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PR
OOFBackground: Ketamine is one of the oldest hypnotic agents used to provide an anesthetic agent 

with analgesic properties and minimal suppressive effects on respiration. The ability of ketamine 
in modulating glutamatergic (N-methyl D-aspartate) pain receptors has made this anesthetic drug 
a new option for the management of patients with chronic pain syndromes. Further preclinical 
and clinical findings suggest ketamine may have wide ranging effects on both cognition and 
development. Recent advances have revealed an unprecedented role for ketamine in the acute 
management of depression. 

Objectives: The purpose of this review is to integrate a number of basic science, preclinical, 
and clinical studies with the goal of providing insight into the possible signaling events underlying 
ketamine’s biological effects in pain management, depression, cognition and memory, and  
neurodevelopment. 

Study Design: Narrative literature review.

Setting: Health science library.

Methods: A comprehensive literature search was performed for the following MS {sp} subjects 
and keywords (ketamine, anesthesia, pain, analgesia, depression, NMDA receptors) on PubMed, 
Google Scholar, and Medline from 1966 to the present time. The search was then limited to those 
in the English language. The full text of the relevant articles were printed and reviewed by all 
authors.

Results: We provided a comprehensive review of the literature that explored the pharmacologic 
aspects of ketamine from its conception as an anesthetic to its evolution as a drug used for 
treatment of depression and pain. To address the patient response variability observed in clinical 
studies, we have provided possible patient-specific factors that could contribute to outcome 
variability. 

Limitations: Like any review, this study was limited by publication bias and missing information 
on negative studies which were denied publication.

Conclusion: Ketamine, an old anesthetic agent with analgesic properties, is currently being 
considered for treating patients with chronic pain and depression. The complex pharmacological 
characteristics of ketamine make this medication a multifaceted therapeutic option in these cases. 

Key Words: Ketamine, anesthetics, pain, depression, pharmacology
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S ince the synthesis and discovery of its fast-acting 
analgesic properties in the 1960s, compound 
CI581, later known as ketamine, was quickly 

adopted for clinical and military use (1). In 1970, 
wounded soldiers in the Vietnam conflict were the first 
to receive ketamine in a non-experimental, field hospital 
setting. It became a popular analgesic as soldiers could 
quickly and easily administer ketamine to each other 
without the need of medical attention for assistance (2). 
It rapidly took the place of the current pharmacologic 
interventions for pain since the prominent drugs at 
the time, phencyclidine and opiates, carried with them 
serious psychotomimetic effects and addiction liabilities. 
Furthermore, opioid tolerance posed major clinical 
impedance toward managing chronic pain. 

Ketamine, a derivative of phencyclidine, exerts its 
therapeutic effects by reversibly blocking the activity of 
N-methyl-D-aspartate receptors (NRs). NR hyperactivity 
is the underlying mechanism of sensitization to noxious 
stimuli (3,4) and opioid unresponsiveness (5). Given the 
promising therapeutic potential of ketamine during an 
early period of burgeoning interest and need for pain 
management due to military conflict, the primary use 
of ketamine has been its application to anesthesia and 
pain management. Consequently, the historically ac-
cepted purpose and treatment modality of ketamine 
has been to block NRs to elicit analgesia. Today’s clini-
cal uses of ketamine have scarcely wavered from this 
perspective and it is mostly used for anesthesia and for 
perioperative analgesia. However, new research has 
identified numerous cellular and molecular mechanisms 
that highlight the potential for clinical diversification of 
ketamine administration.

A review of the contemporary research has provided 
compelling evidence for a versatile range of biological 
and physiological changes that result from ketamine ex-
posure (6). In addition to the well-established analgesic 
and general anesthetic effects, several preclinical and 
clinical lines of evidence suggest ketamine may also ex-
hibit a fast-acting anti-depressant property and reduced 
suicidality within hours after administration (7-9). In ad-
dition to their involvement with depression, NRs have 
essential roles in synaptic long-term potentiation (LTP) 
and long-term depression (LTD). These processes are 
believed to be critical components of Hebbian learn-
ing paradigms and, therefore, information integration 
and storage. Hence, it is not surprising that ketamine 
is also implicated in modulating learning and cognition 
(10,11). 

In addition, NRs are also dynamic in their pharma-
cology and physiological function. NRs are a subclass 
of the ionotropic glutamate receptor (iGluR) family 
which mediates the majority of excitatory glutamateric 
synaptic transmission in the central nervous system. The 
principal iGluRs at central neuronal synapses are AMPA 
receptors and NRs. NRs assemble as heterotetramers 
composed of 2 obligate glycine-sensitive GluN1 sub-
units and 2 glutamate-sensitive GluN2(A – D) or glycin-
ergic GluN3(A-B) subunits. In addition to this diversity, 
the cytoplasmic tail region of GluN1, which is critical for 
protein interactions and post-translation modifications, 
is organized into several cassettes that are present in 
various combinations depending on pre-mRNA splic-
ing events. A short region in the extracellular region 
(exon 5) is also a site of splicing. These events lead to 
8 distinct functional GluN1 isoforms. Therefore, many 
combinations of NR subunits can be achieved, each with 
potentially distinct cellular and subcellular expression, 
functional, and pharmacological profiles. NRs allow 
Na+/Ca2+ influx into the cell which, in addition to me-
diating the slow component of excitatory postsynaptic 
currents, regulates many signal transduction pathways 
important for cell survival or apoptosis, learning, and 
memory (12). 

A consequence of the NR-mediated rise of intra-
cellular Ca2+ is the downstream regulation of gene ex-
pression. In particular, the change in brain-derived neu-
rotrophic factor (BDNF) expression as a consequence 
of ketamine treatment has been of interest. Early 
preclinical evidence has identified lower BDNF levels in 
animal models of depression that can be elevated by 
antidepressant therapies (13). Like other antidepres-
sant treatments (14), ketamine administration has been 
correlated with an increase in plasma BDNF levels in 
patients with treatment-resistant depression (15,16). 
However, because ketamine targets a different system 
than classical antidepressants (e.g., SSRIs and MAOIs) 
{sp both} there is great potential therapeutic value in 
exploiting the glutamatergic signaling pathways by 
ketamine to modulate BDNF expression in depressed 
patients. 

Because of the complexity of both ketamine and its 
classic target, NRs, the purpose of this review is to sum-
marize the current evidence for a potential clinical use 
of ketamine as a versatile therapeutic agent. We will 
explore molecular mechanisms behind these various 
physiological effects and propose explanations into the 
variability of patient responses to ketamine treatment. 

Nader
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augmented NR-dependent long-term potentiation 
within the spinal cord central pain pathways (24-26). 
Ketamine blockade of NR current may, therefore, at-
tenuate the induction of synaptic plasticity and prevent 
functional changes in central neurons associated with 
the maintenance of chronic pain states. 

Synaptic activity is tightly coupled with regulat-
ing downstream genomic targets that are critical for 
plasticity (27,28). Increased synaptic activity has been 
shown to increase BDNF levels (29). BDNF is known to 
reciprocally increase NR levels and, thus, is a critical fac-
tor in maintaining long-term plasticity. In pathologic 
states, BDNF is a contributor to the development neu-
ropathic pain likely through modulating both spinal 
and supraspinal neural activity (30,31). One effect of 
ketamine infusion in animal models has been augmen-
tation of BDNF protein translation (32). This increased 
BDNF expression, in conjunction with NR antagonism, 
may underlie the mechanisms for the moderate effi-
cacy of ketamine in managing chronic pain (33). 

A major challenge to pain management is the 
tolerance to opioids that develops over time necessi-
tating the development of alternative treatment op-
tions. There has been evidence to suggest bidirectional 
functional coupling between NR activity and opioid 
receptors. In particular, δ-opioid activation in rat dorsal 
horn neurons enhances NR currents in these neurons 
(34). Conversely, this increased NR activity in central 
neurons in vitro has an inhibitory effect on opioid re-
ceptors (35). The ability of ketamine to modulate opi-
oid receptor-mediated analgesia has been reportedly 
demonstrated in human cohorts (36). While opioid-
induced hyperalgesia is antagonized by ketamine co-
administration in humans, definitive evidence for the 
opioid receptor-dependent potentiation of NR activity 
in a human sample is lacking given ketamine’s range of 
off-target effects and no definitive electrophysiologi-
cal evidence (37). Nevertheless, this NR/opioid receptor 
interplay is speculated to underlie the development 
of opioid tolerance in human populations and may 
offer insight into the observed benefit of opioid and 
ketamine co-administration in treating certain pain 
(38,39). Thus, ketamine inhibition of NRs may prevent 
the NR-dependent attenuation of the opioid receptor 
which reduces or delays opioid tolerance (40-42).

In addition to ketamine’s action on NRs, it is 
prudent to consider other relevant off-target sites of 
ketamine action in order to move toward a compre-
hensive understanding of ketamine’s analgesic effect. 

Ketamine in Pain management

First recognized for its anesthetic actions, ket-
amine has been of interest for managing both acute 
and chronic pain. However, ketamine’s psychotropic 
symptoms have restricted its use to cases of severe 
pain. To date, there is no objective method to weigh 
the negative effects of ketamine (psychotropic) against 
those of opiates (respiratory depression, addiction, 
death), non-steroidal anti-inflammatory drugs (gastric 
and renal complications), gapapentinoids (sedation, 
imbalance, falls, mood disturbances, suicidal ideation, 
cognitive impairment, weight gain), local anesthetics 
(cardiac and central nervous system complications), or 
other medications used in the treatment of pain. De-
spite the high prevalence of pain in developed nations, 
the molecular mechanisms underlying pain patho-
physiology are incompletely understood. While opioids 
successfully treat short-term acute pain, the efficacy of 
opioid use for managing long-term chronic pain is less 
clear (17,18). Hence, there is an imminent need for more 
diverse treatment options in the management of pain. 
A review of ketamine’s primary and secondary targets 
may offer new insights into ketamine’s potential uses in 
pain management.

