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Abstract: Opioids are traditionally associated with pain, analgesia and drug abuse. It is now clear, 
however, that the opioids are central players in mood. The implications for mood disorders, particularly 
clinical depression, suggest a paradigm shift from the monoamine neurotransmitters to the opioids either 
alone or in interaction with monoamine neurons. We have a special interest in dynorphin, the last of 
the major endogenous opioids to be isolated and identified. Dynorphin is derived from the Greek word 
for power, dynamis, which hints at the expectation that the neuropeptide held for its discoverers. Yet, 
dynorphin and its opioid receptor subtype, kappa, has always taken a backseat to the endogenous b-endorphin and the 
exogenous morphine that both bind the mu opioid receptor subtype. That may be changing as the dynorphin/ kappa system 
has been shown to have different, often opposite, neurophysiological and behavioral influences. This includes major 
depressive disorder (MDD). Here, we have undertaken a review of dynorphin/ kappa neurobiology as related to behaviors, 
especially MDD. Highlights include the unique features of dynorphin and kappa receptors and the special relation of a 
plant-based agonist of the kappa receptor salvinorin A. In addition to acting as a kappa opioid agonist, we conclude that 
salvinorin A has a complex pharmacologic profile, with potential additional mechanisms of action. Its unique neuro- 
physiological effects make Salvinorina A an ideal candidate for MDD treatment research. 
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INTRODUCTION 

 The most debilitating of the mood disorders is major 
depressive disorder (MDD). The clinical diagnosis of 
depression includes a collection of symptoms such as loss or 
gain of body weight, insomnia or excessive sleep, loss of 
energy, feelings of worthlessness or guilt, diminished 
cognitive function and suicidal thoughts. 

 For decades the monoamine neurotransmitters were at the 
center of MDD preclinical and clinical research. The 
emphasis was justified because drugs that enhanced activities 
of serotonin, norepinephrine and, to a lesser extent, 
dopamine relieved depressive-like behaviors in animal 
models and symptoms of patients. Nonetheless, it became 
clear that the typical and atypical anti-depressant drug 
therapies were relatively ineffective with a significant number 
of people diagnosed with clinical depression or related mood 
disorders. These failures have initiated the search for other 
possible mechanisms and therapies. The opioids have 
become a focus of that search in recent years. 

 Interest in the opioids was peaked by findings of 
differences in features of endogenous opioids between 
depressed and healthy people, and in anti-depressive effects of 
exogenous opioid drugs in animal models. Endogenous  
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opioids and their receptors were discovered in brain regions 
richly supplied by monoamine neurons. These regions were 
related to the expression of mood and cemented the need for 
further research on opioid – MDD relations. 

 Of the three opioid receptor systems, much of the initial 
work targeted the mu (µ) receptor, or µ opioid peptide 
(MOP), system [receptor nomenclature follows] [1]. This is 
the receptor for the most studied endogenous and exogenous 
opioid substances, β-endorphin and morphine, respectively [2, 
3]. Consideration of the delta (δ) receptor (DOP) and kappa 
(κ) opioid receptor (KOP) systems being involved in 
clinical depression is more recent [4, 5]. To note, there is 
another receptor that is sometimes included in discussions of 
the opioids. The homologous nociceptin, also known as 
orphanin FQ, receptor is a non-opioid receptor. Its role in 
opioid neurobiology remains unclear [6, 7]. 

 A literature has emerged to make a case that κ agonists 
induce dysphoria in humans [8] and depressive-like 
behaviors in animal models. One result has been intense 
discussion for the potential of κ antagonists as novel anti-
depressant medications. Our initial foray into this research 
area, however, was as a contrarian. 

 We reported [9] that salvinorin A (Salv A), a plant-derived 
compound, alleviated depressive-like symptoms in an 
animal model. Salv A is purported to be a highly selective 
opioid agonist of the KOP [10]. Rather than dwelling on 
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therapeutic value of Salv A, our lab has turned our attention 
to the KOP and its endogenous ligand, dynorphin. 

 Here, we will review briefly the involvement of the KOP 
and dynorphin in subcortical and cortical brain regions 
responsible for psychopathology, including the symptoms of 
MDD. The inescapable conclusion will be the involvement 
of Dynorphin/ KOP activation in depression and other related 
mood disorders [11]. 

 The final section will raise questions about whether Salv A 
follows the same principles as dynorphin and other synthetic 
agents serving as κ agonists and antagonists. We will make a 
case for Salv A as an atypical κ agonist with complex 
neurophysiological and behavioral influences. The 
complexity of Salv A suggests it could possess  
anti-depressive properties under some conditions. Salv A, we 
believe, deserves a second look as a treatment for 
depression. 

NEUROBIOLOGY OF KOP 

 Introductory descriptions of the opioids in the central 
nervous system (CNS) often leave the impression that the 
three opioids systems are functionally similar [12]. More 
nuanced descriptions reveal significant differences among 
MOP, DOP and KOP. 

 Receptors for the three opioid systems are distributed in 
the brain differently [13]. The results are differential 
influences on neurophysiology and behavior. Activation of 
the KOP system is often found to have CNS effects that are 
opposite to those of DOP and, especially, MOP systems [14]. 
As an example, KOP activation is reported to decrease 
dopamine (DA) release in structures of the mesolimbic 
pathway while endorphin and MOP activation increase DA 
release in those same structures [15]. Opposite effects for 
KOP and MOP also have been reported in animal models for 
feeding, drinking, aggressive behaviors and drug seeking, as 
well as on seizures and body temperature [16]. 

