas-
sium currents and activating adenylate cyclase (AC) isoforms [23, 24, 20]. Low (nanomo-
lar) and high (micromolar) agonist concentrations activate Gs and Gi/o binding, respectively
[23, 25].

Once bound to their ligand, OPRs undergo phosphorylation (mainly by G protein receptor
kinases (GRKs)), which allows binding by beta-arrestin and endocytosis. Endocytosed recep-
tors can be degraded or recycled to the plasma membrane. Importantly, they can also yield
prolonged signaling in intracellular compartments (mainly endosomes) [26].

In light of these data, T*OPS uses the following description of OPR signaling, which is more
accurate than labeling it as ‘inhibitory’. OPRs suppress phasic cellular responses to novel
extracellular inputs, while allowing continuation of, and quickly suppressing, responses
that have already started. For the first part of this description, new extracellular responses are
suppressed by suppressing AC and thus cAMP production and PKA. OPR binding to Gs can
activate AC isoforms, but these isoforms are linked to PKC [27], which is associated with the
release of calcium from intracellular stores, less with responses to acute extracellular inputs.
For the second part of this description, OPRs oppose (via Gs) or slow down (via Gi/o) outward
potassium currents. This does not rapidly hyperpolarize the cell, but keeps it depolarized (i.e.,
allows on-going activity). Thus, OPRs disconnect neurons from new acute inputs, but increase
their on-going activity and intrinsic excitability. Eventually, the response is terminated.

Opioid release and signaling. According to T*OPS, each opioid agent is expressed in cells
that act as sensors for the execution of the agent’s survival response. When this condition is
detected, the cell releases the OP in large quantities. Release in smaller quantities can occur
prior to the execution of the survival response, due to brain plasticity. Past events in which the
survival response has been executed enhance synaptic connections from neurons activated by
the sensory context to the OP releasing neurons. As a result, OP-releasing neurons are excited
when the animal is in similar contexts. Thus, past experience teaches the brain to anticipate
survival responses in certain situations, which can lead to low-grade OP release before survival
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response execution.
The OPR activated by the OP agent is expressed in neurons involved in response execution

(we refer to these neurons as the OP’s path). Small ligand concentrations indicate anticipation
of imminent execution, and activate Gs to enhance the path’s excitation and accelerate the re-
sponse. Once execution successfully commences, opioid ligand concentrations are increased,
switching the OPR to Gi/o to ensure response completion. This strongly prevents the path from
being activated by new inputs, while still allowing its on-going activity. This architecture mini-
mizes interference with the execution of survival responses, which are crucial to the animal and
the species.

This is why all OPs have a strong anti-pain effect. Pain is conveyed by sensory neurons to
indicate states that may harm cells, and thus stimulates responses. However, survival responses,
by their very definition, enjoy precedence over other responses. Once they start executing, they
suppress any interference generated by new inputs. Hence, in T*OPS, pain suppression is part
of OP-mediated potentiation of survival responses, not the main physiological role of OPs.

Opioid function. According to T*OPS, each opioid mediates one of the basic survival re-
sponses. Specifically, MOR, DOR, NOCPR, and KOR mediate charge, chase/flight, fight,
and disengage, respectively. As to ligands, BEND may be specific to charge for food (i.e.,
preying), while EM1 and EM2 may be specific to charge for sex.

Since the focus of the present paper is MDD, the description of DYN/KOR below is more
detailed than that of the other OPs.

BEND, endomorphins, MOR. The role of MOR in T*OPS is to support charge survival re-
sponses, for food or for sex. Successful charge for food involves a rapid increase in blood food
metabolites. Indeed, POMC neurons in the arcuate nucleus of the hypothalamus, which are
known sensors of food metabolites in blood, release BEND and increase its CSF concentra-
tions during fat eating [28]. MORs in the basolateral amygdala (BLA) promote vigorous food
approach to predictive cues [29]. Stimulation of nucleus accumbens (NAc) MORs induces ap-
petite for high-fat food, while their antagonism decreases intake of food items containing fat
and sugar [30, 31].

MOR is also clearly involved in sexual behavior. MOR agonists produce sensations similar
to orgasm in people [32], and orgasm in men is accompanied by significant release of an en-
dogenous MOR ligand at the hippocampus [33]. MOR can trigger ejaculation without sensory
stimulation [34], and sexual behavior induces MOR-dependent conditioned place preference
(CPP) [32]. The precise mechanisms through which OP-releasing cells sense successful sexual
climax are not known, but include a rapid increase in estrogen [35].