Molecular Mechanisms 
Research into chronic pain has implicated many 

diverse physiological processes including loss of de-
scending pathway inhibition of pain signals, immune 
cell activation in the spinal cord, release of inflamma-
tory cytokines, functional changes in neuronal activity 
(neuroplasticity), and upregulated NR expression and 
phosphorylation (19-23). Ketamine’s analgesic effects 
on chronic pain have been shown to modulate several 
of these pathways. A critical process underlying chronic 
pain pathogenesis is central sensitization (Fig. 1). In con-
trast to peripheral sensitization where plastic changes 
in peripheral neurons result in lower thresholds for neu-
ral activity in response to otherwise non-noxious stimuli 
(allodynia, hyperalgesia), central sensitization involves 
changes in the functional properties of central neurons 
such that the experience of pain is no longer coupled 
with the characteristics of the pain stimulus (presence, 
intensity, duration, and frequency) (4). Because both 
central and peripheral sensitization involve changes in 
synaptic plasticity in central and peripheral neurons, 
respectively, NRs are strongly implicated in these pro-
cesses given their essential role in plasticity (22,24). Con-
sistent with this, central sensitization is associated with 
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Substance P receptors are found in central and periph-
eral nervous systems and are critical for nociception 
by sensing substance P release primarily from afferent 
neuron C-fibers into the spinal cord (43,44). Early work 
found these receptors may be upregulated in a chronic 
pain rodent model, while loss of substance P receptors 
reduces the animal’s pain sensitivity (45,46). Thus, these 
receptors are strongly implicated in the normal and 
pathological pain responses. A study in a recombinant 
system expressing substance P receptors found that 
ketamine inhibits these receptors by reducing their af-
finity for substance P (47). Ketamine reduces substance 
P receptor currents by 6.6 ± 2.0%, 19.3 ± 6.1%, and 37 
± 7.8% at concentrations of 10 µM, 100 µM, and 1 mM, 
respectively, indicating that ketamine’s analgesic effects 
are in part the result of direct inhibition of substance P 
receptors. 

Presynaptic NRs have also been identified to modu-
late the vesicular release of substance P, thereby pro-
viding additional cellular level evidence for ketamine 
activity through the substance P pathways (48). This 
effect in tangent with direct inhibition of both NRs 
and substance P receptors may significantly reduce sub-
stance P receptor-mediated nociception.  

Multiple neuronal circuits are implicated in pain 
physiology. Impaired dopaminergic signaling is hy-
pothesized to contribute to pain and analgesia (49). 
Ketamine has been shown in rodent models to potently 
stimulate D2 dopamine receptors (50,51). In addition, 
ketamine administration resulted in higher levels of do-
pamine (52). Thus, ketamine-dependent potentiation 
of dopamine signaling may contribute to ketamine’s 
analgesia, but additional research will be needed to 
quantify the clinical significance of these findings. 

Early evidence has implicated muscarinic ace-
tylcholine receptors (mAChR) in pain processes (53). 
Interestingly, mAChR agonists have been shown to 
increase pain sensitivity thresholds (54). Functional 
data in recombinant systems show that ketamine in-
hibits mAChRs (55). Although ketamine has a 10 – 20 
fold lower affinity for muscarinic receptors relative to 
NRs, ketamine’s analgesic action may involve direct 
action on acetylcholine receptors (56). Preclinical in 
vivo experiments have demonstrated increased mAChR 
expression after ketamine administration (57). Thus, 
part of ketamine’s analgesic action may involve altered 
expression of the mAChR. Furthermore, a functional 
interaction between mAChRs and NRs via G-protein 
and intracellular Ca2+ signaling has been established. 
Stimulation of mAChRs can either potentiate or depress 

NR activity in CA1 and CA3 regions of the hippocampus, 
respectively (58,59). These region-specific modulations 
of NR activity can have profound impacts on signal in-
tegration and plasticity and, thus, central sensitization. 

Serotonergic signaling from the rostral ventrome-
dial medulla in the brainstem facilitated hypersensitiv-
ity to pain after mechanical injury (60-62) suggesting se-
rotonergic pathways appear to have a pro-nociception 
role. Using a mouse infraorbital nerve chronic constric-
tion model for trigeminal sensitization with genetically 
encoded fluorescent Ca2+ indicators, this descending 
serotonergic pathway from the rostral ventromedial 
medulla facilitated TRPV1-dependent neuropathic (63). 
Interestingly, one of ketamine’s secondary sites of ac-
tion is the inhibition of serotonin receptor 1 and 2 (64). 
Therefore, inhibition of these pro-nociceptive pathways 
may contribute to ketamine’s analgesic properties, but 
remains to be studied in further detail.

Other Clinical Considerations
Ketamine is administered as a racemic mixture of 

S(+) and R(-) enantiomers which is rapidly metabolized 
into norketamine and 6-hydroxy-norketamine enantio-
mers. Norketamine metabolism is extremely slow and 
more stable (65,66). Despite its rapid production and 
slow elimination, the effect of norketamine on physi-
ological processes is less well understood. Preclinical 
in vitro and in vivo animal models have identified that 
norketamine also inhibits NRs in central neurons (67). 
Though a complete characterization of ketamine me-
tabolites is lacking, inclusion of enzyme inhibitors with 
treatment may increase ketamine lifetime, drug safety, 
and therapeutic efficacy (68). In addition, patient renal 
and hepatic health should be taken into consideration 
when determining individual doses. 

Ketamine impacts the physiological processes of 
multiple cell types at various levels with an implication 
in clinical practice. The ability for neurons to communi-
cate (synaptic transmission) is tightly regulated by glial 
activity by controlling glutamate transport, ATP release, 
glial-to-neuron gap junction communication, regula-
tion of cerebral blood flow, glucose transport, structural 
support, and cell volume regulation (69,70). Therefore, 
central processes such as central sensitization require 
glial activity (71,72). The glial requirement in central 
pain processes may involve the release of BDNF to con-
trol neural plasticity (73) and the release of proinflam-
matory cytokines (74,75). Pharmacological modulation 
of glia cells has also been shown to modulate responses 
in pain models (76-78). Given the role for glia activity 
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in these processes, the inclusion of glial inhibitor, L-α-
aminoadipate, in tangent with ketamine to treat pain 
showed additive analgesic actions beyond ketamine or 
L-α-aminoadipate alone (79). L-α-aminoadipate acts by 
inhibiting glial enzymes including the glutamate trans-
porter, GLT-1 (80). GLT-1 confers to astrocytes the role 
of glutamate scavenging in central and peripheral ner-
vous systems. In a spinal nerve ligation model of neuro-
pathic pain, persistent astrocyte activation is observed 
along with a biphasic increase in GLT-1 expression in 
astrocytes followed by downregulation (81). The initial 
GLT-1 upregulation may prevent excess glutamate accu-
mulated from activating NRs and central sensitization 
(82). The subsequent downregulation phase is expected 
to reduce glutamate uptake, contribute to pain, and 
lead to increased pain sensitivity (83). In particular, 
spinal astrocytes play an important role in pain signal-
ing (84,85) and, within the spinal cord, NRs containing 
GluN2B and GluN2D subunits mediate the majority of 
glutamatergic neurotransmission, but the clinical effect 
of ketamine on these signaling components remains to 
be fully elucidated (86). 

Conclusions
The putative mechanisms by which ketamine 

elicits analgesia span a diverse array of physiological 
processes. This diversity inherently provides an advan-
tage over highly specific and targeted pharmacologi-
cal therapies, which can lead to tolerance over time. 
In addition, the many targets of ketamine are directly 
involved in various aspects of pain pathogenesis (e.g., 
NRs and Substance P receptors), but also are implicated 
in multiple layers of regulation of these processes (e.g., 
glial activity and mAChRs). This multimodal mechanism 
of ketamine-elicited analgesia represents an intrinsic 
advantage over other therapeutic options. However, 
more research is warranted to identify and objectively 
weigh the possible side effects that could result from 
this target diversity.

Ketamine as a novel antidePressant

The majority of antidepressant medications used 
today modulate various monoaminergic systems (e.g., 
serotonin and norepinephrine). However, response rate 
appears to have plateaued around 60% and require 
significant time to have observable benefits (87). In ad-
dition, remission rates after first line treatment remain 
as low as 28% (88). Because of these challenges, there is 
a concerted effort to expand treatment options for the 
clinically depressed.

Implication of Glutamatergic Transmission in 
Major Depression

The first recognition of the possible involvement 
of glutamatergic pathways in depression came when 
the NR partial agonist D-cycloserine was shown to 
have antidepressant effects (89,90) implicating NRs 
and glutamatergic synaptic transmission in depression. 
Importantly, differences in NR subunit expression are 
observed in several brain loci in patients with depres-
sion (91) and that chronic administration of antidepres-
sants itself alters NR expression (92-94). Together, these 
findings identify NRs as having a role in depression 
pathophysiology and highlight ketamine as a potential 
therapeutic.

Several landmark studies identified ketamine as 
a potent antidepressant. Patients fulfilling DSM-IV 
criteria for major depression were given either pla-
cebo saline or 0.5 mg/mL ketamine infusion. Significant 
improvement was observed in the ketamine cohort as 
early as 4 hours and was stable for 72 hours (7) to 4 
weeks (95). The most intriguing aspect of these results 
is the stability of the antidepressant response beyond 
the lifetime of the drug, indicating that continuous an-
tagonism of NRs by retaining ketamine cannot explain 
this prolonged effect (96). Therefore, a mechanism of 
molecular plasticity must exist. 

Molecular Mechanisms (Fig. 1)
Research in animal models has been motivated to 

identify precise mechanisms of action in an effort to 
maximize therapeutic potential of modulating gluta-
matergic systems to treat depression (97). It has long 
been recognized that BDNF is a critical component in 
depression pathophysiology (98). BDNF has a neuropro-
tective role by acting on TrkB receptors. These receptors 
are highly expressed in various regions of the central 
nervous system (CNS) including the cerebral cortex, 
hippocampus, thalamus, choroid plexus, and granular 
layer of the cerebellum, brainstem, retina, and the 
spinal cord. TrkB is also coupled to several pro-survival 
pathways: Ras/ERK, PI3K/AKT, and PLC-γ (99). TrkB has 
been found to be down-regulated in patients with 
depression which is thought to reduce the efficacy of 
BDNF action possibly by reduced PI3K/AKT-mediated 
inhibition of GSK3 which was found to be necessary for 
ketamine’s antidepressant action and reviewed else-
where (100-102). BDNF levels are also often reduced in 
depressed patients and responders to antidepressant 
effects of ketamine also showed increased BDNF serum 
concentrations (15). 
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Autry and colleagues (32) demonstrated that 
homozygous inducible BDNF-knockout mice were in-
sensitive to the antidepressant effects of ketamine as 
measured by the forced swim test, a test that is highly 
predictive of monoaminergic antidepressant (tricyclics, 
SSRI, MAOI, atypical) efficacy. This suggests that BDNF 
is required for the antidepressant action of ketamine. 
This same study offered insight into the critical question 
of whether the ketamine-mediated increase in BDNF 
protein is due to upregulated transcription of BDNF 
mRNA or translation of BDNF protein. Single ketamine 
infusions (3 mg/kg) were given to mice pretreated 
with intraperitoneal injection of either the protein 
synthesis inhibitor anisomycin or the transcription RNA 
polymerase inhibitor actinomycin D. Only anisomycin-
treated mice were resistant to the antidepressant ef-
fects of ketamine. These results have suggested that 
the therapeutic increases in BDNF expression associated 

with ketamine treatment are dependent upon BDNF 
translation, not transcription. A role for transcription 
cannot be completely ruled out, however, because the 
pharmacological inhibitors used have an 80% efficacy. 
Additionally, other studies have identified changes in 
BDNF mRNA upon ketamine treatment (103). 