 The range of influences exerted by the KOP system is 
impressive and have been widely observed in animal models 
[17]. The KOP is involved in pain by its peripheral anti-
nociception and centrally mediated analgesia [18-21]. The 
KOP regulates neuronal excitability broadly in the brain to 
influence normal learning, cognition, motor function, 
endocrine release and the experience of reward [22-24]. In 
some situations, KOP activation can be neuroprotective and 
act as anti- itch and anti-inflammatory agents [25, 26]. The 
KOP system also has been implicated in psychopathologies 
of anxiety, schizophrenia, stress and drug abuse in animal 
models [27-29]. Of particular relevance is involvement of 
KOP in MDD in humans [11]. 

Dynorphin and Kappa 

 The KOP system includes dynorphin and its κ opioid 
receptor. As a result, we will hereafter use the designation 
Dyn/KOP for the system unless specifically referring to 
dynorphin vis a vis the κ receptor. 

 Dynorphin is the term for several opioid peptides cleaved 
from the large prodynorphin (PDyn) precursor. The result 

of cleavage is dynorphin A (Dyn A) and dynorphin B (Dyn 
B). The aptly named big dynorphin is a precursor peptide 
cleaved from PDyn consisting of both Dyn A and Dyn B [23, 
30]. Most Dyn A activity is accounted by its derivative, Dyn A1-
13. Other Dyn A derivatives include Dyn A1-11 and Dyn A1-17, 
which yields Dyn A1-8 [4]. All bind the κ opioid receptor 
[31]. 

 Dynorphins are released in the periphery and CNS in 
response to physical pain [32]. But, in animal models, 
dynorphins are also released in stressful situations, in 
situations perceived as unpleasant [33], and in response to 
administration of drugs of abuse [22]. Dyn is released 
by“dual mechanisms.” The first mechanism consists of the 
typical axonal release, and the second of somatodendritic 
release. The former allows Dyn to bind axonal autoreceptors or 
post-synaptic dendritic receptors. Somatodendric release of 
Dyn can bind pre-synaptic receptors as well as axonal 
receptors. Dual release enhances the plasticity and 
complexity of Dyn outcomes [34]. 

 Similarly to other opioid receptors, κ is a G-protein 
coupled metabotropic receptor. Opioid receptors belong to 
the same receptor superfamily as DA, serotonin and 
glutamate that bind ligands and initiate signal transduction 
through the activation of G-proteins [35]. Nonetheless, 
opioids are neuropeptides that have properties unlike 
neurotransmitters. Whereas neurotransmitters undergo 
reuptake into the presynaptic neuron, neuropeptides are 
degraded after release into the synapse. Therefore, opioids 
must be constantly replenished to the releasing neuron. 

 Also, opioids interact with the classical neurotransmitters in 
unique ways. Binding of pre-synaptic κ modulates 
monoamine and glutamate neurotransmission [36]. For 
example, activation of the DYN/ KOP decreases DA levels 
in the nucleus accumbens (NAcc) and suppresses serotonin 
(5-HT) firing rates from the raphe nucleus (raphe n.) [37]. 
Binding of post-synaptic κ typically hyperpolarizes the cell 
membrane, thus inhibiting neuronal excitation [38]. Likely 
mechanism for neuronal excitation include inhibition of 
adenylyl cyclases, suppression of calcium currents, elevated 
intracellular calcium levels, opening of potassium channels 
and allowing potassium to leave the cell [39] and, 
ultimately, the regulation of the mitogen-activated protein 
(MAP) kinase second messenger cascade [4]. 

Distribution of Kappa and Dynorphin 

 The DYN/ KOP system is widely expressed in the 
mammalian brain on numerous neuronal cell types. Both 
Dyn-containing neurons and κ receptors, determined most 
often by RNA expression, are distributed in many brain 
regions [13, 30, 35]. However, both Dyn and κ receptors are 
not necessarily expressed together in the same brain regions. 
Distribution estimates highlight an oddity of the DYN/ KOP 
system. There is a mismatch between Dyn A distribution 
and κ-specific binding sites in certain areas of the brain [39]. 
Prodynorphin (PDyn) mRNA is observed at high levels in the 
central amygdala, various hypothalamic nuclei, olfactory 
tubercles, hippocampus, striatum and NAcc. In addition, 
PDyn-expressing cells are found scattered throughout the 
cortex, including the prefrontal cortex. Dense κ receptors are 
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localized in many structures of the same regions, e.g., 
striatum, NAcc, olfactory tubules, hypothalamus and PFC 
[34]. Regions of overlap are suggestive of local DYN/ KOP 
circuits. 

 On the other hand, κ receptors are concentrated in brain 
regions without evidence of notable Dyn. Specifically, the 
basolateral amygdala, endopiriform nucleus, interpeduncular 
nuclei, stria terminalis and thalamus have concentrations of 
the κ receptor without Dyn [13]. The ventral tegmental area 
(VTA) and raphe n. have minimal Dyn but projection 
neurons have high levels of κ receptors. Regions of the 
hippocampal formation have differential levels of Dyn as 
compared to κ receptors. And, in the amygdala, κ receptors 
are concentrated in the basolateral region (BLA) whereas the 
central nucleus (CeA) contains high levels of Dyn [40]. This 
is intriguing because the typical flow of neural information is 
from BLA projections to the CeA. 

