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NEURAL REGENERATION RESEARCH 

PERSPECTIVE

Ketamine enhances structural 
plasticity in human dopaminergic 
neurons: possible relevance for 
treatment-resistant depression

Depression refers to a series of mental health issues characterized by 
loss of interest and enjoyment in everyday life, low mood and selected 
emotional, cognitive, physical and behavioral symptoms. Depression is 
a common disorder, affecting 5–15% of the general population. When 
diagnosed as major depressive disorder (MDD), patients are currently 
treated with pharmacological agents such as serotonin or noradren-
aline uptake inhibitors (SSRI or SNRI) or tricyclics. Patients that fail 
to respond to two or more antidepressant drugs - at an adequate dose 
for an adequate duration given sequentially – are considered affected 
by “treatment-resistant depression (TRD)”. TRD patients account for 
the 12–28% of the total MDD patients in charge to mental health ser-
vices and are generally eligible to adjunctive pharmacotherapies with 
antipsychotics or lithium, behavioral therapies or electroconvulsive 
treatment (ECT). Unfortunately, several TRD patients display a per-
sistent lack of response to the current adjunctive treatments, resulting 
in a relevant social burden and incurring in high direct medical costs 
to the health care system.

The biological underpinnings of TRD are partially unknown. One 
working hypothesis stipulates the occurrence of defective neuronal 
structural plasticity and adaptive molecular mechanisms in brain cir-
cuits that control emotion, cognition and motivation (Jernigan et al., 
2011; Duman et al., 2016). Converging findings indicate that at least 
two neural circuits are involved: (1) the frontocortical-hippocampal 
system, characterized by pyramidal glutamatergic neurons project-
ing to other cortical and subcortical limbic structures (Duman et al., 
2016); (2) the mesocorticolimbic dopaminergic (DA) system, whose 
DA neurons are located in the ventral mesencephalon and project to 
prefrontal cortex and limbic ventral striatum (Nestler and Carlezon, 
2006; Fawcett et al., 2016). 

Defective functional and structural plasticity in the glutamatergic 
frontocortical and hippocampal circuits has been associated to high 
levels of circulating glucocorticoids and to reduced central levels of 
brain derived neurotrophic factor (BDNF) (Autry et al., 2011; Duman 
et al., 2016). Intriguingly, downregulation of intracellular molecular 
pathways involved in cell growth and survival, i.e., the mammalian 
target of rapamycin (mTOR) pathway, was described in postmor-
tem prefrontal cortex of patients with mood disorders (Jernigan et 
al., 2011). Defective neuronal structural plasticity was also observed 
in frontocortical and hippocampal circuits of rodents after chronic 
stress, phenomenon reversed by repeated electroconvulsive therapy, 
chronic SSRI treatments or, as shown more recently, by acute infusion 
of ketamine (reviewed in Duman et al., 2016). 

In patients with MDD/TRD, low sub-anesthetic doses of ketamine 
administered as single infusion for 45–60 minutes produce rapid 
antidepressant effects within hours (Zarate et al., 2006). The antide-
pressant properties of ketamine persist for several days, up to 2 weeks, 
beyond the duration of the acute psychotomimetic effects and the 
pharmacokinetic exposure. This profile requires neuroadaptation and, 
probably, a transient normalization of structural plasticity in the brain 
circuits involved in emotional, cognitive and motivational control 
(Duman et al., 2016).

To date the mechanism of the persistent antidepressant action of 
ketamine is only partially understood. Preclinical studies suggest that 
ketamine enhances glutamatergic neurotransmission in frontocortical 
and hippocampal pyramidal neurons. Ketamine, acting as non-com-
petitive antagonist at the NR2B subunit of the heteromeric N-meth-
yl-D-aspartate glutamate receptor (NMDAR), may attenuate the local 
gamma-aminobutyric acid (GABA) ergic interneuron activity result-
ing in glutamatergic pyramidal neurons disinhibition (Duman et al., 
2016). The increase of glutamate neurotransmission strongly activates 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors (AMPAR) localized post-synaptically, promoting, among other 
actions, the synthesis and release of BDNF (Autry et al., 2011). BDNF 
is known to drive protein synthesis and growth of dendrites and soma 
of pyramidal neurons in frontocortical and hippocampal circuits by 