Nevertheless, this raises a paradoxical concern: 
NR-mediated changes in downstream signaling, such as 
protein translation, are thought to require Ca2+ influx 
via NR activation to activate these processes. How can 
blocking NRs with ketamine stimulate BDNF protein 
synthesis? NR components of miniature excitatory 
postsynaptic currents were probed in vitro to seek out 
an answer to this question, showing that ketamine di-
minished NR spontaneous synaptic activity in a resting 
neuron (without evoked action potentials) in a dose-
dependent manner (1 μM – 50 μM) (32). Picrotoxin, a 
GABA receptor blocker used to increase synaptic gluta-

Fig. 1. Illustration of  ketamine’s mechanism of  action.

{Unable to read most of  this 
figure}
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mate release and, thus, synaptic activity, did not have 
any effect on antidepressant behavior when co-applied 
with ketamine. These results suggest antidepressant 
effects of ketamine act on resting neurons. Separately, 
it was found that ketamine results in removal of the 
inhibitory phosphate on the ribosomal catalytic factor, 
eEF2, allowing it to function and enhance protein syn-
thesis. Consistent with this, other NR blockers, MK-801 
or AP5, augment protein synthesis by enhancing eEF2 
dephosphorylation (104). Therefore, it is clear that ket-
amine enhances BDNF protein translation.

Role of Magnesium in Ketamine 
Pharmacology

Ketamine acts by blocking NRs in a voltage-de-
pendent manner. The ketamine binding site is located 
within the pore such that the NR must be open in order 
for ketamine to gain access to this site. This open-
channel blockade results in use-dependent inhibition 
of NRs. Importantly, ketamine’s binding site overlaps 
with the Mg2+ binding site within the pore at the N-
site asparagine on the M2 re-entrant loop within the 
membrane field (105,106). Therefore, competition with 
physiological Mg2+, which constitutively blocks NRs at 
resting membrane potentials (107,108), is expected 
to impact ketamine pharmacology. However, many 
preclinical and in vitro experiments have only studied 
ketamine in Mg2+-free conditions. When ketamine 
block was studied under physiological Mg2+ (1 mM), 
it revealed that Mg2+ enhances ketamine selectivity 
of GluN2C- and GluN2D containing NRs by shifting the 
affinity for ketamine to be higher than GluN2A and 
GluN2B receptors (109). Also, Mg2+ competes less effec-
tively with ketamine in GluN2C and GluN2D receptors.

These findings have several implications. Firstly, 
NR subunits are spatiotemporally regulated in their ex-
pression throughout development. Animal models has 
revealed that only GluN2B and GluN2D subunits are ex-
pressed in embryonic rodents. Following birth, GluN2A 
expression gradually rises and becomes the dominant 
subunit in adulthood with high immunoreactivity in 
cortical, olfactory, hippocampal, and cerebellar regions. 
GluN2B expression peaks between postnatal day 7 to 
10 and becomes gradually restricted to similar regions 
such as GluN2A with the exception of the cerebellar 
region. GluN2C is not expressed until postnatal day 7 
and is localized in the cerebellar and olfactory areas. 
At all stages, GluN2D is restricted exclusively to the 
diencephalon and brainstem. This high expression of 
GluN2D rapidly diminishes into adulthood (110). There-

fore, certain central nervous system regions may be 
more affected by the effects of ketamine than others at 
any given stage of development. Secondly, brain Mg2+ 
levels are significantly lower in treatment-resistant 
depressed patients (111). Thus, patient-specific fluctua-
tions in extracellular Mg2+ may significantly impact the 
potency of the administered dose and may, potentially, 
affect treatment response. 

Other Clinical Considerations
While clinical and preclinical studies have suggested 

that brain-derived neurotrophic factor is essential for 
appropriate antidepressant response, any given cohort 
receiving ketamine has responders and non-responders 
(15,16). No research has been successful in determining 
the factors that may influence the variability. Several 
possibilities include a common polymorphism in BDNF, 
Val66Met (rs6265), which is relatively prevalent (65% 
Val66Val to 35% Val66Met in the Caucasian popula-
tion). Mice carrying the Met allele that had reduced 
hippocampal volumes displayed more depressive be-
haviors (112). Homozygous mice with the Met allele 
showed no recovery from depressive behaviors when 
treated with ketamine (113). Other BDNF polymor-
phisms (rs11030101 and rs10835210) occur more fre-
quently in depressed patients (114) and influence the 
efficacy of standard electroconvulsive therapy (115). 
Taken together, more research is needed to validate a 
role of individual genetic variations in response to the 
BDNF modulatory role of ketamine and the correlated 
clinical outcomes. 

In addition to genetic variations, epigenetic varia-
tions may also complicate the effects of treatment. 
BDNF gene expression is spatiotemporally regulated 
by specific promoter regions that are neural activity-
dependent (116,117). These promoters contain or are in 
proximity to CpG island sites of DNA methylation, which 
remodel chromatin structure to alter gene expression. 
While aberrant BDNF gene expression occurs in major 
depression, dysregulation of DNA methylation has also 
been implicated in depression and is directly affected 
by antidepressant treatment (118). It still needs to be 
investigated whether ketamine specifically influences 
BDNF epigenetics.

It has recently been shown that the ketamine 
metabolite, hydroxynorketamine, was essential for me-
diating ketamine’s antidepressant effect in a mouse be-
havioral model. Importantly, this metabolite was found 
to be sufficient to elicit an antidepressant response 
and exhibited minimal adverse side effects (119). How-
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ever, hydroxynorketamine itself did not inhibit NRs; 
rather, in vivo electrophysiological evidence showed 
this metabolite produced a sustained potentiation 
of synaptic AMPA receptor responses in hippocampal 
neurons through upregulation of AMPA receptors at 
synapses which persisted even after the compound was 
removed.  Akin to synaptic long-term potentiation, the 
increase AMPA receptor density leads to stronger depo-
larization of the membrane and greater activation of 
L-type calcium channels to potentiate the intracellular
Ca2+ signal during synaptic transmission. This stronger
signal facilitates the release of BDNF and contributes to
a more effective antidepressant response (120).

Conclusions
Ketamine’s modulation of glutamatergic signaling 

extends beyond direct inhibition of NRs and includes 
regulation of AMPA receptors. This multitiered mecha-
nism can yield a more controllable outcome over other 
current antidepressant drugs in use. Because several 
unique pathways with various points of crosstalk are 
involved in depression, administration of additional 
agents with ketamine may improve the desired out-
come. For example, administration of GSK3 inhibitor, 
Li+, has been shown to boost ketamine antidepressant 
efficacy despite WNT signaling pathways not being a 
direct target of ketamine (102). Further investigation 
is needed to explore whether such experimental or 
clinical control over which pathways may be targeted 
by ketamine can significantly improve the ketamine 
response or minimize undesired side effects that may 
arise from the large array of ketamine targets. This 
represents a possible substantial advantage over SSRIs 
which have a 20 – 1500 fold selective affinity for se-
rotonin transporters over other targets (121) and over 
gabapentin which primarily targets the α2δ subunit of 
presynaptic voltage-gated calcium channels. This reduc-
es Ca2+-induced vesicular release of neurotransmitter 
(e.g., glutamate and substance P) to reduce sensitiza-
tion, yet because the diversity of neurotransmitter re-
lease is controlled by this signaling node, voltage-gated 
Ca2+ channels, targeted or controlled therapeutics are 
more difficult. In contrast, tricyclic antidepressants, 
which have a broader pharmacological profile much 
like ketamine, exert their therapeutic action by modu-
lating the amount of norepinephrine and serotonin via 
inhibition of reuptake and transport proteins. Thus, no 
long-term molecular plasticity underlies the tricyclic 
antidepressant mechanisms of action and may lead to 
lower rates of remission. Together, there is substantial 

evidence that ketamine offers novel avenues in man-
aging pain while allowing the possibility of exploring 
targeted therapeutics.

Ketamine in Cognition and memory 

Opposing Roles of Ketamine on Cognition in 
Healthy and Depressed Individuals

With the emerging therapeutic uses of ketamine, 
a comprehensive understanding of its actions must be 
determined, including the off-target pharmacological 
sites and the physiological consequences of modulating 
them. In addition to the known anesthetic, analgesic, 
and antidepressant modalities of ketamine administra-
tion, previous work in healthy participant suggested a 
negative impact on memory and cognition. Evaluation 
of healthy participants given ketamine (0.1 mg/kg or 
0.5 mg/kg) displayed acutely impaired frontal cortical 
dysfunction and immediate and delayed recall (122). 
Given that no long term changes in cognition were 
found upon receiving anesthetic doses of ketamine (2.5 
mg/kg and 5.0 mg/kg) (123), it would seem that the 
acute effects of ketamine are transient and reversible. 

In contrast to healthy volunteers, patients with 
treatment-resistant depression also demonstrated 
enhanced neurocognitive function as measured by 
the Cogstate brief battery, which was accounted by 
improvement in depressive symptoms (11). From a 
pharmacological perspective, the molecular substrate 
of these clinical reports is essential for evaluating the 
overall therapeutic potential of ketamine. 

Molecular Mechanisms
Classically, the neural elements of learning and 

memory formation have been studied with hippo-
campal brain slice and primary culture preparations to 
evaluate the opposing phenomena of long-term poten-
tiation (LTP) and long-term depression (LTD). These are 
activity-dependent plasticity events whereby the prob-
ability of neuronal firing depends on prior neuronal 
activity. The involvement of glutamatergic receptors, 
such as NRs, in these processes is undisputed (124). 
Mechanistically, Ca2+ influx through NRs stimulates 
cAMP production by calmodulin-dependent adenylate 
cyclase to activate protein kinase A and induce its trans-
location to the nucleus with calmodulin-dependent 
protein kinase II. These proteins induce expression of 
immediate early genes involved in synaptic plasticity via 
the CREB transcription factor (125). Ketamine inhibits 
expression of these genes presumably via NR blockade 
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consistent with the impaired neurocognition in healthy 
individuals.

