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Introduction
Major depressive disorder (MDD) is a severe 

and chronic condition affecting 350 million subjects 
worldwide with 1 million subjects committing suicide 
every year (World Health Organization 2008). MDD is 
prevailing in wealthy countries including Italy, where 
lifetime prevalence was estimated at 9.9% (Bromet 
et al. 2011). Diagnosis is defined by fulfilling at least 
five of the nine criteria described in the Diagnostic 
and statistical manual of mental disorders (DMS-5; 
American Psychiatric Association 2013). Symptoms 
should be present for at least 2 consecutive weeks and 
should “represent a change from previous functioning”. 
Moreover, the presence of “depressed mood” or “loss 
of interest or pleasure“ (criteria 1 and 2, respectively) 
is mandatory for the diagnosis of MDD (DSM-5; 
American Psychiatric Association 2013). A wide array 
of treatment options are currently available for MDD, 
spanning from pharmacotherapy and psychotherapy to 
their combination, as well as electroconvulsive therapy 
(ECT) and transcranial magnetic stimulation (TMS). 

Despite all these therapeutic options, only a fraction 
of patients achieves remission (a period of at least 2 
months without significant signs or symptoms of the 
disease) and chronicity of symptoms predisposes to 
treatment resistance. Treatment-resistant depression 
(TRD), defined as the failure of at least two 
antidepressant treatments from two different classes, 
is a major concern for public health (Souery et al 
2006). A great deal of research has been addressed 
to develop new therapeutic strategies based on 
innovative psychopharmacological approaches. In this 
frame, glutamatergic system represents a promising 
target for an effective intervention as long as NMDA 
receptor antagonism has been found to produce fast 
acting antidepressant effects. Ketamine has been 
instrumental in developing this new concept. This drug 
is a non-selective NMDA antagonist with anaesthetic 
(Marland et al. 2013), analgesic (Persson 2013) and 
anticonvulsivant properties (Dorandeu 2013). Despite 
its promising clinical application, ketamine use in 
limited by potentially harmful psychotomimetic effects 
(Krystal et al. 1994, Lahti et al. 1995, Moore et al. 
2011) which are responsible for its recreational use and 
abuse (Morgan et al. 2004, Muetzelfeldt et al. 2008). 
More recently, the potential clinical use of ketamine for 
the treatment of MDD and bipolar depression (BD) has 
been evaluated (Aan Het Rot et al. 2010, Messer et al. 

2010, Blier et al. 2012, Cusin et al. 2012, Krystal et 
al. 2013, Murrough et al. 2013 a,c, Niciu et al. 2013). 
Hereafter we summarize the most recent findings on 
the antidepressant activity of ketamine, together with a 
brief update on the potential mechanism of action. 

Neurobiological substrate of ketamine-
induced antidepressant effects

That at sub-anaesthetic doses ketamine reverses 
depressive symptoms in behavioral tests of depression, 
such as the test of learned helplessness (LH), the forced 
swim test (FST) and the novelty suppressed feeding 
test (NSFT) has been a breakthrough finding (Li et al. 
2010, Autry et al. 2011, Duman and Aghajanian 2012, 
Duman et al. 2012). Moreover, while conventional 
antidepressants require chronic administration to 
improve animal’s performance on these experimental 
models, ketamine effects are rapid and long lasting. That 
being so, a great deal of research has been dedicated to 
understand how ketamine contrasts the neurobiological 
alterations underpinning depression. It is well known 
that depression is associated with altered connectivity 
in brain areas subserving cognitive functions, such as 
prefrontal cortex (PFC) and hippocampus (HC). In 
the PFC, a decrease in the size of pyramidal neurons 
(which represent the main excitatory output from PFC), 
as well a decrease in GABA interneurons and glia were 
observed. Similar morphological abnormalities were 
found in the HC. Neuronal atrophy is associated with 
qualitative and quantitative abnormalities of synapses 
(i.e., decrease in spine density, reduced dendritic 
branching and length, loss of synaptic proteins; Duman 
and Aghajanian 2012, Duman et al. 2012). 