binding to tropomyosin receptor kinase B (TrkB) receptors and acti-
vating the downstream mitogen-activated protein kinase kinase (ME-
K)-extracellular regulated protein kinases (ERK) and protein kinase B 
(Akt)-mTOR pathways, involved in cell survival and growth (Autry et 
al., 2011; Duman et al., 2016). This mechanistic interpretation involv-
ing the frontocortical-hippocampal system cannot properly explain 
some core symptoms of MDD/TRD such as anhedonia and lack of 
motivation, critically associated to a dysfunctional mesencephalic 
DA system (Nestler and Carlezon, 2006). In fact, drugs that enhance 
DA system neurotransmission, i.e., nomifensine and bupropion, are 
prescribed as antidepressants, while amphetamine is sometime used 
as a short term adjunctive treatment for TRD (Nestler and Carlezon, 
2006). Therefore it is reasonable to suggest that ketamine may exert its 
antidepressant effects acting also on the mesencephalic DA system.

Recent pharmacological data involving the mesencephalic system 
indicate that the D3 receptor (D3R)-preferential DA agonists prami-
pexole and ropinerole, originally developed as antiparkinsonian drugs, 
produce antidepressant effects (Breuer et al., 2009; Fawcett et al., 
2016). D3Rs are expressed in ventral striatum and in mesencephalon, 
particularly in DA neurons as autoreceptors. In a series of in vitro ex-
periments, using primary cultures of mouse mesencephalic DA neu-
rons and iPSC derived DA neurons, we showed that D3R-preferential 
DA agonists and drugs that stimulate DA release (e.g., amphetamine) 
produce structural plasticity by increasing dendrite arborization and 
soma size via D3R-mediated MEK-ERK and PI3K-Akt-mTOR path-
way activation (Collo et al., 2008, 2018). 

Recently, we investigated the influence of ketamine on DA system 
using a translational in vitro model by paralleling primary cultures 
of mouse mesencephalic DA neurons with cultures of human DA 
neurons differentiated from inducible pluripotent stem cells (iPSCs) 
of healthy volunteers, according to a standardized protocol (Cavalleri 
et al., 2017; Collo et al., 2018). Both humans and mouse cultures con-
tained not only DA neurons but also GABAergic and glutamatergic 
neurons (Cavalleri et al., 2017). Cultures were exposed for 60 minutes 
to concentrations of ketamine similar to those producing antidepres-
sant effects in humans and rodents. The effects on dendrite outgrowth 
and soma size were assessed 3 days after exposure, a time considered 
of relevance in modeling the sustained antidepressant effects of ket-
amine observed in the clinics. 

The use of neurons differentiated from human iPSCs is a relatively 
recent acquisition for investigating the mechanism of action of neu-
roactive drugs (Avior et al., 2016; Cavalleri et al., 2017). Phenotypic 
explorations of neurons differentiated from human iPSCs have been 
increasingly recognized as a translational relevant approach for drug 
discovery in neurologic and psychiatric disorders (Avior et al., 2016; 
Collo et al., 2018). Using this approach, we also showed that ketamine 
produces structural plasticity in DA neurons by activating the PI3K-
Akt-mTORC1 pathways via a BDNF/TrkB-dependent mechanism 
(Cavalleri et al., 2017). Similar effects were produced also by Ro25-
6981, a selective NMDA NR2B subunit blocker. Visualization of 
increased phosphorylated p70S6 kinase in DA neurons indicated the 
recruitment of the mTOR pathway within minutes after ketamine 
exposure and a persistent increase vs. basal values for 60 min. Rapid 
phosphorylation of p70S6 kinase and long term structural plasticity 
were both blocked by the PI3K inhibitor LY294002 and the mTORC1 
inhibitor rapamycin. Immuno-neutralization of BDNF, blockade 
of TrkB receptors and of MEK-ERK pathway likewise prevented 
ketamine-induced structural plasticity, confirming the involvement 
of BDNF/TrkB signaling in the activation of the mTOR also in DA 
neurons. Ketamine effects were abolished by the AMPA receptor 
antagonist NBQX as previously shown in mouse frontocortical and 
hippocampal neurons (Li et al., 2010; Autry et al., 2011). Intriguingly, 
we showed that ketamine-induced neuroplasticity on DA neurons 
required functionally-intact D3R, since its effects were abolished by 
selective D3R antagonist SB277011-A and were absent in primary cul-
tures of DA neurons from D3R knockout mice (Cavalleri et al., 2017). 