These forms of plasticity are, themselves, highly 
regulated, and one mechanism that has gained support 
is metaplasticity (126). This form of regulation takes a 
neuronal network view of plasticity rather than only 
considering activity at a single synapse. Since its identi-
fication, several forms have been described in the CNS. 
For example, in the hippocampus, the LTD of inhibitory 
synapses lowers the threshold of activity for excitatory 
synapses within the same neuron. Thus, metaplasticity 
is essential to normal physiology and can function to 
prime and facilitate the classical Hebbian plasticity nor-
mally associated with memory and learning (127,128). 
Exploration of the effects of ketamine on metaplastic 
processes is still in its infancy, but preliminary evidence 
suggests that ketamine facilitates metaplasticity, which 
contributes to the long-lasting antidepressant effects 
of ketamine (129,130). 

In addition to our evolving view of these macro-
scopic functional processes underlying memory, the 
single synapse model of neurotransmission itself has 
grown in complexity. Until recently, the basic structure 
of the neuronal synapse involved a presynaptic neuron 
releasing neurotransmitter into the cleft. These tran-
sient fluctuations in neurotransmitter concentration are 
sensed by receptors on the postsynaptic neuron leading 
to transmission. This dogma has been challenged in the 
recent years with the notion that not all components 
required for synaptic activity are inherently present 
within neurons. 

For example, d-serine was found to be a third 
endogenous ligand for NRs (in addition to the 2 clas-
sic ligands, glutamate and glycine) sharing the glycine 
binding site on GluN1 subunits. Selective enzymatic 
depletion of d-serine in hippocampal preparations 
attenuated NR activity (131). The origin of this en-
dogenous ligand was unclear at the time. Glial cells 
surrounding synapses are known to contribute to the 
neurotransmitter pool within synapses and likely have 
the ability to sense neuronal activity and impact the 
regulation of synaptic activity. This tripartite model 
of the synapse has gained support with growing evi-
dence (132). Panatier and colleagues (133) correlated 
the amount of astrocytic coverage on synapses with 
the amount of d-serine within these synapses. In the 
same study, astrocytic coverage of synapses could be 
positively correlated with degree of induced LTP in 
slices of supraoptic nuclei preparations. Subsequent 
work in hippocampal preparations supported this 

observation and it was additionally found that rises 
in intracellular Ca2+ of astrocytes was essential for this 
astrocytic-dependent potentiation of synaptic activity 
(134). Introduction of exogenous Ca2+ chelator (EGTA) 
into astrocytes blocked this effect. Importantly, there 
has been clear evidence for NR expression on astro-
cytes, themselves, as well (135). These results support 
a role for glial-derived d-serine modulating neuronal 
activity as opposed to neuronal derived d-serine (136). 
While these results do not exclude a role of neuronal d-
serine, a tripartite model of synaptic activity may yield 
more physiologically relevant interpretations of the 
ketamine effects on memory. Few studies have inves-
tigated the effects of ketamine on glia in the context 
of memory, but preliminary evidence suggests that ket-
amine may exert a protective effect on astrocytes (137), 
which may underlie clinically therapeutic actions of 
ketamine (138). Interestingly, serum levels of d-serine 
predicted therapeutic response to ketamine treatment 
in depressed patients in which lower levels were associ-
ated with better outcome (139). The exact mechanism 
underlying this association remains to be elucidated 
including whether this was glial-derived d-serine given 
that d-serine is also expressed in glutamatergic neurons 
(136,140-143). 

The role of glia cells in neurological disorders has 
only recently gained research interest. It is clear that 
d-serine dysfunction is implicated in various neuropsy-
chiatric disorders (144-146). In a clinical setting, adju-
vant d-serine alleviates symptoms of schizophrenia and
depression in preclinical (147,148) and clinical studies
(149-153). Nonetheless, more research is needed to elu-
cidate the clinical implications of NR-glial interactions
pertaining to ketamine administration, cognition, and
memory.

While NRs are considered the primary target for 
ketamine action, the secondary target sites cannot be 
ignored. One additional target is hyperpolarization-
activated cyclic nucleotide-gated channel subunit 1 
(HCN1). Ketamine inhibits HCN1-containing channels 
with a half-maximal concentration range of 8 – 16 μM, 
which is a clinically relevant concentration (154). HCN 
channels are voltage-sensitive, permeable to Na+ and 
K+, and nearly always open at resting membrane po-
tentials to depolarize the membrane and set the final 
resting membrane potential. They respond to cyclic 
AMP to further facilitate opening. This hyperpolariza-
tion-activated current (Ih) is a critical component to 
setting the excitability threshold of the cell as well as 
generating neuronal rhythmicity (155). HCN1 knockout 
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mice display more robust LTP and enhanced learning 
and memory compared to wild-type mice (156,157). 
Therefore, ketamine antagonism of HCN1 may partially 
underlie the improved cognition associated with ket-
amine treatment in depressed individuals, but further 
research is needed to corroborate these findings in 
humans.

Conclusions
While NRs are important components in neuro-

cognition, ketamine antagonism of NRs alone does not 
account for the diversity in observed clinical effects. 
Our knowledge of the cellular and molecular substrates 
involved in the functional events which underlie syn-
aptic plasticity and neurocognition continues to grow 
in complexity. Further research into these processes 
will only facilitate our understanding of how ketamine 
modulates neurocognition. In particular, evaluating the 
effect of ketamine on non-neuronal cell types and their 
reciprocal interactions with neurons will significantly 
enhance our ability to evaluate the safety and effi-
cacy of ketamine. Several off-targets (HCN1 channels 
and glial activity) of ketamine may be implicated in 
regulating and tuning the magnitude or direction of 
the response to ketamine treatment. Exploring these 
and other putative mechanisms can yield insights into 
the differential neurocognitive effect of ketamine in 
healthy and depressed individuals. 

Ketamine and neurodeveloPment

Conflicting Evidence or Lack of Appropriate 
Experimental Models?

Ikonomidou and colleagues (158) were the first to 
raise concerns over the use of NR antagonists, such as 
ketamine, in pediatric populations. Administering MK-
801 to rat pups yielded time- and dose-dependent in-
creased rates of neuronal apoptosis. These finding have 
been further studied in a primate model in which 20 
mg/kg induction and 20 – 50 mg/kg/hour maintenance 
doses of ketamine for anesthesia were assessed in time 
(159). This study found no adverse effect with up to 3 
hours of ketamine therapy, but found adverse effects 
with excess of 9 hours. With focus on the clinical sig-
nificance of ketamine in neurodevelopment and neuro-
toxicity, subsequent preclinical studies noted their most 
concerning finding was the persistent, dose-dependent 
behavioral and memory deficits that remained into 
adulthood resulting from early ketamine use in rat and 
primate models (160,161). It is important to note that 

these animals were treated with doses of 20 – 75 mg/
kg of ketamine, far exceeding human doses, and that 
doses less than 50 mg/kg in rats were not associated 
with hippocampal apoptosis. 

Molecular Mechanisms
The controversy surrounding the safety of anesthet-

ic exposure to children underscores the need for more 
definitive research. Neurodevelopmental concerns, 
such as a decreased synaptogenesis, were observed in 
rodent models upon neonatal ketamine exposure at 
5 – 25 mg/kg (162). This observation is contradictory to 
the observed stimulatory effect of ketamine on synap-
togenesis (163,164) and warrants further investigation. 

The processes of LTP and LTD are associated with 
dendritic spine enlargement and shrinkage, respective-
ly (165,166). Ketamine rapidly and reversibly abolishes 
LTP and LTD in vivo (167-169). While NR blockade is hy-
pothesized to underlie the synaptogenic effects of ket-
amine by simulation of mammalian target of rapamycin 
(mTOR), it is unlikely that a blockade of classical NRs 
to disrupt LTP and LTD can fully explain the observed 
abnormalities upon developmental ketamine exposure. 
Thus, a developmental model of ketamine’s effects is 
needed. During development, the relative abundance 
of GluN2A/B protein shifts to favor GluN2B in juvenile 
synapses and GluN2A at mature synapses. However, the 
sensitivity of GluN2A/B receptors to ketamine is largely 
similar. Thus, alternative mechanisms may determine 
the differential effects of ketamine in young versus 
mature animals.

In addition to the developmental switch of 
GluN2A/B-containing receptors, the nonclassical GluN3 
gene family also displays developmental expression 
patterns with known roles in development. GluN3A 
and GluN3B do not respond to glutamate and NMDA 
like their GluN2 counterparts, but respond exclusively 
to glycine. Thus, these NRs are considered excitatory 
glycinergic receptors. GluN3A is normally expressed 
early in development in both rodents and humans while 
GluN3B is expressed through adulthood (170,171). 
Interestingly, mice lacking GluN3A display higher 
dendritic spine density (172) whereas transgenic over-
expression has the opposite effect (173). The normal 
developmental down-regulation of GluN3A is needed 
for appropriate neurocognitive performance in animal 
models. Despite the role of GluN3A in synaptogenesis, 
NRs containing GluN3 subunits appear insensitive to 
ketamine blockade (174). How then might the GluN3 
family be implicated in the synaptic effects of ketamine? 
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Classical GluN2 and non-classical GluN3 NRs regu-
late opposing roles in synaptogenesis. Both are tightly 
coupled with actin pathways involved in synaptic re-
modeling. In neonatal models, GluN2B and GluN3A NRs 
will dominate synapses in the CNS based on known de-
velopmental expression patterns. GluN2B is coupled di-
rectly with Tiam1 in hippocampal neurons (175). Tiam1 
is a GTP exchange factor that is activated upon local 
influx of Ca2+ through NRs. It was found that Tiam1 
can lead to the stimulation of PI3K/AKT pathways and 
downstream activation of mTOR associated with in-
creased synaptogenesis. On the other hand, GluN3A 
has an inhibitory role on synaptogenesis (176) and 
couples with the GTPase, Rheb, which is also linked to 
mTOR activation. Thus, the inhibitory effect of GluN3A 
on synaptogenesis could be due to sequestering free 
Rheb to prevent accumulation of active mTOR (177). It 
is reasonable then to hypothesize, as GluN3A is down-
regulated with development, the inhibitory action on 
mTOR activation is relieved and ketamine exerts higher 
synaptogenesis. Consistent with this, patients with 
depression display aberrant overexpression of GluN3A 
mRNA transcripts (178). Therefore, blockade of classi-
cal NRs with ketamine may stimulate synaptogenesis 
by providing a compensatory simulation of mTOR to 
counteract the effects of GluN3A overexpression, which 
has been hypothesized to increased Rheb sequestration 
and attenuate mTOR activation. This mTOR stimulation 
of synaptogenesis is believed to underlie one facet of 
the antidepressant effects of NR blockade (179). 