 Some of the discrepancies may be explained by the 
inherent complexity of the DYN/ KOP system, e.g., the 
somatodendritic release of Dyn. Differential expression of 
Dyn and its receptor in the mid-brain VTA and raphe n. can 
be explained by transportation of κ receptors down their DA 
axons and 5-HT axons, respectively. Once transported, they 
serve as autoreceptors to modulate neurotransmitter release. 
The same is implied from the DYN/ KOP differences in the 
amygdala. Stress was reported to increase κ receptors in the 
BLA without affecting the levels of Dyn in the CeA [27]. 
Likely, increases in axonal κ receptors modulated 
neurotransmitter release into the CeA without changing Dyn 
or κ receptors in CeA. Fig. 1 illustrates the interaction of the 
KOP system in the brain. 

 Although there is a disconnect between locations of Dyn 
and its receptor, the κ receptors located in the hippocampus 
are strategically placed to modulate GABA and glutamate 
neuronal activities [34]. These data suggest Dyn action may 
be related to Dyn interactions with other opioid (e.g., µ) or 
nonopioid (e.g., NMDA) receptors [39]. Still, without 
question, discrepancies between the distribution of κ receptor 
binding sites and Dyn immunoreactivity have posed a major 
problem for understanding the functional properties of the 
DYN/KOP system [33]. Before moving to our primary target 
in this paper, the relation of salvinorin A to MDD, the next 
section focuses on the Dyn/KOP system involvement in 
depression. 

DYN/ KOP AND DEPRESSION 

 Keys to understanding the relation of Dyn/ KOP to MDD 
are the connections of the Dyn/ KOP system with the 
endocrine and neurotransmitter systems, especially the 
monoamine and the amino acid transmitters [41]. Dyn/ KOP 
is positioned to modulate overlapping neuronal circuits 
linking midbrain monoamine origins with forebrain limbic 
structures. The interaction of reward, stress and mood are at 
the level of Dyn/KOP signaling [42]. Research on the 
etiology of depression has focused on chronic stress and the 
HPA axis and on changes in neurotransmitter activities that 
modify the experience of pleasure. Notably, Dyn/ KOP is 
intimately associated with each. 

Stress and Dyn/ KOP 

 There are many points in the brain for interaction of 
stress with the Dyn/ KOP system. A starting point is with the 
HPA endocrine axis. Disturbances to homeostasis activate 
synthesis and release of corticotropin releasing hormone 
(CRH) from the paraventricular nucleus of the 
hypothalamus. Entry of CRH into the anterior pituitary 
produces adrenocorticotropin hormone (ACTH) release into 
general circulation, which triggers the adrenal cortex to 
increase corticosterone (CORT) levels in circulation. Of 
particular interest have been hypothalamic CRH neurons that 
project into subcortical areas to terminate on the midbrain 
locus coeruleus (LC) and into the limbic system. Of 
particular importance is the presence of CRH and CORT 
receptors in the hippocampus, the brain structure that has 
direct control of the HPA axis [43]. 

 The interaction of neuropeptides, Dyn, and CRH play a 
special role in the stress response [33]. Along with CRH, 
Dyn is released during acute and chronic stress exposure in 
the hippocampus and NAcc [44, 45,], and κ receptors are 
activated broadly in the brain following exposure to stressful 
stimuli [31]. 

 Mechanisms underlying the interaction of Dyn and CRH 
remain elusive, including which of the two regulates the 
other. However, there are data suggesting exposure to a 
Dyn/KOP agonist suppressed hypothalamic CRH with 
consequent reduction in serum CORT [46]. Stress, and the 
consequent increase in CRH, elevates PDyn expression in 
the NAcc [47]. Finally, the placement of CRH neurons at the 
LC connects the DYN/KOP system to stress and arousal. 
Dynorphin and κ receptors are coexpressed within the LC on 
noradrenergic neurons [48]. 

 Dynorphins are released in multiple brain regions with 
stress exposure. κ receptors are involved in the capacity of 
stress to decrease excitation of glutamate neurons in the 
hippocampal formation. Activation of κ receptors reduces 
granule neuron excitation by inhibiting glutamate release 
from the perforant path fibers, and reduces CA3 pyramidal 
neuronal activity by presynaptic inhibition of the mossy 
fibers [37]. 

 Still, the relation of Dyn/ KOP to stress is observed most 
clearly in the LC [49, 50]. The LC is the primary source of 
norepinephrine (NE) neurons in the brain, and Dyn afferents 
make direct contact with NE neurons in the LC. Moreover, κ 
receptors co-localize with Dyn, CRH and glutamate in axon 
terminals on the LC [51]. Exposure to a stressful stimulus 
induces a sequence of events that engages CRH and Dyn/ 
KOP at the LC [49]. A hypothesis is Dyn/ KOP induces a 
change in NE from tonic to phasic activity [52]. One 
behavioral result is shifting attention to important aspects of 
the environment [53]. 

 Animal behavioral studies bolster the involvement of 
Dyn/KOP in stress. For example, in a stress-paired odorant 
paradigm in which mice normally exhibit aversion, Dyn 
knock out (KO) mice failed to show aversion to the odorant. 
KO mice injected with κ antagonist nor-binaltorphimine 
(nor-BNI) also did not find the odorant aversive [33]. In the 
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anxiety-sensitive Wistar Kyoto rat strain, the animals 
showed less defensive burying after administration of 
DIPPA, a κ antagonist [54]. Other short acting κ antagonists, 
such as LYDMPF and AZMAB attributed to a decrease in 
stress in an elevated plus maze [55].  