A major way in which MOR achieves its function is by promoting the action of dopamine.
MOR agonists disinhibit DA neurons, and can also directly induce DA release, in both the
ventral tegmental area (VTA) and the A11 DA group, which innervates the spinal cord and
promotes vigorous movements [36, 37].

T*OPS hypothesizes that BEND’s main role is charge for food (prey), while endomorphins
promote charge for sex. There is some evidence supporting this idea (see also DYN below), but
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more research is needed to validate it.

ENK, DOR. The role of ENK and DOR in T*OPS is to support fast locomotion, in the flight
or chase (predation) survival responses. ENK is widely expressed in non-neuronal tissue, in-
cluding the heart, skeletal muscle, and glia, and is released in response to exercise and hypoxia
[38, 39]. DOR is expressed in the spinal ventral horn, where neurons supporting motor move-
ments are located. It is expressed in inhibitory interneurons (IINs) [40], so its activation disin-
hibits excitatory neurons (motor neurons and interneurons) that drive movement. DOR agonists
promote locomotion and suppress MOR-induced feeding [41, 42]. ENK controls the cortical
release of acetylcholine (ACh) [43]. Since ACh is the agent that drives muscle contraction and
locomotion, this shows that ENK supports locomotion. ENK specifically enhances horizontal
locomotion (running), with no effect of even a negative effect on vertical movements (rearing)
[44, 45, 46]. In the spinal cord dorsal horn, DOR controls mechanical but not thermal pain,
supporting involvement in external movement [47].

It can be argued that although chase and flight responses involve the same motor movements,
they are made in completely different survival contexts and should hence involve different OPs.
This may be the reason why there are two dominant ENK isoforms. However, their specific
support in chase vs flight is not known. ENK is also a MOR agonist, supporting involvement in
chase for food.

NOCP, NOCPR. In T*OPS, the role of NOCP is to support the fight survival response. BNST
NOCP neurons are stimulated by aversive odor [48]. Aversive social confrontations increase
NOCPR mRNA in the amygdala and hypothalamus [49], while NOCP mRNA is decreased
in suicide [50]. NOCP agonists increase aggression [51], and induce scratching and biting
movements [52, 53, 54]. NOCP achieves its function at least partly via substance P [52, 53],
which is known to be involved in aggression [55].

DYN, KOR. DYN is mainly expressed in the central amygdala (CeA), hypothalamus, prefrontal
cortex (PFC), basal ganglia (striatum), hippocampus, and the spinal cord dorsal horn [56]. It is
strongly expressed in neurons whose activity indicates acute needs and effort, including CeA
CRH neurons [57], hypothalamus and pituitary arginine vasopressin (AVP) and oxytocin (OXT)
neurons [58, 59, 60], hypothalamus orexin neurons [61], and striatum principal neurons express-
ing the dopamine D1 receptor [56]. Its release is stimulated by sustained intense neural activity
[62], indicating that prolonged efforts have already been made to address the external challenge
and maybe it is time to give up. Importantly, it has been explicitly shown that DYN (the A
isoform) yields persistent signaling (AC suppression) when most KORs are in late endosomes
and lysosomes [63].

Unlike MOR and DOR, which are mainly expressed in IINs (except in the spinal cord), KOR
has substantial expression in principal neurons, including excitatory projections from CeA to
the locus coeruleus [64, 57], amygdala, thalamus, and contralateral cortical projections to mPFC
[65], and BLA projections to the BNST [66] and the striatum [67]. KOR exerts an especially
strong control over CRH [68], VTA DA [69, 70], and brain NEP [64] neurons, and regulates
dorsal raphe SER neurons [71, 72]. It also controls adrenal medulla epinephrine release [73],
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SNS responses [74], and the HPA axis [75].
Amygdala DYN neurons are activated during fear memory [76], supporting the T*OPS

model. DYN is released in virtually all animal models of chronic or repeated stress, including
social defeat stress, forced swim test, and restraint stress. In these models, the effect of KOR
is clearly that of ‘give up’, manifested as immobility, defeated posture, and decreased social
interaction, heart rate, and blood pressure [77, 78, 74, 79, 80, 81, 82, 83]. The aversive effects of
KOR are learned and remain present after the event, as shown by KOR promotion of conditioned
place aversion (CPA) [84, 85, 86, 80, 68]. KOR effects on midbrain DA are central in its aversive
effects [70, 87], including social avoidance [88]. KOR reduces intracranial self-stimulation,
usually interpreted as reduced motivation, goal-directed behavior, and pleasure [89, 78, 90].
These effects are generally blocked by KOR antagonist given before the event [81, 82] (see [91]
for a highly detailed review).