Conclusions
The historic concern about NR antagonists and 

impaired neurodevelopment, despite differences in 
design of animal and human studies, warrants a more 
rigorous investigation into the specific mechanisms 
which underlie ketamine-induced structural changes in 
the synapse and brain. Interestingly, many of the same 
mechanisms involved in neurocognition, LTP and LTD, 
are associated with synaptic spine enlargement and 
pruning, respectively. However, recent evidence has 
argued that while these changes involved NR activity, 
conformational changes in the channel alone induced 
by agonist binding without current influx may medi-
ate these structural changes and have an impact on 
downstream signaling (180,181). Thus, NRs have novel 
metabotropic functions. Coupled with the evidence 
that the GluN3-containing NRs and ketamine interac-
tions may also act independently of the current through 
these channels, these data argue for completely novel 
paradigms of ketamine-mediated physiological chang-
es through NRs other than the direct pore blockade 
model. Investigations into the biophysical interactions 
between ketamine and NRs will yield new insights into 
ketamine-induced changes in central neurons. Under-
standing these mechanisms will facilitate a deeper un-
derstanding of the impact developmental changes and 
patient-specific differences in these proteins will have 
on the effect of ketamine in adults and children.

referenCes

1. Domino EF, Chodoff P, Corssen G.
Pharmacologic effects of Ci-581, a new
dissociative anesthetic, in man. Clini-
cal Pharmacology and Therapeutics 1965; 
6:279-291.

2. Malchow RJ, Black IH. The evolution
of pain management in the critically
ill trauma patient: Emerging concepts
from the global war on terrorism. Criti-
cal Care Medicine 2008; 36:S346-S357.

3. Woolf CJ, Thompson SW. The induction
and maintenance of central sensitiza-
tion is dependent on N-methyl-D-as-
partic acid receptor activation; implica-
tions for the treatment of post-injury
pain hypersensitivity states. Pain 1991; 
44:293-299.

4. Woolf CJ, Salter MW. Neuronal plastic-
ity: Increasing the gain in pain. Science 
2000; 288:1765-1769.

5. Trujillo KA. The neurobiology of opiate
tolerance, dependence and sensitization: 
Mechanisms of NMDA receptor-depen-
dent synaptic plasticity. Neurotoxicity Re-
search 2002; 4:373-391.

6. Potter DE, Choudhury M. Ketamine:
Repurposing and redefining a multifac-
eted drug. Drug Discovery Today 2014;
19:1848-1854.

7. Berman RM, Cappiello A, Anand A, Oren 
DA, Heninger GR, Charney DS, Krystal
JH. Antidepressant effects of ketamine in 
depressed patients. Biological Psychiatry
2000; 47:351-354.

8. Price RB, Nock MK, Charney DS, Mathew 
SJ. Effects of intravenous ketamine on
explicit and implicit measures of suicid-
ality in treatment-resistant depression.
Biological Psychiatry 2009; 66:522-526.

9. Zarate CA, Jr., Brutsche NE, Ibrahim L,
Franco-Chaves J, Diazgranados N, Crav-
chik A, Selter J, Marquardt CA, Liberty
V, Luckenbaugh DA. Replication of ket-
amine’s antidepressant efficacy in bipo-
lar depression: A randomized controlled 
add-on trial. Biological Psychiatry 2012;
71:939-946.

10. Wang J, Zhou M, Wang X, Yang X, Wang 
M, Zhang C, Zhou S, Tang N. Impact
of ketamine on learning and memory
function, neuronal apoptosis and its
potential association with miR-214 and
PTEN in adolescent rats. PloS One 2014; 
9:e99855.

11. Shiroma PR, Albott CS, Johns B, Thuras
P, Wels J, Lim KO. Neurocognitive per-
formance and serial intravenous sub-
anesthetic ketamine in treatment-resis-
tant depression. The International Jour-



PR
OOF

Pain Physician: February 2017: 20:

12 www.painphysicianjournal.com

nal of Neuropsychopharmacology 2014; 
17:1805-1813.

12. Paoletti P, Bellone C, Zhou Q. NMDA
receptor subunit diversity: impact on
receptor properties, synaptic plasticity
and disease. Nature Reviews Neuroscience 
2013; 14:383-400.

13. Nibuya M, Morinobu S, Duman RS.
Regulation of BDNF and trkB mRNA
in rat brain by chronic electroconvulsive
seizure and antidepressant drug treat-
ments. The Journal of Neuroscience 1995; 
15:7539-7547.

14. Chen B, Dowlatshahi D, MacQueen
GM, Wang JF, Young LT. Increased hip-
pocampal BDNF immunoreactivity in
subjects treated with antidepressant
medication. Biological Psychiatry 2001; 
50:260-265.

15. Rybakowski JK, Permoda-Osip A, Skib-
inska M, Adamski R, Bartkowska-Sniat-
kowska A. Single ketamine infusion in
bipolar depression resistant to antide-
pressants: Are neurotrophins involved?
Human Psychopharmacology 2013;
28:87-90.

16. Haile CN, Murrough JW, Iosifescu DV,
Chang LC, Al Jurdi RK, Foulkes A, Iqbal
S, Mahoney JJ, 3rd, De La Garza R, 2nd,
Charney DS, Newton TF, Mathew SJ.
Plasma brain derived neurotrophic fac-
tor (BDNF) and response to ketamine
in treatment-resistant depression. The 
International Journal of Neuropsychophar-
macology 2014; 17:331-336.

17. Manchikanti L, Abdi S, Atluri S, Balog
CC, Benyamin RM, Boswell MV, Brown
KR, Bruel BM, Bryce DA, Burks PA,
Burton AW, Calodney AK, Caraway DL,
Cash KA, Christo PJ, Damron KS, Datta
S, Deer TR, Diwan S, Eriator I, Falco FJ,
Fellows B, Geffert S, Gharibo CG, Gla-
ser SE, Grider JS, Hameed H, Hameed
M, Hansen H, Harned ME, Hayek SM,
Helm S, 2nd, Hirsch JA, Janata JW, Kaye
AD, Kaye AM, Kloth DS, Koyyalagunta D, 
Lee M, Malla Y, Manchikanti KN, McMa-
nus CD, Pampati V, Parr AT, Pasupuleti
R, Patel VB, Sehgal N, Silverman SM,
Singh V, Smith HS, Snook LT, Solanki
DR, Tracy DH, Vallejo R, Wargo BW;
American Society of Interventional Pain
Physicians. American Society of Inter-
ventional Pain Physicians (ASIPP) guide-
lines for responsible opioid prescribing
in chronic non-cancer pain: Part 2-guid-
ance. Pain Physician 2012; 15:S67-S116.

18. Manchikanti L, Abdi S, Atluri S, Balog
CC, Benyamin RM, Boswell MV, Brown
KR, Bruel BM, Bryce DA, Burks PA,
Burton AW, Calodney AK, Caraway DL,

Cash KA, Christo PJ, Damron KS, Datta 
S, Deer TR, Diwan S, Eriator I, Falco FJ, 
Fellows B, Geffert S, Gharibo CG, Gla-
ser SE, Grider JS, Hameed H, Hameed 
M, Hansen H, Harned ME, Hayek SM, 
Helm S, 2nd, Hirsch JA, Janata JW, Kaye 
AD, Kaye AM, Kloth DS, Koyyalagunta D, 
Lee M, Malla Y, Manchikanti KN, McMa-
nus CD, Pampati V, Parr AT, Pasupuleti 
R, Patel VB, Sehgal N, Silverman SM, 
Singh V, Smith HS, Snook LT, Solanki 
DR, Tracy DH, Vallejo R, Wargo BW; 
American Society of Interventional Pain 
Physicians. American Society of Inter-
ventional Pain Physicians (ASIPP) guide-
lines for responsible opioid prescribing 
in chronic non-cancer pain: Part I-evi-
dence assessment. Pain Physician 2012; 
15:S1-S65.

19. Costigan M, Scholz J, Woolf CJ. Neuro-
pathic pain: A maladaptive response of
the nervous system to damage. Annual
Review of Neuroscience 2009; 32:1-32.

20. Marchand F, Perretti M, McMahon SB.
Role of the immune system in chronic
pain. Nature Reviews Neuroscience 2005; 
6:521-532.

21. Ossipov MH, Dussor GO, Porreca
F. Central modulation of pain. The 
Journal of Clinical Investigation 2010; 
120:3779-3787.

22. Petrenko AB, Yamakura T, Baba H,
Shimoji K. The role of N-methyl-D-
aspartate (NMDA) receptors in pain: A
review. Anesthesia and Analgesia 2003; 
97:1108-1116.

23. Watkins LR, Maier SF. Immune regu-
lation of central nervous system func-
tions: From sickness responses to path-
ological pain. Journal of Internal Medicine 
2005; 257:139-155.

24. Latremoliere A, Woolf CJ. Central sensi-
tization: A generator of pain hypersen-
sitivity by central neural plasticity. The 
Journal of Pain 2009; 10:895-926.

25. Klein T, Stahn S, Magerl W, Treede RD.
The role of heterosynaptic facilitation in
long-term potentiation (LTP) of human
pain sensation. Pain 2008; 139:507-519.

26. Ji RR, Kohno T, Moore KA, Woolf CJ.
Central sensitization and LTP: Do pain
and memory share similar mechanisms? 
Trends in Neurosciences 2003; 26:696-705.

27. Bito H, Deisseroth K, Tsien RW. CREB
phosphorylation and dephosphoryla-
tion: a Ca(2+)- and stimulus duration-
dependent switch for hippocampal gene 
expression. Cell 1996; 87:1203-1214.

28. Hardingham GE, Arnold FJ, Bading H.
A calcium microdomain near NMDA re-

ceptors: On switch for ERK-dependent 
synapse-to-nucleus communication. 
Nature Neuroscience 2001; 4:565-566.

29. Wetmore C, Olson L, Bean AJ. Regu-
lation of brain-derived neurotrophic
factor (BDNF) expression and release
from hippocampal neurons is mediated
by non-NMDA type glutamate recep-
tors. The Journal of Neuroscience 1994; 
14:1688-1700.