Since the Brain Derived Neurotrophic Factor 
(BDNF) plays a key role in synaptic growth and 
consolidation (Carvalho et al. 2008, Gottmann et 
al. 2009, Greenberg et al. 2009, Cowansage et al. 
2010, Kuczewski et al. 2010, Santos et al. 2010) it 
is not surprising that BDNF signalling is impaired in 
depression, in both humans (Masi and Brovedani 2011) 
and rodents (Chourbaji et al. 2011). The dysregulation 
of BDNF signalling is probably the consequence of 
the stress-induced hyperactivation of the hypotalamus-
pituitary axis (HPA) and of the loss of glucocorticoid 
feedback tipically observed in depressed patients (Naert 
et al. 2011). Importantly, ketamine increases both the 
synthesis and the release of BDNF through different 
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(Diazgranados et al. 2010, Blier et al. 2012, Laje et 
al. 2012, Zarate et al. 2012, Murrough 2013a). Some 
authors suggest that repeated administrations, better 
than a single one, may be needed to obtain stable 
remission (Aan Het Rot et al. 2010, Messer et al. 
2010, , Murrough et al. 2011, 2013c). In trials wherein 
protocols with multiple administrations are adopted, 
ketamine is usually administered at 0.5 mg kg every 
other day until a maximum of 6 infusions along two 
weeks of treatment. In 2011 Glue et al. simulated a 
concentration-time curve for intramuscular (i.m.)  vs i.v 
0.5 mg/kg of ketamine. They showed that i.m ketamine 
is associated with a better pharmacokinetic profile 
with respect to i.v. infusion (peak is higher and faster). 
This result may be explained by the fact that when 
ketamine is administered i.v, a slow infusion procedure 
is used to minimize cardiovascular side effects (Glue 
et al. 2011). However, higher doses of i.m. ketamine 
(0.7-1.0 mg/kg) are required to ameliorate depressive 
symptoms and to obtain remission. One year later Cusin 
et al. confirmed the efficacy of i.m. ketamine in two 
patients with bipolar depression. Interestingly, one of 
the patients had been treated with i.v. ketamine with no 
significant improvement (Cusin et al. 2012). In spite of 
differences of opinion about the route and the number of 
administrations, most of the authors agree that ketamine 
has a rapid and robust antidepressant effect (Zarate 
et al. 2010, Krystal et al. 2013). Clinical response is 
monitored through scales, such as the Montgomery-
Asberg depression rating scale (MADRS; Montgomery 
and Asberg 1979), the Hamilton depression rating scale 
(HAM-D; Hamilton 1960) or the Beck depression 
inventory (BDI; Beck et al. 1961) that are administered 
at baseline as well as at different time points after 
ketamine infusion (usually at 40, 120 and 230 minutes). 
In some cases, patients are followed along weeks or 
months after the end of ketamine treatment or until 
relapse. A clinical response develops shortly after the 
40 minutes infusion. In chronic treatments, depressive 
symptoms are decreased by the first ketamine dose and 
further improvement of the clinical condition usually 
occurs across subsequent infusions. Full remission was 
observed in some patients, even in those with TRD that 
did not even respond to ECT. 

The finding that the antidepressant effect appears 
shortly after ketamine administration suggests a 
potential role for ketamine in the management of 
patients with suicidal intent, especially in cases where a 
rapid intervention is required. Considering the delay in 
response onset observed with the other antidepressants, 
patients prone to suicide are particularly at risk in the 
days or weeks just after antidepressant initiation. This 
makes treatment with ketamine a promising solution 
to overcome this critical interval. In a recent study, 
Murrough et al. (2013c) analysed the differences 
between responders and non-responders to ketamine 
treatment reaching two remarkable conclusions. First, 
distinction between responders and non-responders 
emerges at the 230 minutes time point after ketamine 
treatment: if an improvement is not observed after that 
interval, the patient is unlikely to benefit from ketamine 
treatment and should be switched to other medications. 
A second major finding is that suicidal thoughts are 
reduced also in non-responder subjects (evaluated 
through the MADRS). Therefore, it comes out that 
ketamine could be useful also in those patients in which 
it does not work against other depressive symptoms 
(Murrough et al. 2013c). 