 However, not all stressors are equal [56], and, indeed, 
DYN/ KOP appears to play a different role during acute 
stress, sub-chronic stress, and chronic stress [57]. Although 
aversion paradigms show that κ agonists potentiate acute 
stress aversion, this was not the case in a foot shock model 
of stress. Mice exposed to foot shocks over four days had 
fewer escape failures when treated with Dyn A, and pre-
treatment with nor-BNI reversed this effect [58]. Therefore, 
while the Dyn/ KOP may regulate responses to acute stress, 
its function during chronic stress is less established. This has 
special relevance to the chronic mild stress paradigm often 
used as a model of anhedonia in rodents and is associated 
with depression in humans. Chronic stressors are thought to be 
more indicative of the human experience in terms of 
depression. However, many depression paradigms, as we 
will discuss, use acute stressors, such as the forced swim test 
to mimic depression. 

 The role of Dyn/ KOP in stress is also thought to  
be mediated by dopaminergic activity. KO mice with κ 
receptors deleted from DA neurons exhibited reduced 

anxiety in the open field paradigm. These effects were not 
seen in systemic kappa KO mice, which did not differ from 
controls [28]. The authors interpreted these results as 
indicating the role of the Dyn/ KOP in stress and anxiety 
may be closely linked to DA pathways, which leads us into 
our discussion on Dyn/KOP and pleasure. 

Pleasure and Dyn/ KOP 

 Dyn/ KOP is also involved in regulation of monoamine 
release, especially in limbic structures. Of particular 
relevance is DA as both DA and Dyn/ KOP expression are 
highest in regions implicated in the modulation of reward 
and mood [29]. 

 The origins of DA neurons are cell bodies located in the 
substantia nigra and the VTA. The former projects via the 
nigrostriatal dopaminergic pathway in the medial forebrain 
bundle (MFB) to the striatum of the basal ganglia. The 
caudate nucleus and putamen that comprise the striatum are 
involved in motor movement as well as mood [59]. The 
second dopaminergic pathway is the mesolimbic (or 
mesocorticolimbic)DA system. DA cell bodies originate in 
the VTA and their axons leave via the MFB to terminate in 
the NAcc. The mesolimbic pathway continues onward into 
other subcortical structures and to the PFC. 

 

Fig. (1). Depiction of subcortical brain regions and neurotransmitter projections in anhedonia and, presumably depression. DA = dopamine, 5HT = 
serotonin, GABA = gamma aminobutyric acid, Glu = glutamate. 
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 Dyn/ KOP is found in both mesolimbic and nigrostriatal 
dopaminergic pathways [36]. In the dorsal striatum, Dyn/ 
KOP is primarily located on presynaptic dopaminergic, 
GABAergic, and glutamatergic afferents where it inhibits 
neuronal activity and neurotransmitter release [60]. Binding 
of Dyn to these GABAergic neurons increases GABA 
inhibition to dopaminergic neurons in the substantia nigra. 
Dopaminergic cell bodies of substantia nigra become 
hyperpolarized and are less likely to fire.  

 Dyn/ KOP also exerts inhibitory control on DA release in 
the ventral striatum [61]. Here it inhibits the release of 
glutamate and, intriguingly, GABA in the NAcc [62]. Also 
in the NAcc, Dyn/ KOP binding on the presynaptic terminals 
of mesolimbic dopaminergic neurons hyperpolarizes and 
inhibits DA release [4]. Another suggested mechanism is 
that Dyn/ KOP targets the DA transporter (DAT) that 
regulates DA transmission via uptake of released 
neurotransmitter [62].  

 The mesolimbic pathway has special relevance to the 
experience of pleasure and has been dubbed the dopamine 
brain reward system (BRS). That processing of rewards 
depends on an intact mesolimbic dopaminergic pathway is 
well established in animal models [63, 64] and in humans 
[65, 66]. Central to the BRS is the NAcc. 

 Unlike µ agonists, κ agonists do not produce reinforcing 
effects [16], and, indeed, are considered a main anti-BRS 
system agent [7]. Dyn/ KOP may be especially important in 
development of drug abuse. A genetic link suggests the 
association of PDyn and κ receptor polymorphisms with 
opioid dependence in humans [67]. In addition, the Dyn/ 
KOP system altered with exposure to psychostimulants in 
animal models. For example, κ receptor levels in the NAcc are 
also modified with acute or chronic administrations of the 
stimulant drugs [61]. 

 It has been proposed that repeated drug use promotes 
dysregulation of the Dyn/ KOP system underlying behaviors 
observed with addiction [68]. The result is a remarkably high 
recidivism rate after initially successful treatment of drug 
abuse. Preclinical studies indicating that Dyn/ KOP 
antagonists can reverse the attraction to cocaine has led to 
suggestions of the development of new anti-addiction drugs 
based on Dyn/ KOP [69]. 

 Dyn/ KOP also plays an important role in stress – 
induced relapse from drug abuse in recovering patients and 
reinstatement of drug use in animal models of addiction. 
Using KO mice and κ agonists and antagonists, researchers 
have clearly established that dynorphins acting through κ 
receptors encode the effects of stress. The results of stress or 
κ agonists are increases in the risk of drug use and 
reinstatement of extinguished drug preference in lab animals 
[37, 51]. 