30. Ding X, Cai J, Li S, Liu XD, Wan Y, Xing
GG. BDNF contributes to the develop-
ment of neuropathic pain by induction
of spinal long-term potentiation via
SHP2 associated GluN2B-containing
NMDA receptors activation in rats with
spinal nerve ligation. Neurobiology of
Disease 2014; 73C:428-451.

31. Nijs J, Meeus M, Versijpt J, Moens M,
Bos I, Knaepen K, Meeusen R. Brain-
derived neurotrophic factor as a driving
force behind neuroplasticity in neuro-
pathic and central sensitization pain: A
new therapeutic target? Expert Opinion
on Therapeutic Targets 2015; 19:565-576.

32. Autry AE, Adachi M, Nosyreva E, Na ES,
Los MF, Cheng PF, Kavalali ET, Monteg-
gia LM. NMDA receptor blockade at rest 
triggers rapid behavioural antidepres-
sant responses. Nature 2011; 475:91-95.

33. Hocking G, Cousins MJ. Ketamine in
chronic pain management: An evi-
dence-based review. Anesthesia and An-
algesia 2003; 97:1730-1739.

34. Zhao M, Joo DT. Enhancement of spinal 
N-methyl-D-aspartate receptor func-
tion by remifentanil action at delta-opi-
oid receptors as a mechanism for acute
opioid-induced hyperalgesia or toler-
ance. Anesthesiology 2008; 109:308-317.

35. Cai YC, Ma L, Fan GH, Zhao J, Jiang LZ,
Pei G. Activation of N-methyl-D-aspar-
tate receptor attenuates acute respon-
siveness of delta-opioid receptors. Mo-
lecular Pharmacology 1997; 51:583-587.

36. Koppert W, Sittl R, Scheuber K,
Alsheimer M, Schmelz M, Schuttler J.
Differential modulation of remifentanil-
induced analgesia and postinfusion
hyperalgesia by S-ketamine and cloni-
dine in humans. Anesthesiology 2003; 
99:152-159.

37. Angst MS, Koppert W, Pahl I, Clark DJ,
Schmelz M. Short-term infusion of the
mu-opioid agonist remifentanil in hu-
mans causes hyperalgesia during with-
drawal. Pain 2003; 106:49-57.

38. Subramaniam K, Subramaniam B,
Steinbrook RA. Ketamine as adjuvant
analgesic to opioids: A quantitative and



PR
OOF

Ketamine: Teaching an Old Dog New Tricks

www.painphysicianjournal.com 13

qualitative systematic review. Anesthesia 
and Analgesia 2004; 99:482-495; table of 
contents.

39. Lee M, Silverman SM, Hansen H, Patel
VB, Manchikanti L. A comprehensive
review of opioid-induced hyperalgesia.
Pain Physician 2011; 14:145-161.

40. Hirota K, Lambert DG. Ketamine: New
uses for an old drug? British Journal of
Anaesthesia 2011; 107:123-126.

41. Kurdi MS, Theerth KA, Deva RS. Ket-
amine: Current applications in anesthe-
sia, pain, and critical care. Anesthesia,
Essays and Researches 2014; 8:283-290.

42. Persson J. Wherefore ketamine? Cur-
rent Opinion in Anaesthesiology 2010; 
23:455-460.

43. Khasabov SG, Rogers SD, Ghilardi JR,
Peters CM, Mantyh PW, Simone DA. Spi-
nal neurons that possess the substance
P receptor are required for the develop-
ment of central sensitization. The Journal 
of Neuroscience 2002; 22:9086-9098.

44. Nichols ML, Allen BJ, Rogers SD, Ghilar-
di JR, Honore P, Luger NM, Finke MP,
Li J, Lappi DA, Simone DA, Mantyh PW.
Transmission of chronic nociception by
spinal neurons expressing the substance 
P receptor. Science 1999; 286:1558-1561.

45. De Felipe C, Herrero JF, O’Brien JA,
Palmer JA, Doyle CA, Smith AJ, Laird
JM, Belmonte C, Cervero F, Hunt SP.
Altered nociception, analgesia and ag-
gression in mice lacking the receptor for 
substance P. Nature 1998; 392:394-397.

46. Abbadie C, Brown JL, Mantyh PW, Bas-
baum AI. Spinal cord substance P recep-
tor immunoreactivity increases in both
inflammatory and nerve injury models
of persistent pain. Neuroscience 1996; 
70:201-209.

47. Okamoto T, Minami K, Uezono Y, Ogata 
J, Shiraishi M, Shigematsu A, Ueta Y. The 
inhibitory effects of ketamine and pen-
tobarbital on substance p receptors ex-
pressed in Xenopus oocytes. Anesthesia 
and Analgesia 2003; 97:104-110; table of
contents.

48. Liu H, Mantyh PW, Basbaum AI. NMDA-
receptor regulation of substance P re-
lease from primary afferent nociceptors. 
Nature 1997; 386:721-724.

49. Wood PB. Role of central dopamine
in pain and analgesia. Expert Review of
Neurotherapeutics 2008; 8:781-797.

50. Kapur S, Seeman P. NMDA receptor an-
tagonists ketamine and PCP have direct
effects on the dopamine D(2) and sero-
tonin 5-HT(2)receptors-implications for

models of schizophrenia. Molecular Psy-
chiatry 2002; 7:837-844.

51. Seeman P, Guan HC, Hirbec H. Dopa-
mine D2High receptors stimulated by
phencyclidines, lysergic acid diethylam-
ide, salvinorin A, and modafinil. Synapse 
2009; 63:698-704.

52. Lindefors N, Barati S, O’Connor WT.
Differential effects of single and re-
peated ketamine administration on
dopamine, serotonin and GABA trans-
mission in rat medial prefrontal cortex.
Brain Research 1997; 759:205-212.

53. Bartolini A, Ghelardini C, Fantetti L,
Malcangio M, Malmberg-Aiello P, Giotti 
A. Role of muscarinic receptor subtypes
in central antinociception. British Journal 
of Pharmacology 1992; 105:77-82.

54. Fiorino DF, Garcia-Guzman M. Musca-
rinic pain pharmacology: Realizing the
promise of novel analgesics by over-
coming old challenges. Handbook of Ex-
perimental Pharmacology 2012;  191-221.
{Need volume.}

55. Durieux ME. Inhibition by ketamine
of muscarinic acetylcholine receptor
function. Anesthesia and Analgesia 1995; 
81:57-62.

56. Hustveit O, Maurset A, Oye I. Interac-
tion of the chiral forms of ketamine
with opioid, phencyclidine, sigma and
muscarinic receptors. Pharmacology &
Toxicology 1995; 77:355-359.

57. Morita T, Hitomi S, Saito S, Fujita T,
Uchihashi Y, Kuribara H. Repeated ket-
amine administration produces up-
regulation of muscarinic acetylcholine
receptors in the forebrain, and reduces
behavioral sensitivity to scopolamine
in mice. Psychopharmacology 1995; 
117:396-402.

58. Grishin AA, Benquet P, Gerber U. Mus-
carinic receptor stimulation reduces
NMDA responses in CA3 hippocampal
pyramidal cells via Ca2+-dependent ac-
tivation of tyrosine phosphatase. Neuro-
pharmacology 2005; 49:328-337.

59. Grishin AA, Gee CE, Gerber U, Benquet
P. Differential calcium-dependent mod-
ulation of NMDA currents in CA1 and
CA3 hippocampal pyramidal cells. The
Journal of Neuroscience 2004; 24:350-355.

60. Suzuki R, Rahman W, Hunt SP, Dicken-
son AH. Descending facilitatory control
of mechanically evoked responses is en-
hanced in deep dorsal horn neurones
following peripheral nerve injury. Brain 
Research 2004; 1019:68-76.

61. Okubo M, Castro A, Guo W, Zou S, Ren

K, Wei F, Keller A, Dubner R. Transition 
to persistent orofacial pain after nerve 
injury involves supraspinal serotonin 
mechanisms. The Journal of Neuroscience 
2013; 33:5152-5161.

62. Wei F, Dubner R, Zou S, Ren K, Bai G,
Wei D, Guo W. Molecular depletion of
descending serotonin unmasks its novel 
facilitatory role in the development of
persistent pain. The Journal of Neurosci-
ence 2010; 30:8624-8636.

63. Kim YS, Chu Y, Han L, Li M, Li Z, Lavin-
ka PC, Sun S, Tang Z, Park K, Caterina
MJ, Ren K, Dubner R, Wei F, Dong X.
Central terminal sensitization of TRPV1
by descending serotonergic facilitation
modulates chronic pain. Neuron 2014;
81:873-887.

64. Martin LL, Bouchal RL, Smith DJ. Ket-
amine inhibits serotonin uptake in vivo.
Neuropharmacology 1982; 21:113-118.

65. Malinovsky JM, Servin F, Cozian A, Lep-
age JY, Pinaud M. Ketamine and norket-
amine plasma concentrations after i.v.,
nasal and rectal administration in chil-
dren. British Journal of Anaesthesia 1996; 
77:203-207.

66. Wieber J, Gugler R, Hengstmann JH,
Dengler HJ. Pharmacokinetics of ket-
amine in man. Der Anaesthesist 1975; 
24:260-263.

67. Ebert B, Mikkelsen S, Thorkildsen C,
Borgbjerg FM. Norketamine, the main
metabolite of ketamine, is a non-com-
petitive NMDA receptor antagonist in
the rat cortex and spinal cord. European
Journal of Pharmacology 1997; 333:99-104.

68. Noppers I, Olofsen E, Niesters M, Aarts
L, Mooren R, Dahan A, Kharasch E,
Sarton E. Effect of rifampicin on S-ket-
amine and S-norketamine plasma con-
centrations in healthy volunteers after
intravenous S-ketamine administration.
Anesthesiology 2011; 114:1435-1445.

69. Maragakis NJ, Rothstein JD. Mecha-
nisms of disease: Astrocytes in neurode-
generative disease. Nature Clinical Prac-
tice Neurology 2006; 2:679-689.

70. Fields RD, Stevens-Graham B. New in-
sights into neuron-glia communication. 
Science 2002; 298:556-562.

71. Guo W, Wang H, Watanabe M, Shimizu 
K, Zou S, LaGraize SC, Wei F, Dubner
R, Ren K. Glial-cytokine-neuronal inter-
actions underlying the mechanisms of
persistent pain. The Journal of Neurosci-
ence 2007; 27:6006-6018.