We also found that the ketamine metabolite 2R,6R-hydroxynorket-
amine (2R,6R-HNK), known for its longer pharmacokinetic half-life 
in humans, mimicked the structural plasticity effects of ketamine at 
sub-micromolar concentrations (Cavalleri et al., 2017). These data in-
dicate that ketamine and its metabolite 2R,6R-HNK may elicit struc-
tural plasticity in DA neurons via recruitment of AMPAR and mTOR 
signaling in both mouse mesencephalic and human iPSC-derived DA 
neurons. This observation is of relevance for a better understanding of 
the antidepressant mechanism of action of ketamine in vivo.
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Figure 1 Cartoon representing the putative mechanism of action 
of ketamine and the molecular signalings involved in determining 
structural plasticity of dopaminergic neurons in vitro.
NMDAR: N-methyl-D-aspartate glutamate receptor; mTOR: mamma-
lian target of rapamycin; ERK: extracellular regulated protein kinases; 
MEK: mitogen-activated protein kinase kinase; BDNF: brain derived 
neurotrophic factor; TrkB: tropomyosin receptor kinase B; GABA: 
gamma-aminobutyric acid.

The results hereby described could be integrated in one mechanistic 
working hypothesis represented in the cartoon of Figure 1, in line 
with the working hypothesis proposed by Duman et al. (2016) for 
cortical neurons. According to this view, ketamine increases synaptic 
glutamate release by blocking NMDA receptors either on GABA in-
terneurons, reducing their inhibitory input on the glutamatergic neu-
rons, or at the glutamatergic synapsis, affecting the constitutive gluta-
matergic control of the excitatory synaptic drive. This may occur also 
for glutamatergic input on DA neurons. In addition, since NMDA 
receptors are also expressed on DA neurons, ketamine may have a po-
tential direct effect. The “burst” increase of glutamate release induced 
by single infusion of ketamine activates the AMPA postsynaptic 
receptors on DA neurons (Figure 1), resulting in a three-fold effect: 
(1) the increase of translocation of novel AMPA receptors into the 
postsynaptic membrane, producing sensitization; (2) the increase of 
BDNF/TrkB signaling, possibly related to an increase of extracellular 
BDNF levels, and (3) the increase D3R signaling produced by an in-
creased dopamine somato-dendritic release. These three mechanisms 
converge in the downstream activation of the MEK-ERK and Akt-
mTOR pathways to drive the molecular machinery required for struc-
tural plasticity in dendrites and soma of DA neurons. It is tempting to 
use this working hypothesis to predict clinical therapeutic strategies in 
which ketamine and D3-preferring agonists could work synergistically 
to further improve the strength of induced neural plasticity, eventu-
ally prolonging the persistent antidepressant effects of ketamine (see 
also Collo et al., 2018).

Conclusion and summary: In this perspective article we summarized 
recent findings on the mechanism of action of ketamine focusing on 
mouse mesencephalic and human iPSCs-derived DA neurons. These 
results suggest that the prolonged antidepressant effects observed 
after a single infusion of ketamine in TRD patients can be related to 
a transient enhancement of structural plasticity induced by a gluta-
mate “burst” occurring not only in frontal and hippocampal neurons 
but also in mesencephalic DA neurons. The known interconnectivity 
between these 2 circuits suggests a potential crosstalk. Since MDD/
TRD has been associated to defective neural plasticity, the structural 
plasticity induced by these treatments could be interpreted as a po-
tential remediation of an underlying neurobiological mechanism that 
sustains depressive symptoms. Intriguingly, the timing of the in vitro 
plasticity effects seems to be in line with the timing of the antidepres-
sant in vivo effects following a single ketamine infusion. While these 
conclusions await further confirmations, the present data support the 
use of iPSC derived DA neurons as a novel cellular translational model 
for drug discovery. 
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