 The dopamine BRS system, under partial control by Dyn/ 
KOP, is a central player in drug addiction and in hedonic 
experiences, including depressive and anhedonic symptoms 
occurring after stimulant withdrawal. The anhedonic 
symptoms accompanying psychopathologies such as MDD 
are also under control of the BRS system [70]. A primary 
symptom of depression is anhedonia, the absence of the 

ability to experience pleasure [71]. We now turn attention to 
the literature on Dyn/ KOP relations to depression. 

Depression and Dyn/ KOP 

 Opposite to the effects of other opioid receptor agonists, 
administrations of κ receptor agonists have been reported 
widely to be aversive. In healthy humans, this was recorded 
as anxiety and dysphoria, a milder form of depression [8]. 
Considerable evidence in animal models confirms aversive, 
anxiogenic and depressive-like outcomes with κ agonists and 
the relief from those behaviors with κ antagonists. 

 A sampling of those preclinical data indicates κ receptors 
mediate depressive-like behaviors when Dyn/ KOP activity is 
higher, e.g., under acute stressful conditions [7]. Performance 
of rats in the forced swim test (FST), also known as the 
Porsolt test, is changed in opposite directions after 
administration of a κ agonist or an antagonist [72]. 
Intracerebroventricular (i.c.v.) administration into the NAcc 
of the synthetic κ agonist U-69593 increased immobility, 
while i.c.v. antagonists decreased immobility. The authors 
concluded that the effects of κ antagonists resembled those 
of typical and atypical antidepressants drugs [72]. Various 
other κ antagonists have also decreased immobility in the 
FST: LY25622, GNTI, nor-BNI, and MCL 144B [73, 74]. 

 The FST is a popular paradigm for simulating learned 
helplessness, a symptom of MDD. Immobility is measured in 
the FST under the assumption that high levels of inactivity 
represent a marker of depression. A rodent is dropped into an 
inescapable pool of water and latency and duration of 
immobility are recorded as a behavioral model of “despair.” 
The FST has been criticized for various reasons. The 
procedure uses the same setting to induce “depression” and 
to measure it, i.e., the stressor is applied at the same time as 
the test is performed [9]. Other critiques have focused on 
etiology and face validity of FST. One criticism is the FST 
can also be used as stressor or as a measure of anxiety [75]. In 
addition, the mechanism behind FST depressive symptoms 
and its relationship to the Dyn/KOR system is not wholly 
understood. There is evidence for the interplay of interferon 
alpha (INF-alpha) and the opioids in FST induced 
immobility. Treating mice with INF-alpha increased 
immobility in the FST, and this was reversed by treatment 
with naloxone, but not by treatment with nor-BNI [76].  

 Another model of despair, or learned helplessness, used 
to mimic depressive symptomology is a conditioned fear 
avoidance foot shock paradigm. After a series of inescapable 
foot shocks, the animal no longer attempts to free himself 
from his environment. Treatment with 10mg/kg of κ agonist 
U-50488 decreased depressive symptoms of animals exposed 
to foot shock. Treatment with κ antagonist MR22 in 
conjunction with U-50488 increased escape failures [77].  

 Thus the Dyn/KOP system has behavioral implications 
for depressive symptoms in animal models precipitated by 
stress. There is much support, but with some exceptions, for 
κ antagonists to remedy depressive symptoms caused by the 
FST. However, when another stressor, such as chronic foot 
shock, elicits depressive symptoms, κ agonists appear to 
mediate alleviation of learned helplessness. There is also 
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evidence for the role of Dyn/KOP and stress interaction in 
depressed humans. Particularly, humans have greater Pdyn 
mRNA expression in the entorhinal cortex of the 
hippocampal complex than rodents. Output from the 
hippocampus is responsible for inhibition of the HPA axis, 
thus controlling the stress response. A subgroup of depressed 
patients experience hypercotisolemia, which may result from 
HPA inhibition [34].  

 The Dyn/KOP system also plays a role in depressive 
symptoms related to pleasure and anhedonia. Cocaine 
withdrawal in humans is accompanied by a depressive state. 
Animal models experience anhedonia, a marker of depression, 
after cocaine withdrawal. Intracerebralventricular administra- 
tion of the κ antagonist nor-BNI attenuated development of 
cocaine withdrawal-induced anhedonia-like responses. 
However, the effects were limited to nor-BNI exposure prior to 
the regimen that produces anhedonia. Administrations in the 
middle of the regimen were without consequence [47]. Nor-
BNI did not reverse or treat depressive symptoms, but rather 
inhibited the manifestation of anhedonia. A recent study 
used changes in thresholds for intracranial self-stimulation 
(ICSS) as a model of depression induced by cocaine 
withdrawal [78]. Administration of a κ agonist (U-50488) 
raised the ICSS threshold of rats. The authors described  
the need for greater stimulation as consistent with a 
prodepressant effect. Of considerable interest in this 
experiment was the inclusion of females. Males were much 
more sensitive to the agonist than the females, an inclusion 
that is rare in this literature. These data make a strong case to 
consider sex differences in future studies. 