It is well-known that infralimbic mPFC (ILmPFC) mediates fear extinction, mainly via
amygdala projections [92]. Fear extinction is successful when the animal stops executing sur-
vival responses that involve movements, learning to disengage instead. ILmPFC KORs decrease
restraint stress-induced SNS responses [74], supporting KOR’s involvement in extinction.

DYN use is not limited to negative experience, also participating in positive social survival
responses, namely birth and sex. DYN regulates AVP and OXT, which control stress-induced
fluid management. AVP indicates a need for water, while OXT stimulates fluid secretion during
birth, sex, and maternal behavior [93]. DYN assists reproduction also by cooperating with
MOR. EM2 binds a MOR isoform that induces DYN release [21], and induces conditioned
place aversion [94]. This may be the mechanism behind post-sex aversion to sexual touch.

There are some reports where low KOR agonist doses induce a positive response (CPP, self-
administration) rather than a negative one [95]. Recall that in T*OPS, DYN suppresses new
inputs to DA neurons, but increases their intrinsic excitability [36]. Low dose DYN can thus
induce DA release and positive DA-mediated responses.

In summary, the role of opioids is to mediate the basic survival responses. DYN is released
in situations of high stress, and mediates the disengage (withdraw, give up) survival response.
Mechanistically, it does this by acting on DA, CRH, NEP, and SER neurons, amygdala-PFC
connections, the SNS, and the HPA axis. KOR initially excites neurons, and quickly suppresses
their phasic responses while increasing their intrinsic excitability.

A Theory of Depression and Bipolar Disorder
Now that we understand the role of DYN in survival responses, it is possible to formulate a
theory of MDD. The same theory also explains bipolar disorder and some major aspects of drug
addiction.

Depression. MDD is triggered by stress, mainly due to external social challenges. Stress
stimulates effortful responses. If these responses do not manage to solve the problem, the person
needs to disengage, which is normally mediated by the DYN/KOR pathway. DYN allows people
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to stop treating stressful challenges as requiring action, and lets them go on with their lives.
In some people, the DYN path is weaker than in other people, in the following sense. Gen-

erally, healthy biological responses are of high amplitude and short duration, and non-healthy
ones have a blunted amplitude and a prolonged duration. We refer to such responses as chronic.
The two aspects of chronicity enhance each other in a positive feedback loop. Specifically with
GPCRs, prolonged agonist-induced activation leads to endocytosis and reduced cell surface re-
ceptor expression, decreasing the amplitude of future responses. Reduced response amplitude
diminishes the probability of resolving the problem, leading to prolonged signaling. In the case
of MDD, a weaker DYN path leads to an impaired disengage response.

In people with a tendency towards chronic DYN signaling, unresolved stress and an im-
paired disengage response cause persistent thoughts about the problem (rumination), and chronic
activation of the systems and agents regulated by DYN, including the SNS, NEP, the HPA axis,
DA, SER, AVP and OXT. Since these systems are crucial for recruiting energy and engaging
in goal-directed and pleasurable behavior, these capacities are reduced. In addition, since the
SNS and HPA axis control sleep and food intake, these are dysregulated. This can manifest as
both increased or decreased sleep and appetite, because chronic states involve both increased
excitability and decreased activation amplitude. The subjective experience of this state is what
we call ‘sad’ or ‘depressed’. Since the person keeps viewing the problem as highly stressful
(i.e., requiring action), and since they cannot find a conventional way to resolve the situation,
they tend to suicidal thoughts and attempts. Thus, chronic DYN signaling and the resulting
impaired disengage response can explain all of the symptoms that define MDD [4].

Why are some people predisposed to MDD? MDD risk is greatly increased by stress during
sensitive developmental periods (pregnancy, perinatal, early life, and adolescence) [96, 97, 98],
via epigenetic modifications and/or mutations, which can be heritable [18]. Predisposition to
MDD can involve a very large number of genes. These genes do not have to be directly linked
to DYN or KOR, because chronic DYN signaling can result from anything that diminishes
the person’s capacity of resolving external problems in a reasonable amount of time. Thus, a
weakness in any of the pathways described above (CRH, SNS, HPA, DA, SER, the other OPs,
etc) can increase MDD risk. This explains why depression is so common. However, it is still
exhibited by a minority of humans, because impaired disengage can be seriously harmful to the
survival of the species. Animals in which such a predisposition is very common would perish
during evolution.