Genetic factors may influence the efficacy of 
ketamine treatment. In 2012 Laye and co-authors 
demonstrated that subjects carrying the val66met single 

pathways. A first mechanism involves ketamine-
induced deactivation of the Ca2+/calmodulin-
dependent protein kinase II (CAMKII), which in turn 
blocks phosphorilation of the eucariotic elongation 
factor II (eEFII) that inhibits BDNF translation (Autry 
et al. 2011). Therefore, administration of ketamine 
produces a net increase of BDNF protein expression. 

It has been widely reported that antidepressants 
positively target neurotrophins signalling and, as such, 
they modulate neuroplasticity (Masi and Brovedani 
2011). In particular, serotonergic antidepressants have 
been found to promote neurogenesis, but repeated 
administrations are required to reach this effect. 
Conversely, a significant increase in BDNF expression 
occurs after a single ketamine administration and, 
most importantly, ketamine also boosts BDNF 
release (Zunszain et al. 2013). The mechanism of 
ketamine-induced BDNF release has been recently 
defined. Briefly, ketamine-mediated antagonism at 
NMDA receptors provokes an increased release of 
glutamate that targets α-Amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors, which 
in turn activate voltage-dependent Ca2+ channels. The 
massive increase of Ca influx facilitates  BDNF release. 
BDNF binding to the tropomyosin receptor kinase B 
(TrkB), the high affinity receptor for neurotrophins, 
induces phosphorilation of both protein kinase B (PKB) 
and extracellular signal regulated kinase (ERK), which 
are responsible for the activation of the mammalian 
target of rapamycin (mTOR). mTOR plays a pivotal 
role in synaptic plasticity, as it controls the expression 
of synaptic proteins involved in neurotransmitter 
release and in synaptic consolidation (Kelleher et al. 
2004). Accordingly, the administration of the mTOR 
inhibitor rapamycin blocks the antidepressant effects 
of ketamine in several behavioral models of depression 
(Li et al. 2010). 

A further putative mechanism of the antidepressant 
action of ketamine involves the neuroinflammatory 
process underpinning neuronal degeneration observed 
during depression (Hurley and Tizabi 2013). Indeed, 
by blocking NMDA receptors ketamine produces an 
inhibition of the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), which controls 
cytokine release (Zunszain et al. 2013). Cytokines (such 
as IL-6 and IL-8) interfere with tryptophan metabolism, 
while leading to the formation of quinolinic acid, a 
molecule with NMDA agonist properties. Interestingly, 
high levels of IL-6 and quinolinic acid have been 
observed in cerebrospinal fluid of suicide attempters 
(Erhardt et al. 2013). 

To summarize, ketamine exhibits antidepressant 
properties in different validated models of depression. 
These effects are mediated by activation of different 
pathways that results in neurogenesis and synaptic 
consolidation.

Clinical evidences on the potential 
antidepressant activity of ketamine

In the last decade several trials have been conducted 
to assess efficacy and safety of ketamine treatment 
with a particular focus on TRD. Moreover, many case 
reports have been published showing beneficial effects 
of ketamine in severely depressed patients. 

In most trials ketamine is administered intravenously 
(i.v) at the dose of 0.5 mg/kg along 40 minutes, vital 
signs and side effects being continuously monitored 
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ketamine half-life is very short, metabolites are likely to 
play a critical role in the development and maintenance 
of the antidepressant response. This issue was recently 
addresses by Zarate and collaborators (2012) on two 
different populations: patients with MDD and BD. The 
authors showed that levels of ketamine demethylation 
are higher in bipolar than in depressed patients, so 
that demethylated metabolites (i.e. norketamine) and 
their hydroxylated derivatives could be involved in the 
clinical response to ketamine in bipolar depression, 
but not in MDD. Unfortunately, only a negative 
correlation between blood levels of HNK4c (one of the 
hydroxylated metabolites of norketamine ) and clinical 
response was found (Zarate et al. 2012).