 Behavioral outcomes of cocaine withdrawal studies 
suggest Dyn/KOP is exerting its effect on withdrawal-
induced depression through the BRS with κ agonist 
potentially creating prodepressant effects. The neuro- 
physiological data provide additional evidence for κ agonists 
being unpleasant. κ agonists reduced basal DA release in the 
DA mesolimbic pathways. However, chronic exposure to a κ 
agonist increased K+ stimulated release of extracellular DA, 
allowing an augmented response to stimuli that increase DA 
neurotransmission. Augmented response to mesolimbic 
stimulation may enhance rewarding properties of 
psychostimulants, but can also act to enhance mood. [79]. In 
addition, acute administration of the κ agonist U-69593 
increased hippocampal derived neurotrophic factor (BDNF) 
expression, BDNF levels have been reported to be lower 
with increased depressive symptoms [80]. There is yet to be 
a clear verdict on the role of acute stressors and the BRS in 
depression. However, outcomes may be different in chronic 
stress paradigms of anhedonia, and that initiates our 
discussion of Salvinorin A. 

THE SPECIAL CASE OF SALVINORIN A 

 Salvinorin A (Salv A) is a biologically active ingredient 
of salvia divinorum, a plant in the mint family, with high 
selectivity for the κ opioid receptor [81]. Salv A has gained 
notoriety from people using the drug for its hallucinogenic 
effects but also perhaps for inducing feelings of happiness 
and well being [82, 83]. 

 

 Controlled experiments with human volunteers 
confirmed the dominant effects of Salv A are hallucinogenic. 
Hallucinogenic effects were observed in doses as small as 
4.5µ/kg as well in a relatively large doses of 8mg. No 
adverse physiological effects were reported at any dose, 
although one study reported increase in respiration [84]. 
Despite hallucinogenic outcomes, general self-reports 
described pleasurable effects across doses; although, a study 
by Maqueda and colleagues [85] reported trait anxiety at 
doses of 0.25mg and 0.5mg. No anxiety was associated with 
the higher dose of 1mg. Overall, participants reported 
positive or silly experiences. Lack of hallucinogenic adverse 
effects might be related to the short duration of these effects. 
Hallucinogenic effects peak around 2 min and typically last 
20 min or less [86, 87]. 

 Preclinical findings include that, as with most other 
hallucinogens, lab animals failed to readily self- administer 
Salv A [88]. Indeed, results with animal models suggest that 
the drug reduces activity of DA in the BRS and even is 
aversive [88]. It is puzzling that a compound that leads to 
conditioned place aversion in rodents is self-administered by 
humans [90]. 

 Yet, Salv A has many unique properties and has peaked 
the interest of biomedical researchers. Foremost is its 
selectivity for the κ receptor. It is intriguing as the first 
naturally occurring κ agonist [91]. The lipid-like Salv A 
molecule is a rare non-protein κ agonist and the first non-
nitrogenic hallucinogenic to be identified that does not 
interact directly with the serotonin 5-HT2A receptor [31, 92]. 

 These features have led to calls for development of 
synthetic drugs based on the Salv A scaffold that could be 
useful for treatment of mood disorders, addiction, chronic 
pain [93, 94] and the hallucinations of schizophrenia [95]. 
Nonetheless, much of the work has centered on Salv A as a 
novel approach to the neurobiological underpinnings of 
anxiety and mood disorder, especially MDD. 

 It is notable that a sizeable number of the publications 
indicating Salv A and other κ agonists induce anxious and 
depressive-like behaviors are from the Carlezon laboratory 
[47, 73, 96, 97]. Indeed, studies from the same group accept 
the anti-depressant effects without actually measuring 
behaviors [98, 97]. Probably the most cited paper on Salv A 
is an empirical study with rats by Carlezon and colleagues 
[99]. They administered a range of Salv A dosages from low 
to high (0.125-2.0 mg/ kg I.P.). Results were a dose-
dependent elevation in thresholds for ICSS and increases in 
immobility in the FST, both markers of depressive-like 
behaviors in animal models [98]. At the same time, Salv A 
was reported to suppress DA concentrations in the NAcc, a 
key structure in the dopamine BRS. Subsequent studies from 
the same laboratory [60] used acute and chronic exposure  
to demonstrate that Salv A can similarly modulate 
dopaminergic activities in the nigrostriatal pathway. The 
general conclusion from their studies is Salv A inhibits  
DA in the mesolimbic and nigrostriatal pathways with 
consequences of both anxiogenic and pro-depressant effects.  
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 There are, however, DA findings inconsistent with that 
conclusion. Zhang and collaborators [90] used the high doses 
of Salv A similar to those used by the Carlezon laboratory. 
Results confirmed the decrease of DA in the striatum, but 
they found no change in the NAcc. At the higher dosage, 
Salv A also induced conditioned place aversion and 
decreased locomotor activity. Low Salv A dosages had no 
effect on any of the measures [90].  

 After a series of experiments with rats, Braida and 
colleagues [100, 101] came to two important conclusions. 
First, Salv A (0.1 – 1 mg/ kg) reduced both anxiety-like and 
depressive-like behaviors while increasing extracellular DA in 
the NAcc. Of note, they used the same EPM and FST 
paradigms of the Carlezon research group to generate the 
opposite data and conclusions. Second, the specificity of 
Salv A for the κ receptor was questioned with evidence of 
interactions between DYN/ KOP and the cannabinoid system 
[100]. Thus, it is clear Salv A is modulating DA in the BRS, 
but behavioral results are still uncertain. 