Women are about twice as likely to have MDD than men [2]. This can be explained by
higher female sensitivity of stress responses to CRH [99], and by estrogen’s stimulation of
KOR signaling (at least in hypothalamus sex-related neurons) [100]. Estrogen increases KOR
endocytosis and its intracellular signaling [101], thereby instigating a more chronic-like KOR
profile.

Bipolar disorder (BP). BP is characterized by the occurrence of both manic and depressive
episodes [4]. Mania involves abnormally increased goal-directed activity, energy, and self-
confidence, decreased sleep, distractibility, psychomotor agitation, and abnormal risk taking.
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All of these symptoms can be explained by excessive NEP and/or DA signaling. In T*MDD,
depressive episodes involve chronic KOR activity, which leads to chronic NEP and DA activity.
However, chronic KOR activity can lead to its complete desensitization. When this happens,
KOR no longer restrains the phasic activation of NEP and DA. Since KOR mediates one of
the fundamental survival responses, it is a major factor in restraining NEP and DA, and the
disappearance of this factor allows them to signal strongly and persistently.

This account holds when mania is specifically accompanied by depressive episodes, and
does not purport to explain mania in general. Mania can stem from other causes. For example,
mania-like behavior is not uncommon in ADHD [102]. ADHD has a strong comorbidity with
MDD, so it can be argued that all three disorders share a common cause. However, the episodic
nature and age of onset of MDD and BP, as opposed to the continuous manifestation and very
early onset in ADHD, point to different diagnoses [102].

Drug addiction. Any condition that induces chronic DA, NEP and/or CRH can induce DYN
release and trigger MDD, especially in predisposed people. In particular, all addictive drugs
increase the release of these agents, and are indeed associated with higher rates of depression
[103]. Different substances of abuse have different properties, and there are aspects of addiction
that are not directly related to MDD (e.g., their rewarding properties and the plasticity changes
that they induce). However, T*MDD can naturally explain two major aspects of addiction.

First, the dysphoria associated with drugs appears during drug withdrawal, not during drug
use. T*MDD explains this by noting that during withdrawal, cues associated with drug use
excite DA, CRH and NEP neurons, and these release DYN that acts on KORs to yield dyspho-
ria as in MDD. Drug use opposes this process (at least as long as the drug-activated reward
system is not desensitized), and this may be a major factor in craving and relapse. Second,
chronic KOR signaling induces chronic SNS activity, which explains the somatic symptoms of
drug withdrawal (sweating, increased heart and blood pressure, pupil dilation, stomach cramps)
[104].

Evidence
Overwhelming preclinical evidence for the involvement of DYN/KOR in aversion, immobility,
decreased social interaction, and dysregulated DA, CRH, and NEP has been presented above.
Here we provide evidence from MDD and bipolar patients that KOR signaling is chronic in
MDD, and is associated with symptoms. This includes direct evidence, via DYN release, KOR
expression and activation, and the effects of KOR agonists on mood in healthy humans and
patients, and indirect evidence, via chronic activation of the systems regulated by DYN.

DYN/KOR data in patients. A major route through which KOR achieves its MDD effects are
amygdala projections. There is direct evidence for both chronic amygdala DYN and chronic
amygdala excitability. Amygdaloid complex pDYN mRNA is significantly decreased in MDD
and bipolar patients (41-68% and 37-38% respectively) [105]. pDYN mRNA in the amygdala
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nucleus of the periamygdaloid cortex is decreased in MDD [106]. Using PET rCBF data sub-
traction, significantly increased left amygdala (and left dlPFC-mPFC) activity was shown in
active MDD patients, with a trend in remitted patients [107]. MDD patients have an increased
early (300ms) amygdala response to sad faces, showing higher excitability of the negative paths
[108]. The same paper reported a decreased late (600ms) response to happy faces, with in-
creased PFC-amygdala connectivity. One paper using PET reported no amygdala KOR binding
differences, but it did not have sufficient power to detect effects that are not very large [109].

Another major route of KOR effects is PFC, mainly ILmPFC (subgenual cingulate cor-
tex (SgCC) in humans), which mediates extinction and hence disengage. KOR expression in
right ACC, dorsomedial PFC, and insula negatively correlates with symptoms in unmedicated
patients in a depressive episode, indicating chronic KOR activation in threat and stress areas
[110].