72. Watkins LR, Martin D, Ulrich P, Tracey
KJ, Maier SF. Evidence for the involve-
ment of spinal cord glia in subcutane-



PR
OOF

Pain Physician: February 2017: 20:

14 www.painphysicianjournal.com

ous formalin induced hyperalgesia in 
the rat. Pain 1997; 71:225-235.

73. Coull JA, Beggs S, Boudreau D, Boivin
D, Tsuda M, Inoue K, Gravel C, Salter
MW, De Koninck Y. BDNF from microg-
lia causes the shift in neuronal anion
gradient underlying neuropathic pain.
Nature 2005; 438:1017-1021.

74. Milligan ED, Twining C, Chacur M, Bie-
denkapp J, O’Connor K, Poole S, Tracey
K, Martin D, Maier SF, Watkins LR. Spi-
nal glia and proinflammatory cytokines
mediate mirror-image neuropathic pain 
in rats. The Journal of Neuroscience 2003; 
23:1026-1040.

75. Scholz J, Woolf CJ. The neuropathic pain 
triad: Neurons, immune cells and glia.
Nature Neuroscience 2007; 10:1361-1368.

76. Zhuang ZY, Wen YR, Zhang DR, Bor-
sello T, Bonny C, Strichartz GR, Decoste-
rd I, Ji RR. A peptide c-Jun N-terminal
kinase (JNK) inhibitor blocks mechani-
cal allodynia after spinal nerve ligation:
Respective roles of JNK activation in pri-
mary sensory neurons and spinal astro-
cytes for neuropathic pain development
and maintenance. The Journal of Neuro-
science 2006; 26:3551-3560.

77. Raghavendra V, Tanga F, DeLeo JA. Inhi-
bition of microglial activation attenuates 
the development but not existing hyper-
sensitivity in a rat model of neuropathy.
The Journal of Pharmacology and Experi-
mental Therapeutics 2003; 306:624-630.

78. Garry EM, Delaney A, Blackburn-Munro 
G, Dickinson T, Moss A, Nakalembe I,
Robertson DC, Rosie R, Robberecht P,
Mitchell R, Fleetwood-Walker SM. Ac-
tivation of p38 and p42/44 MAP kinase
in neuropathic pain: Involvement of
VPAC2 and NK2 receptors and media-
tion by spinal glia. Molecular and Cellular 
Neurosciences 2005; 30:523-537.

79. Mei XP, Wang W, Wang W, Zhu C, Chen 
L, Zhang T, Xu LX, Wu SX, Li YQ. Com-
bining ketamine with astrocytic inhibi-
tor as a potential analgesic strategy for
neuropathic pain ketamine, astrocytic
inhibitor and pain. Molecular Pain 2010; 
6:50.

80. McBean GJ. Inhibition of the glutamate
transporter and glial enzymes in rat
striatum by the gliotoxin, alpha aminoa-
dipate. British Journal of Pharmacology
1994; 113:536-540.

81. Wang W, Wang W, Wang Y, Huang J,
Wu S, Li YQ. Temporal changes of as-
trocyte activation and glutamate trans-
porter-1 expression in the spinal cord
after spinal nerve ligation-induced neu-
ropathic pain. Anatomical Record 2008; 

291:513-518.
82. Sung B, Lim G, Mao J. Altered expres-

sion and uptake activity of spinal glu-
tamate transporters after nerve injury
contribute to the pathogenesis of neu-
ropathic pain in rats. The Journal of Neu-
roscience 2003; 23:2899-2910.

83. Weng HR, Chen JH, Cata JP. Inhibition
of glutamate uptake in the spinal cord
induces hyperalgesia and increased re-
sponses of spinal dorsal horn neurons
to peripheral afferent stimulation. Neu-
roscience 2006; 138:1351-1360.

84. Watkins LR, Milligan ED, Maier SF. Glial 
activation: A driving force for pathologi-
cal pain. Trends in Neurosciences 2001; 
24:450-455.

85. Watkins LR, Maier SF. Glia: A novel drug 
discovery target for clinical pain. Nature 
Reviews Drug Discovery 2003; 2:973-985.

86. Hildebrand ME, Pitcher GM, Harding
EK, Li H, Beggs S, Salter MW. GluN2B
and GluN2D NMDARs dominate syn-
aptic responses in the adult spinal cord.
Scientific Reports 2014; 4:4094.

87. Mulrow CD, Williams JW, Jr., Chiquette
E, Aguilar C, Hitchcock-Noel P, Lee S,
Cornell J, Stamm K. Efficacy of newer
medications for treating depression in
primary care patients. The American Jour-
nal of Medicine 2000; 108:54-64.

88. Trivedi MH, Rush AJ, Wisniewski SR,
Nierenberg AA, Warden D, Ritz L,
Norquist G, Howland RH, Lebowitz B,
McGrath PJ, Shores-Wilson K, Biggs
MM, Balasubramani GK, Fava M, Team
SDS. Evaluation of outcomes with cita-
lopram for depression using measure-
ment-based care in STAR*D: Implica-
tions for clinical practice. The American
Journal of Psychiatry 2006; 163:28-40.

89. Crane GE. Cyloserine as an antidepres-
sant agent. The American Journal of Psy-
chiatry 1959; 115:1025-1026.

90. Papp M, Moryl E. Antidepressant-like
effects of 1-aminocyclopropanecarbox-
ylic acid and D-cycloserine in an animal
model of depression. European Journal
of Pharmacology 1996; 316:145-151.

91. Karolewicz B, Stockmeier CA, Ordway
GA. Elevated levels of the NR2C subunit 
of the NMDA receptor in the locus coe-
ruleus in depression. Neuropsychophar-
macology 2005; 30:1557-1567.

92. Van Sickle BJ, Cox AS, Schak K, Green-
field LJ, Jr., Tietz EI. Chronic benzodiaze-
pine administration alters hippocampal
CA1 neuron excitability: NMDA receptor 
function and expression. Neuropharma-
cology 2002; 43:595-606.

93. Boyer PA, Skolnick P, Fossom LH.
Chronic administration of imipramine
and citalopram alters the expression
of NMDA receptor subunit mRNAs in
mouse brain. A quantitative in situ hy-
bridization study. Journal of Molecular
Neuroscience 1998; 10:219-233.

94. Skolnick P, Layer RT, Popik P, Nowak
G, Paul IA, Trullas R. Adaptation of N-
methyl-D-aspartate (NMDA) receptors
following antidepressant treatment:
Implications for the pharmacotherapy
of depression. Pharmacopsychiatry 1996; 
29:23-26.

95. Murrough JW, Iosifescu DV, Chang LC,
Al Jurdi RK, Green CE, Perez AM, Iqbal
S, Pillemer S, Foulkes A, Shah A, Char-
ney DS, Mathew SJ. Antidepressant effi-
cacy of ketamine in treatment-resistant
major depression: A two-site random-
ized controlled trial. The American Jour-
nal of Psychiatry 2013; 170:1134-1142.

96. Mion G, Villevieille T. Ketamine phar-
macology: An update (pharmacodynam-
ics and molecular aspects, recent find-
ings). CNS Neuroscience & Therapeutics
2013; 19:370-380.

97. Browne CA, Lucki I. Antidepressant ef-
fects of ketamine: Mechanisms under-
lying fast-acting novel antidepressants.
Frontiers in Pharmacology 2013; 4:161.

98. Jiang C, Salton SR. The role of neuro-
trophins in major depressive disorder.
Translational Neuroscience 2013; 4:46-58.

99. Barbacid M. The Trk family of neuro-
trophin receptors. Journal of Neurobiol-
ogy 1994; 25:1386-1403.

100. Gupta VK, You Y, Gupta VB, Klistorner
A, Graham SL. TrkB receptor signalling:
Implications in neurodegenerative, psy-
chiatric and proliferative disorders. In-
ternational Journal of Molecular Sciences
2013; 14:10122-10142.

101. Liu RJ, Fuchikami M, Dwyer JM, Lepack
AE, Duman RS, Aghajanian GK. GSK-3
inhibition potentiates the synaptogenic
and antidepressant-like effects of sub-
threshold doses of ketamine. Neuropsy-
chopharmacology 2013; 38:2268-2277.

102. Scheuing L, Chiu CT, Liao HM, Chuang
DM. Antidepressant mechanism of
ketamine: Perspective from preclinical
studies. Frontiers in Neuroscience 2015; 
9:249.

103. Becker A, Grecksch G, Schwegler H,
Roskoden T. Expression of mRNA of
neurotrophic factors and their receptors 
are significantly altered after subchronic 
ketamine treatment. Medicinal Chemis-
try 2008; 4:256-263.



PR
OOF

Ketamine: Teaching an Old Dog New Tricks

www.painphysicianjournal.com 15

104. Sutton MA, Taylor AM, Ito HT, Pham A,
Schuman EM. Postsynaptic decoding
of neural activity: eEF2 as a biochemi-
cal sensor coupling miniature synaptic
transmission to local protein synthesis.
Neuron 2007; 55:648-661.

105. Kashiwagi K, Masuko T, Nguyen CD,
Kuno T, Tanaka I, Igarashi K, Williams K. 
Channel blockers acting at N-methyl-D-
aspartate receptors: Differential effects
of mutations in the vestibule and ion
channel pore. Molecular Pharmacology
2002; 61:533-545.

106. Chen HS, Lipton SA. Pharmacologi-
cal implications of two distinct mecha-
nisms of interaction of memantine with 
N-methyl-D-aspartate-gated channels.
The Journal of Pharmacology and Experi-
mental Therapeutics 2005; 314:961-971.

107. Mayer ML, Westbrook GL, Guthrie PB.
Voltage-dependent block by Mg2+ of
NMDA responses in spinal cord neu-
rones. Nature 1984; 309:261-263.

108. Nowak L, Bregestovski P, Ascher P,
Herbet A, Prochiantz A. Magnesium
gates glutamate-activated channels in
mouse central neurones. Nature 1984; 
307:462-465.

109. Kotermanski SE, Johnson JW. Mg2+
imparts NMDA receptor subtype selec-
tivity to the Alzheimer’s drug meman-
tine. The Journal of Neuroscience 2009; 
29:2774-2779.

110. Akazawa C, Shigemoto R, Bessho Y,
Nakanishi S, Mizuno N. Differential ex-
pression of five N-methyl-D-aspartate
receptor subunit mRNAs in the cerebel-
lum of developing and adult rats. The
Journal of Comparative Neurology 1994; 
347:150-160.