 There are other behavioral data suggesting an opposing 
result to the findings of aversion and depression with Salv A. 
We reported an experiment using chronic exposures to 
moderate dosages (1 mg Salv A/ kg) and found an 
antidepressant effect [9]. The main differences with the 
earlier studies reporting a pro- depressive outcome was the 
use of a chronic mild stress paradigm (CMS) and recovery 
from anhedonia. Rodents typically will prefer a sucrose 
solution over plain water. A reduction of sucrose preference 
during CMS indicates anhedonia, a common symptom in 
MDD. A drug that restores preference for the sweet water 
indicates an anti-depression effect. 

 In our experiment, administration of Salv A reversed 
anhedonia after CMS exposure. Of additional notice is that 
animals exposed to Sal A in the absence CMS did not show 

anhedonic signs of depression [9]. These are similar to 
findings that Sal A (0.3 and 1 mg/kg) also did not alter 
preferences for sweet water [102]. Interestingly, their Salv A 
animals showed a trend toward a faster recovery in a taste 
aversion paradigm. The results of our study are illustrated in 
Fig. 2. 

 We are not the only lab to be puzzled by a dogma that 
has deemed that Salv A or, more generally, κ agonists 
invariably produce depressive-like behaviors in animal 
models [7, 15, 103]. Olianas and colleagues [104] pointed 
out that established medications for treating mood disorders 
are κ agonists! A number of tricyclic anti-depressants 
(TCAs), including amitriptyline, nortriptyline, desipramine 
and imipramine, bind to and activate distinct opioid 
receptors with a preference for the κ receptor. 

 Importantly, the high agonist activity at κ receptors 
occurred with typical TCA levels in the brain. The authors 
proposed that the direct agonist activity at κ receptors 
contribute to the antidepressant actions of TCAs. That this 
effect extends to mianserin indicates that some atypical 
antidepressants also are κ agonists [104]. 

 A recent review by Kivell et al. [93] declined to choose a 
side, concluding, “It is clear from these studies that there are 
no consistent effects for Sal A in its ability to modulate both 
pro- and anti-depressive behaviors.” Instead, more refined 
hypotheses are being entertained. Whether, for instance, Salv 
A promotes the development of pro-depressive or anti-
depressive behaviors may depend on drug administration or 
other procedural variables. 

 A prominent suggestion is that Salv A acutely 
administered can have opposite outcomes to repeated 
administration [94]. For example, Salv A had a biphasic 
effect on the rewarding impact of ICSS for cocaine. The 

. 

Fig. (2). Anhedonia and recovery from anhedonia as measured by relative intake of sucrose flavored water or plain water in groups of rats 
administered either 1mg Salvinorin A/ kg bodyweight or vehicle only. Chronic mild stress (CMS) was induced by different, daily 
manipulations of the environment of the animals, e.g., tilting cages or a strobe light. Figure adapted from Harden et al., 2012. 
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initial response to Salv A exposure was an increased 
threshold for ICSS, whereas a delayed effect was a decrease 
in ICSS threshold, an anti-depressant effect [97].  

 In another experiment [60] with Salv A and sensitivity to 
cocaine, Salv A was administered acutely or chronically to 
rats. Cocaine-induced locomotor activity was measured in 
reference to DA D1 and D2 receptor stimulation. Results 
depended on acute or repeated Salv A exposure. Acute Salv 
A exposure diminished D1 receptor activity, and chronic 
exposure increased D1 activity [60]. Further evidence of 
functional differences with single or repeated Salv A 
administrations came from direct dialysis assays of DA. An 
acute dosage of Salv A decreased extracellular DA without 
influencing DA reuptake in the dorsal striatum of rats. 
Repeated administrations, however, failed to change either 
extracellular levels or reuptake of DA [105]. Listos and 
colleagues [89] proposed the hypothesis that low doses of 
Salv A increases subcortical DA levels, which is reflected in 
an increase in locomotor activity, both suggestive of 
anxiolytic and anti- depressant consequences. High doses 
produce the opposite effect, such as decreases in DA levels 
and locomotor activity accompanied by aversion. Biphasic 
DA activity indicates the role of Salv A in DA signaling and 
may explain the differential antidepressant and prodepressent 
effects during acute and chronic administration. 

 While many of these contradicting effects can be 
explained by the use of different doses and acute versus 
chronic administration, other considerations have emerged. 
For example, the prospect has been raised of “functional 
selectivity” or “biased agonism” whereby different agonists 
acting on the same receptor can have different consequences 
[7, 93]. Salv A may be a prime example. 

 That Salv A may have broader effects than simply 
activating the DYN/ KOP system is suggested in a study of 
P-glycoproteins that serve as transporters in the blood brain 
barrier [41]. Behavioral effects of Salv A were partly a 
function of the presence of competing P-glycoproteins 
substrates. Notably, levels of these proteins show wide 
individual differences in humans. 

 As cited above, Braida et al. [100] had questioned the 
selectivity of Salv A for the κ receptor, suggesting Salv also 
binds the CB1 cannabinoid receptor. This was based on their 
findings that the behavioral effects of Salv A were blocked 
by a κ antagonist but also were blocked by an antagonist of 
CB1. Subsequent research revealed that Salv A does not bind 
CB1 directly [106]. However, it remains likely that Salv A 
indirectly influences the cannabinoid system [89]. 