Blood KOR levels have been reported to be both lower [111] and higher [112] than control
levels. Lower levels may indicate lower brain levels, and the higher levels were accompanied
by higher serum DYN levels. Both pieces of data support chronic signaling. Gene linkage
association, expression profiling, and network analysis in MDD patients point to KOR [113].

There is high comorbidity of MDD and drug addiction, and strong clinical and preclinical
evidence link DYN to addiction (reviewed in [56, 114]). For example, a significant association
between depression severity and two DYN gene mutations has been found in heroin addicts
[115].

KOR agonists and mood in healthy humans and patients. KOR agonists readily induce
dysphoria in healthy humans [116, 117, 118]. They can also cause perceptual distortions, ner-
vousness, anxiety, depersonalization, confusion, and abnormal thinking [119, 120, 121]. DYN
is the only agent discovered so far that is consistently associated with dysphoria. CRH can in-
duce anxiety, a sense of needing to be prepared for negative future events, but does not induce
depression.

Based on the strong preclinical data, KOR antagonists have been proposed as MDD treat-
ment. Their potential as treatment is not clear (see below), but their beneficial effects in ini-
tial clinical trials with MDD patients provide strong support for T*MDD. A combination of
the KOR antagonist and partial MOR agonist buprenorphine, and the MOR antagonist sami-
dorphan (to offset the MOR action of buprenorphine) helped treatment-resistant patients [122].
Buprenorphine was found to provide a small benefit for depressive symptoms in a systematic re-
view and meta-analysis [123]. The selective KOR antagonist aticaprant significantly increased
ventral striatum activity during reward anticipation and decreased some anhedonia measures
[124]. In a phase II RCT, aticaprant (as adjunctive treatment) significantly decreased depres-
sive symptoms, more so in patients with higher anhedonia [125]. Another selective antagonist,
navicaprant, has also shown benefits in a phase II trial [126].

Adenylate cyclase (AC). The main effect of prolonged Gi/o signaling is suppression of cellular
AC. Indeed, decreased AC activity and cAMP have been repeatedly shown in MDD and bipolar
patients, both in brain [127, 128] and platelets [129]. Depressed suicide victims show decreased

10



brain AC activity [130] and increased Gi2 and decreased Gi3 protein in platelets [131]. This
result may provide direct evidence for increased KOR activity. KOR is expressed in platelets
[132], KOR equally binds Gi2 and Gi3 (in transfected CHO cells) [133], and the only other
significant GPCRs that couple to Gi in platelets are P2Y12, which binds Gi2, and the alpha2
adrenergic receptor, which binds Gz [134].

There is also some genetic data pointing to AC. MDD-associated genes include various AC
isoforms (as well as CRH1 and CRH2) [135], and DNA hypo-methylation of AC9, associated
with decreased expression and increased CRH, has been found in suicide victims [136]. Im-
portantly, AC9 signals from endosomes [137], supporting sustained intracellular signaling of a
Gi/o-bound GPCR.

Relatedly, BDNF, which cooperates with cAMP in early plasticity, is also decreased in
MDD, in brain and serum [138], and is highlighted by genetic analysis [113].

Prefrontal cortex. KOR has a strong effect in PFC, especially SgCC. Increased functional
connectivity between the SgCC and the default-mode network (the brain network engaged in
thinking when not doing anything special) was reported in patients [139]. Moreover, there
was a positive correlation of the effect with the length of the current depressive episode. In-
creased functional connectivity between the SgCC and the insula and amygdala was reported
in depressed adolescents [140]. These results imply chronic SgCC activity (including with the
amygdala) that does not manage to mediate disengage. Using data subtraction with PET re-
gional cerebral blood flow, increased activity was shown in left mPFC and amygdala in active
patients, with a trend in patients in remission [107]. MDD and bipolar patients showed in-
creased amplitude of low-freq fluctuations in resting state fMRI, mainly in the insula and mPFC,
indicating higher spontaneous activity [141]. Remitted MDD patients showed decreased PFC
responses to both pleasant and aversive stimuli [142]. A highly thorough review of fMRI and
PET imaging in MDD concluded that patients show increased activity and decreased volume in
ventral PFC and hippocampus [143]. This review also found hypometabolism in dorsal PFC,
indicating reduced actions.

SNS, brain norepinephrine. As mentioned above, MDD patients show chronic dysregulation
of the SNS [8, 12, 144, 15, 16, 14] and brain NEP [11, 12, 15, 145, 13], mostly involving higher
excitability.