nucleotide polymorphism were less sensitive to the 
antidepressant effect of ketamine (with the val/met 
genotype being more responsive than the met/met one;  
Laje et al. 2012). Antidepressant activity of ketamine 
has been investigated also in patients with BD where 
depressive episodes alternate with manic ones over the 
course of the disease (Cusin et al. 2012, Zarate et al. 
2012). As for MDD, bipolar patients seem to benefit 
from ketamine treatment during the depressive episode 
and, most importantly, ketamine does not increase the 
risk of affective switch in these patients. In fact, although 
during infusion a transient elevation of the Young Mania 
Rating Scale (YMRS; Young et al. 1978) score has been 
observed, this parameter returned to baseline shortly 
after the end of the infusion (Niciu et al. 2013). Since 

Table 1. Summarizes case reports and clinical studies on the antidepressant effects of ketamine administration. 
Type of study, number of subjects and their diagnosis are reported. Procedure of ketamine administration and major 
outcomes are briefly described. BD: Bipolar Depression; MDD: Major Depressive Disorder; TRD: Treatment-
Resistant Depression. i.v.: intravenous; i.m.: intramuscular. SSI: Scale for Suicidal Ideation; HAM-D: Hamilton 
Depression Rating Scale; MADRS: Montgmomery-Asberg Depression rating Scale; BDI: Beck Depression Inventory

AUTHOR TYPE OF 
STUDY 

SUBJECTS 
(DIAGNOSIS)

PROCEDURE RESULTS 

Blier 2012 Case report N=1 (MDD) Repeated i.v. 
infusions (0.5 mg/
kg)

↓ depressive symptoms (anxiety, 
dysphoria)

Cusin 2012 Case report N=2 (BD) Repeated i.m. 
infusions (50 mg)

Remission (pz A); ↓ suicidal ideation (pz 
B)

DiazGranados

2010

Open label 
trial

N=33 (MDD) Single i.v infusion 
(0.5 mg/kg)

↓ SSI score; ↓HAM-D, MADRS and BDI 
suicide item at 40’ and 230’ post infusion 
(p<0.01)

Glue 2011 Case report N=2 (MDD) Single i.m. 
infusion (0.5 and 
0.7 mg/kg)

↓ MADRS score

Laye 2012 Genetic 
study:Single 
blind / 
double blind 

N=62 (MDD/BD) Single i.v. 
infusion (0.5 mg/
kg)

↓HAM-D score (20% in Met carriers vs 
40 % in Val/Val; p<.007)

Messer 2010 Case report N=2 (MDD) Repeated i.v. 
infusions (pz A: 
day 1-3-5-7-9-11; 
pz B: day 1-7)

↓BDI score 

Murrough 
2011

Case report N=1 (MDD) Repeated i.v 
infusions ( 0.5 
mg/kg; day 1-3-5-
7-9-11)

Remission (89%↓ MADRS score ) 24 h 
after the first infusion 

Murrough 
2013

Double blind 
randomized 
controlled 
trial 
(ketamine vs 
midazolam)

N=73 (MDD) Single i.v. 
infusion (0.5 mg/
kg)

↓ MADRS score (p<.001 vs midazolam)

Murrough 
2013-II

Open label N=24 (TRD) Repeated i.v 
infusions ( 0.5 
mg/kg; day 1-3-5-
7-9-11)

↓ MADRS score at 120’ post infusion 
(p<.001) 

Rot (2010) Open label N=10 (TRD) Repeated i.v 
infusions ( 0.5 
mg/kg; day 1-3-5-
8-10-12)

85% ↓ MADRS score
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were not observed in any patient.
Cognitive defi cits are unlikely to develop when 

ketamine is administered to healthy subjects. However, 
working and episodic memory impairments have been 
described, together with disruption of information 
encoding (Malhotra et al. 1996, Morgan et al. 2004, 
Honey et al. 2005, Morgan and Curran 2006). Long-
term cognitive effects may occur in ketamine abusers, 
in which impairments in episodic memory persist 
even after ketamine cessation (Morgan et al. 2010.). 
Neurotoxicity induced by chronic NMDA antagonism 
could be responsible for the cognitive defi cits observed 
in these patients. More recently, selective impairments 
in memory recall have been described also in depressed 
patients after ketamine treatment (Mourrough et al. 
2013b). 