 Studies of other transmitter systems appear to raise 
additional questions about the kappa specificity of Salv A. 
There is evidence that Salv A is an allosteric modulator of 
the µ opioid receptor [107]. The similarity of binding 
profiles of Salv A and ketamine at κ and NMDA receptors 
suggested a possible interaction with glutamate [53, 107]. 
Salv A interacts with monoamine neurotransmitters at post-
synaptic sites, but also at pre-synaptic sites. As a result, Salv 
A is positioned to inhibit or enhance the release of DA, 5-HT 
or NE differently in different CNS tissues [36]. It is of 
interest that concentrating on Dyn/ KOP in the subcortex 

also may have limited generalizations. Salv binds κ in the 
PFC and, indeed, following systemic injections the highest 
concentration of Salv A in the brain is in the cortex and 
cerebellum [36]. 

 Drilling down further, an in vitro experiment [108] 
suggested that Salv A binds the D2 receptor. Salv A 
stimulated the incorporation of 35[S]GTP-g-S, a marker of 
D2 binding, by 44%. The D2- selective antagonist sulpiride 
completely blocked this effect. The significant conclusion 
was that Salv A has high affinity for the D2 receptor. 
“Considering that salvinorin A has been highlighted to be 
selective for kappa opioid receptors … the present data were 
surprising [109].” 

 Another concern in this literature is the widespread use of 
the synthetic drug nor-BNI, a selective antagonist of DYN/ 
KOP. When administered alone, nor-BNI has been 
demonstrated to serve as an anti-depressive agent while a κ 
agonist administered alone induces depression-like behaviors 
[109]. Use of an antagonist concurrently with Salv A is 
based on the logic that reversal of the effects confirms that 
Salv A is pro-depressive and antagonists are anti-depressive 
[28, 73]. Other researchers eschew Salv A altogether and 
employed only nor-BNI [110]. 

 However, nor-BNI has pharmacodynamics properties 
that make it an uncertain choice. Most notable is the 
remarkably long-lasting influences of nor-BNI. A single 
injection can continue to be effective for weeks [5, 33]. 
Moreover, there are data that question the effectiveness of 
nor-BNI over time. For example, nor-BNI was effective in 
reducing signs of depression in the FST 1 day after drug 
exposure, but not 7 or 14 days post-exposure [80]. 

 A similar problem may be reliance on synthetic κ 
agonists to mimic of the pharmacodynamics of Salv A. 
Evidence used to strengthen the case for dopaminergic 
modulation and pro-depressive effects of Salv A is to cite 
findings with κ agonists such as U-69593, U-50488 or R-
84760. However, there is evidence that the influences of 
Salv A on neural activity and behavior are different from 
synthetic agonists [111]. For example, its potency as a κ 
agonist is cited often, but Salv A is less potent than, at least, 
some synthetic agonists [91]. 

 Failure to appreciate sex differences in response to κ 
agonists, including Salv A, is another pitfall in this literature 
[112]. Males and females are reported to have different 
sensitivity to κ agonists with likely functional sex differences 
[111, 113]. Moreover, sensitivity of females to the drug may 
change with phase of the ovarian hormone cycle [20]. The 
neuroendocrine effects of Salv A, measured by increased 
prolactin release, were more robust in female than in male 
rhesus monkeys [114]. The same research group had earlier 
reported sex differences in the distribution and elimination of 
Salv A in monkeys [115]. Yet, few studies of Salv A have 
included females. 

 Another potential factor contributing to conflicting data 
on depression with Salv A is reliance on the FST paradigm 
[102]. A valid animal model should be reasonably analogous 
to the symptomology of the human disorder. The FST model 
fails to mimic the slow onset of depression and delayed 



κ, Salv A & MDD Current Neuropharmacology, 2016, Vol. 14, No. 2    173 

effectiveness of antidepressant medications. The sex 
differences observed in patients, women being at greater 
risk, also is opposite to that often found in rodents [116, 
117]. The same failure to simulate the sex differences in 
human anxiety can be leveled at the elevated plus maze [118] 
used by many experiments in the DYN/ KOP literature. 

 The chronic mild stress paradigm using anhedonia as the 
measure has superior face validity than the FST [119, 120]. 
We believe the CMS paradigm is superior to the FST and 
other paradigms because the gradual onset of anhedonia and 
its gradual recovery with anti-depressant medications more 
closely simulates human conditions [71]. Notably, CMS and 
anhedonia were used in our study with Salv A [9] that 
reached a conclusion opposite to that of some studies based 
on FST findings. 

CONCLUSIONS 

 Our conclusion is to follow the lead of authors who find 
it best not to choose a side at this point on the pro- or anti-
depressive features of Salv A. We acknowledge the solid 
evidence for Dyn and activation of the κ receptor that 
suggests consequences of anxious and depressive behaviors 
in animal models. Our contention is that the jury is 
undecided on the neural and behavioral functions of Salv A. 
It is clear that differences exist between different doses of 
Salv A, and acute and chronic effects show biphasic 
behavioral and neurophysiological outcomes. More studies 
should examine these biphasic relationships in a chronic 
stress model of depression using both Salv A and other κ 
agonists. Future research on Salv A in human subjects 
should include measures of prodepressive effects. More 
importantly describing Salv A simply as a potent, selective κ 
agonist that will follow the principles of other agonists gives 
short-shrift to the complexity of the biological influences of 
Salv A, and, indeed, to the complexity of the Dyn/ KOP 
system.  
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