HPA axis, cortisol. MDD patients show higher CRH release, CSF CRH, blunted stimulation of
ACTH by CRH, higher plasma cortisol and ACTH, lower morning cortisol, and decreased GR
receptor (the cortisol receptor) function [9, 10, 11, 12, 145, 13, 17]. These data clearly point to
chronically higher HPA axis activity, with desensitized function.

Dopamine, reward. DA supports vigorous goal-directed movements and reward motivation
[146]. DA function can be assessed via an animal’s DA and/or behavioral response to positive
and negative stimuli. There is strong evidence for decreased phasic DA release and reward-
related learning signals in MDD [142, 147, 148]. A recent systematic review and meta-analysis
found higher DA release in the basal ganglia without synthesis capacity differences, indicating
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chronic activity [149].

Serotonin. The role of SER in MDD seems paradoxical. On one hand, drugs that elevate brain
SER levels oppose many MDD symptoms, at least in the short term [150] (but see [151]). On the
other hand, despite many research efforts, and reports of dysregulation of various components
of the SER system, no serious impairment in brain SER has been consistently identified [152].
Here I explain why this indirectly supports T*MDD.

In T*MDD, SER-based drugs help because medium SER levels generally oppose DYN,
NEP, and CRH [153, 154, 155, 156, 157, 158]. Moreover, since DYN regulates SER, we can
expect SER signaling to be impaired in MDD. However, DYN’s regulation of SER is weaker
than its regulation of other agents (see below), so the impairment is not large. In addition, since
chronic effects involve both increased tonic release and decreased signaling, the effects of a
small-scale chronic impairment are difficult to identify. Moreover, SER is much more abundant
than DYN, so the effect of DYN should be limited to specific neural paths. Thus, the profile of
the reported state of SER in MDD fits a DYN-induced problem.

To better understand the mutual effects of SER, DYN, and other agents, we need to examine
the physiological role of SER, which has been the subject of much debate [159]. In my view,
the main relevant observation is that the vast majority of body SER is present in the gut, where
SER release is stimulated by excessive glucose [160]. In addition, release is stimulated by high
temperature [161]. In turn, SER signaling promotes glucose uptake, and suppresses thermo-
genesis [162]. In other words, SER signaling is activated in situations of excess, and its role
is excess disposal. This stands in sharp contrast to the stress systems relevant to MDD, which
are activated in situations of deficiency (glucose, oxygen, cold). Indeed, SER suppresses fight
and flight survival responses, thereby promoting ‘do nothing’ (i.e., healthy disengage, cover-
ing for impaired DYN signaling) [163]. In fact, DYN has been reported to decrease the SER
transporter [164], implying that DYN may use SER’s ‘do nothing’ function as part of DYN’s
disengage. Thus, SER has a fundamental opposition to deficiency-induced stress, explaining
why SER drugs are beneficial in MDD. However, deficiency-induced stress is more common
in nature than excess-induced stress, and DYN may use SER, explaining why the SER system
is only weakly regulated by DYN and why only weak SER impairment (if at all) is identified
MDD.

Oxytocin. OXT is strongly regulated by KOR. As with other such agents, OXT levels are
mainly reported to be decreased in MDD, with some reports of increased levels with high vari-
ability [165, 166]. One paper reported higher plasma AVP in MDD, probably reflecting its
recruitment by stress responses [166].

Immunity. Cytokines and inflammation are leading recurrent themes in MDD theories [167,
2, 168]. Chronic inflammation should be expected in MDD, since chronic stress yields chronic
immune activation [169]. However, immunity also has a tight connection to DYN, which is
synthesized by immune cells (macrophages, T cells, other cells) following stimulation by CRH
[170]. Indeed, unmedicated MDD patients show significantly higher serum DYN and KOR than
controls, and these are strongly associated with increased levels of the cytokines IL-6 and IL-10

12



[112].

Treatment

Behavioral treatment. MDD involves an impaired behavioral response, occurring when the
disengage survival response is impaired. Thus, the basic treatment for MDD would be to en-
hance the disengage response via behavioral techniques. Cognitive behavioral therapy tech-
niques such as relaxed breathing normalize SNS activity, and emulate the effect of a successful
disengage response. Engaging in actions that are unrelated to the stressful challenge would
make it easier for the brain to disengage, while talking or thinking about the challenge, which
increase chronic DYN signaling, are generally not recommended unless they can lead to con-
crete ways of solving the problem.