Even less information is available concerning 
the risk to develop ketamine abuse. Indeed, a few 
studies addressed this issue by measuring craving and 
tolerance (Messer at al. 2010, Blier et al. 2012). Until 
now, no cases of ketamine abuse have been described 
in under treatment patients. Ketamine at subanesthetic 
doses does not seem to induce severe physical harm. 
Transient cardiovascular side effects (hypertension, heart 
rate variation) have been observed in patients during 
infusion, but they were usually mild and did not require 
quitting the treatment (Messer et al. 2010, Aan Het Rot 
et al. 2010). Interestingly, none of patients treated with 
ketamine developed bladder dysfunction, a severe side 
effect of ketamine abuse (Wood et al. 2011).  

Safety and tolerability of ketamine-based 
pharmacotherapy of depression.

While adopting the algorithm of drug harm 
evaluation proposed by David Nutt, ketamine scored 
low to moderate on physical and social harm, as well as 
on risk to develop dependence. However, many authors 
are still skeptical about a wide clinical use of ketamine, 
mainly because of its cognitive and psychotomimetic 
side effects (Nutt et al. 2007). 

Psychotic-like symptoms, including perceptual 
disturbances, dissociation and derealization may occur 
in healthy volunteers with sub-anesthetic doses of 
ketamine (Krystal et al. 1994, Malhotra et al. 1996, 
Krystal et al. 2005, Perry et al. 2007). Therefore, several 
studies dealt with the risk to develop these symptoms 
under ketamine treatment, as measured by scales such as 
the Brief Psychiatric Rating Scale (BPRS; Overall and 
Gorham 1962) and the Positive and Negative Symptoms 
Scale (PANSS; Kay et al. 1987) for psychosis, and the 
Clinician Administered Dissociative Symptoms Scale 
(CADSS; Bremner et al. 1998) for dissociation. In the 
study of Aan Het Rot and collaborators (2010), 3 over 
10 patients had very high CADSS score during infusion, 
whereas BPRS score was only slightly increased; both 
parameters normalized after two hours from treatment. 
Similarly, Mourrough and collaborators (2013) reported 
that 17% of patients experienced dissociative symptoms 
immediately after infusion. However, symptoms resolved 
within two hours postinfusion. Psychotic manifestations 

Figure 1. Ketamine effects at glutammatergic synapses in prefrontal cortex: ketamine antagonizes NMDA receptor 
on gabaergic interneurons, thus blocking gaba-mediated inhibition of glutamate release from pyramidal neurons. 
When glutamate is released, it preferentially binds to AMPA receptor, being NMDA blocked by ketamine. This 
unbalance between AMPA and NMDA signallings results in the activation of AMPA mediated pathways that in turn 
elicits BDNF release as well as mTOR activation, eventually promoting synaptic consolidation 
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Conclusion 
Ketamine is a promising option for the treatment 

of depression, especially for those patients that do not 
respond to both conventional antidepressants and non-
pharmacological treatment. Ketamine acts much faster 
than any other antidepressant drug and this makes it 
useful in patients at risk for suicide, in which a quick 
response is critical. Importantly, response to the first 
ketamine infusion is predictive for the overall efficacy of 
the treatment, so that non-responders may be promptly 
identified and switched to other medications. Although 
mild physical side effects as well as dissociative 
symptoms may appear during infusion, symptoms 
resolve shortly after the end of treatment. In the complex 
mechanism of action of the drug, particular attention has 
been addressed to the increase of BDNF synthesis and 
release caused by a single administration of ketamine, 
as long as BDNF promotes synaptic connectivity, which 
is altered in depression. Interestingly, ketamine may 
also prevent neuroinflammation, which is one of the 
leading cause of neuronal loss. Although some critical 
issues deserve more detailed investigation, ketamine 
represents an innovative and promising approach to the 
pharmacotherapy of MDD.
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