Serotonin. As discussed above, T*MDD explains the beneficial effects of SER-based drugs on
MDD symptoms via SER’s inherent opposition to deficiency-induced stress responses. These
beneficial effects come with a painful price, however. SER is associated with a state of satiety,
so its suppresses goal-directed actions (DA) and energy recruitment (NEP, SNS). This is fine
for a few hours after a meal, but chronically elevated SER continuously suppresses motivated
responses to all challenges, including challenges of a positive nature. Thus, it is not surprising
that SSRIs reduce excitement and sex drive and are associated with apathy, emotional blunting,
and a ‘zombie-like’ feeling [171]. In addition, to compensate for its opposition to NEP, high
doses of SER excite muscles and the SNS, yielding SER syndrome symptoms such as motor
agitation and mental confusion [172].

It takes weeks for SSRIs to start producing an effect. This is because initially, SSRIs induce
the activation of SER1 receptors, whose affinity to SER is high and which act as autoreceptors
on SER axons to reduce SER release [173]. After weeks of SSRI treatment, SER1a receptors
are desensitized, and SER levels begin to increase. During the few initial weeks, SER levels
are actually decreased [173], which might explain the higher risk of suicide at this time period
[174]. Indeed, SER depletion significantly decreases pDYN mRNA in several brain areas, in-
dicating increased DYN usage [154]. In many cases, SSRIs stop suppressing MDD symptoms
after a few months. This is probably due to desensitization of the lower affinity SER2 receptors
[175].

A highly controversial aspect of antidepressants is their long-term effect. There are reports
that usage of antidepressants (not only SSRIs) is associated with worse long-term prognosis
[176], leading to a ‘chronification’ of the disorder and higher risk of switching to bipolar dis-
order [177]. This may be due to a long-term desensitization of the SER system. In addition,
because GPCR antagonists increase receptor expression [178], chronic SSRI usage probably
induces supersensitivity of the stress systems suppressed by SER, making the person more vul-
nerable to future stressful events.

Mania. Lithium is highly effective for preventing and treating manic episodes [179], yet it is not
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clear how it achieves this effect. The parsimonious T*MDD account is that lithium suppresses
adenylate cyclase, even at very low doses[180]. This effectively opposes NEP (and CRH1)
signaling, and thus mania.

Quetiapine is effective in treating BP, both mania and depression [179]. It is usually de-
scribed as an atypical antipsychotic drug, a drug class associated with SER receptor antagonism.
However, quetiapine is also a NEP receptor antagonist. In fact, its affinity to the alpha1 adren-
ergic receptor is almost 4 times higher than to the SER2a receptor [181]. Thus, as for lithium,
the T*MDD assumption is that its efficacy in BP stems from its effect on the NEP system.

KOR antagonism. As mentioned above, selective KOR antagonists have shown promising
results in initial RCTs. Such drugs relieve chronic KOR signaling, which should be beneficial in
MDD. However, these drugs also weaken acute KOR signaling by reducing response amplitude.
Since strong KOR signaling is crucial for mediating disengage, and since impaired disengage is
the fundamental issue in MDD, KOR antagonists may also have a detrimental effect. Moreover,
strong KOR blockade might induce mania. Nonetheless, in the longer term, GPCR antagonists
increase cell surface receptor expression, which should improve resilience to future stress. Thus,
it seems that KOR antagonists would be best used during depressive episodes and for a short
time after episode termination, but not later. Naturally, the optimal usage guidelines would
depend on the precise characteristics of each drug.

GRK3 inhibition. An interesting direction is to inhibit GRK3, which is the kinase promot-
ing KOR (and CRH1) endocytosis and intracellular signaling. This would preserve response
amplitude while decreasing its chronic activation. The design of GRK inhibitors (especially
brain-penetrating ones) is challenging, but they might work better than KOR antagonists.

NEP-based drugs. Along with SSRIs, NEP reuptake inhibitors that are also SER or DA re-
uptake inhibitors are used as first line of treatment for MDD [2]. Considering that NEP and
DA have a more direct effect on MDD symptoms than SER, we can expect NEP- and DA-
based drugs to be effective. Indeed, a recent systematic review and meta-analysis found that
stimulants help depressive and fatigue symptoms, and methylphenidate (ritalin) also decreased
symptom severity and increased response rate [182].

Discussion
This paper presented a complete theory of depression and bipolar disorder. The theory is com-
plete in the sense that it explains the etiology, symptoms, pathology and treatment of the disor-
ders, and addresses all of the salient existing evidence. I am not aware of any other complete
theory of MDD or BP.

Besides explaining the desired phenomena and addressing the salient existing evidence, a
good biological theory needs to show biological logic, a property that’s hard to define but easy
to recognize. Biological systems are extremely complicated, involving a very large number
of components. A good theory positions itself inside existing bodies of biological knowledge
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that are related to the explained phenomenon. In the current case, T*MDD makes use of a
novel complete theory of opioids. Strictly speaking, T*MDD does not need to explain the
roles of opioids besides DYN. However, the presentation of T*OPS strengthens the case for
the fundamental role of DYN in stress, its mediation of the disengage survival response, and
the precise mechanisms of its signaling. Thus, T*OPS provides a strong biological logic for
T*MDD.

T*MDD includes a complete theory of emotions, which would have positioned it even more
firmly in the wider biological context. I have opted to discuss emotions elsewhere, because
the subject requires much more space than is available here, and is contentious and would
unnecessarily complicate the presentation.

The main current theories of MDD involve monoamines (SER, NEP, DA), the HPA stress
axis, and cytokines (inflammation) [2, 168]. None of these directions can explain the defining
symptoms of MDD or the salient evidence. Given that people have already taken active steps
for treating MDD using KOR antagonists, an interesting question is why a DYN-based theory
has not been formulated already. This may be due to the dominance of the serotonin direction,
and to the lack of a theory of opioids that positions DYN in the wider biological context. In any
case, this paper makes the case that T*MDD should be the default theory of MDD until some
other better theory emerges, or until the evidence supporting it is so large that it can be viewed
as correct.

T*MDD also explains some of the central aspects of drug addiction. Since other central
aspects are basically understood, the distance to a complete theory of drug addiction is in my
opinion very small. This will be detailed elsewhere.

The evidence supporting T*MDD is overall strong, but more evidence pertaining to the be-
havior of DYN and KOR in MDD patients is called for. Compared to the overwhelming preclin-
ical evidence about DYN and KOR, and to the indirect evidence supporting DYN involvement
in MDD, the direct evidence is smaller.

As discussed in the treatment section, KOR antagonists constitute a promising treatment
direction, but their success is far from assured. GRK3 inhibitors may have higher chances of
success, but are more difficult to design. Discussing this direction in depth is beyond the scope
of this paper. As mentioned above, platelet Gi3 might be a biomarker, but this need to be
verified.

Finally, T*MDD makes a very strong theory prediction: that normalizing DYN secretion
and KOR signaling to be strong and non-chronic would completely resolve the mood symptoms
of MDD, and would improve its somatic symptoms. This would dramatically improve the
quality of life of hundreds of millions of people.

List of Abbreviations
AC: adenylate cyclase. ACh: acetylcholine. ACTH: adrenocorticotropic hormone. ADHD:
attention deficit hyperactivity disorder. BEND: beta-endorphin. BLA: basolateral amygdala.
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BNST: bed nucleus of the stria terminalis. BP: bipolar disorder. cAMP: cyclic adenosine
monophosphate. CeA: central nucleus of the amygdala. CRH (CRH1): corticotropin-releasing
hormone (receptor type 1). CPP: conditioned place preference. CSF: cerebrospinal fluid. DA:
dopamine. DOR: delta opioid receptor. DYN: dynorphin. ENK: enkephalin. Gi/o: a G pro-
tein alpha subunit. GIRK: G protein-coupled inwardly rectifying potassium channel. GPCR:
G protein-coupled receptor. Gs: a G protein alpha subunit that stimulates PKA. HPA: hy-
pothalamus pituitary adrenal (axis). IIN: inhibitory interneuron. ILmPFC: infralimbic medial
prefrontal cortex. KOR: kappa opioid receptor. LC: locus coeruleus. MDD: major depressive
disorder. MOR: mu opioid receptor. mPFC: medial prefrontal cortex. NAc: nucleus accum-
bens. NEP: norepinephrine. NOCP (NOCPR): nociceptin opioid (receptor). OP (OPR): opioid
(receptor). PFC: prefrontal cortex. PKA: protein kinase A. PKC: protein kinase C. POMC:
pro-opiomelanocortin. RCT: randomized controlled trial. SER: serotonin. SgCC: subgenual
cingulate cortex. SNS: sympathetic nervous system. SSRI: selective serotonin reuptake in-
hibitor. T*MDD: the theory of depression presented in this paper. T*OPS: the theory of opioids
presented in this paper. VTA: ventral tegmental area.
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