111. Eby GA, 3rd, Eby KL. Magnesium for
treatment-resistant depression: A re-
view and hypothesis. Medical Hypotheses 
2010; 74:649-660.

112. Chen ZY, Jing D, Bath KG, Ieraci A, Khan 
T, Siao CJ, Herrera DG, Toth M, Yang
C, McEwen BS, Hempstead BL, Lee FS.
Genetic variant BDNF (Val66Met) poly-
morphism alters anxiety-related behav-
ior. Science 2006; 314:140-143.

113. Liu RJ, Lee FS, Li XY, Bambico F, Duman 
RS, Aghajanian GK. Brain-derived neu-
rotrophic factor Val66Met allele impairs
basal and ketamine-stimulated synap-
togenesis in prefrontal cortex. Biological 
Psychiatry 2012; 71:996-1005.

114. Pae CU, Chiesa A, Porcelli S, Han C, Pat-
kar AA, Lee SJ, Park MH, Serretti A, De
Ronchi D. Influence of BDNF variants
on diagnosis and response to treatment 
in patients with major depression, bipo-

lar disorder and schizophrenia. Neuro-
psychobiology 2012; 65:1-11.

115. Viikki ML, Jarventausta K, Leinonen E,
Huuhka M, Mononen N, Lehtimaki
T, Kampman O. BDNF polymorphism
rs11030101 is associated with the effica-
cy of electroconvulsive therapy in treat-
ment-resistant depression. Psychiatric 
Genetics 2013; 23:134-136.

116. Lauterborn JC, Rivera S, Stinis CT, Hayes 
VY, Isackson PJ, Gall CM. Differential ef-
fects of protein synthesis inhibition on
the activity-dependent expression of
BDNF transcripts: Evidence for imme-
diate-early gene responses from specific 
promoters. The Journal of Neuroscience
1996; 16:7428-7436.

117. Nanda S, Mack KJ. Multiple promot-
ers direct stimulus and temporal spe-
cific expression of brain-derived neu-
rotrophic factor in the somatosensory
cortex. Brain Research 1998; 62:216-219.

118. Menke A, Binder EB. Epigenetic altera-
tions in depression and antidepressant
treatment. Dialogues in Clinical Neurosci-
ence 2014; 16:395-404.

119. Zanos P, Moaddel R, Morris PJ, Geor-
giou P, Fischell J, Elmer GI, Alkondon M, 
Yuan P, Pribut HJ, Singh NS, Dossou KS, 
Fang Y, Huang XP, Mayo CL, Wainer IW, 
Albuquerque EX, Thompson SM, Thom-
as CJ, Zarate CA, Jr., Gould TD. NMDAR
inhibition-independent antidepressant
actions of ketamine metabolites. Nature 
2016. {Need volume and pages.}

120. Lepack AE, Fuchikami M, Dwyer JM,
Banasr M, Duman RS. BDNF release
is required for the behavioral actions
of ketamine. The International Journal
of Neuropsychopharmacology 2015; 18.
{Need pages.}

121. Owens MJ, Morgan WN, Plott SJ, Nem-
eroff CB. Neurotransmitter receptor
and transporter binding profile of anti-
depressants and their metabolites. The 
Journal of Pharmacology and Experimental 
Therapeutics 1997; 283:1305-1322.

122. Krystal JH, Karper LP, Seibyl JP, Free-
man GK, Delaney R, Bremner JD, Hen-
inger GR, Bowers MB, Jr., Charney DS.
Subanesthetic effects of the noncom-
petitive NMDA antagonist, ketamine, in
humans. Psychotomimetic, perceptual,
cognitive, and neuroendocrine respons-
es. Archives of General Psychiatry 1994; 
51:199-214.

123. Moretti RJ, Hassan SZ, Goodman LI,
Meltzer HY. Comparison of ketamine
and thiopental in healthy volunteers: Ef-
fects on mental status, mood, and per-
sonality. Anesthesia and Analgesia 1984;

63:1087-1096.
124. Lynch MA. Long-term potentiation and

memory. Physiological Reviews 2004;
84:87-136.

125. Deisseroth K, Bito H, Tsien RW. Signal-
ing from synapse to nucleus: Postsyn-
aptic CREB phosphorylation during
multiple forms of hippocampal synaptic
plasticity. Neuron 1996; 16:89-101.

126. Abraham WC, Bear MF. Metaplastic-
ity: The plasticity of synaptic plasticity.
Trends in Neurosciences 1996; 19:126-130.

127. Xu J, Antion MD, Nomura T, Kraniotis
S, Zhu Y, Contractor A. Hippocampal
metaplasticity is required for the for-
mation of temporal associative memo-
ries. The Journal of Neuroscience 2014;
34:16762-16773.

128. Chevaleyre V, Castillo PE. Heterosynap-
tic LTD of hippocampal GABAergic syn-
apses: A novel role of endocannabinoids 
in regulating excitability. Neuron 2003; 
38:461-472.

129. Burgdorf J, Zhang XL, Nicholson KL,
Balster RL, Leander JD, Stanton PK,
Gross AL, Kroes RA, Moskal JR. GLYX-13, 
a NMDA receptor glycine-site function-
al partial agonist, induces antidepres-
sant-like effects without ketamine-like
side effects. Neuropsychopharmacology 
2013; 38:729-742.

130. Izumi Y, Zorumski CF. Metaplastic ef-
fects of subanesthetic ketamine on CA1
hippocampal function. Neuropharmacol-
ogy 2014; 86:273-281.

131. Mothet JP, Parent AT, Wolosker H, Brady 
RO, Jr., Linden DJ, Ferris CD, Rogawski
MA, Snyder SH. D-serine is an endog-
enous ligand for the glycine site of the
N-methyl-D-aspartate receptor. Pro-
ceedings of the National Academy of Sci-
ences of the United States of America
2000; 97:4926-4931.

132. Halassa MM, Fellin T, Haydon PG. The
tripartite synapse: Roles for gliotrans-
mission in health and disease. Trends in
Molecular Medicine 2007; 13:54-63.

133. Panatier A, Theodosis DT, Mothet JP,
Touquet B, Pollegioni L, Poulain DA,
Oliet SH. Glia-derived D-serine controls 
NMDA receptor activity and synaptic
memory. Cell 2006; 125:775-784.

134. Henneberger C, Papouin T, Oliet SH,
Rusakov DA. Long-term potentiation
depends on release of D-serine from as-
trocytes. Nature 2010; 463:232-236.

135. Lee MC, Ting KK, Adams S, Brew BJ,
Chung R, Guillemin GJ. Characterisa-
tion of the expression of NMDA re-
ceptors in human astrocytes. PloS One



PR
OOF

Pain Physician: February 2017: 20:

16 www.painphysicianjournal.com

2010; 5:e14123.
136. Balu DT, Coyle JT. Neuronal D-serine

regulates dendritic architecture in the
somatosensory cortex. Neuroscience Let-
ters 2012; 517:77-81.

137. Chan PH, Chu L. Ketamine protects
cultured astrocytes from glutamate-
induced swelling. Brain Research 1989; 
487:380-383.

138. Mitterauer BJ. Ketamine may block
NMDA receptors in astrocytes causing a 
rapid antidepressant effect. Frontiers in
Synaptic Neuroscience 2012; 4:8.

139. Moaddel R, Luckenbaugh DA, Xie Y, Vil-
lasenor A, Brutsche NE, Machado-Vieira 
R, Ramamoorthy A, Lorenzo MP, Gar-
cia A, Bernier M, Torjman MC, Barbas
C, Zarate CA, Jr., Wainer IW. D-serine
plasma concentration is a potential bio-
marker of (R,S)-ketamine antidepres-
sant response in subjects with treat-
ment-resistant depression. Psychophar-
macology 2015; 232:399-409.

140. Benneyworth MA, Li Y, Basu AC, Bol-
shakov VY, Coyle JT. Cell selective condi-
tional null mutations of serine racemase 
demonstrate a predominate localization
in cortical glutamatergic neurons. Cel-
lular and Molecular Neurobiology 2012;
32:613-624.

141. Miya K, Inoue R, Takata Y, Abe M, Nat-
sume R, Sakimura K, Hongou K, Miy-
awaki T, Mori H. Serine racemase is
predominantly localized in neurons in
mouse brain. The Journal of Comparative
Neurology 2008; 510:641-654.

142. Rosenberg D, Kartvelishvily E, Shleper
M, Klinker CM, Bowser MT, Wolosk-
er H. Neuronal release of D-serine: A
physiological pathway controlling extra-
cellular D-serine concentration. FASEB 
Journal 2010; 24:2951-2961.

143. Rosenberg D, Artoul S, Segal AC, Kolod-
ney G, Radzishevsky I, Dikopoltsev E,
Foltyn VN, Inoue R, Mori H, Billard JM,
Wolosker H. Neuronal D-serine and
glycine release via the Asc-1 transporter
regulates NMDA receptor-dependent
synaptic activity. The Journal of Neurosci-
ence 2013; 33:3533-3544.

144. Verrall L, Walker M, Rawlings N, Benzel
I, Kew JN, Harrison PJ, Burnet PW. d-
Amino acid oxidase and serine racemase 
in human brain: Normal distribution
and altered expression in schizophre-
nia. The European Journal of Neuroscience
2007; 26:1657-1669.

145. Labrie V, Fukumura R, Rastogi A, Fick LJ, 
Wang W, Boutros PC, Kennedy JL, Sem-
eralul MO, Lee FH, Baker GB, Belsham

DD, Barger SW, Gondo Y, Wong AH, 
Roder JC. Serine racemase is associated 
with schizophrenia susceptibility in hu-
mans and in a mouse model. Human 
Molecular Genetics 2009; 18:3227-3243.

146. Sacchi S, Bernasconi M, Martineau M,
Mothet JP, Ruzzene M, Pilone MS, Pol-
legioni L, Molla G. pLG72 modulates
intracellular D-serine levels through its
interaction with D-amino acid oxidase:
Effect on schizophrenia susceptibility.
The Journal of Biological Chemistry 2008; 
283:22244-22256.

147. Singh SP, Singh V. Meta-analysis of the
efficacy of adjunctive NMDA receptor
modulators in chronic schizophrenia.
CNS Drugs 2011; 25:859-885.

148. Malkesman O, Austin DR, Tragon T,
Wang G, Rompala G, Hamidi AB, Cui
Z, Young WS, Nakazawa K, Zarate CA,
Manji HK, Chen G. Acute D-serine
treatment produces antidepressant-like
effects in rodents. The International Jour-
nal of Neuropsychopharmacology 2012; 
15:1135-1148.

149. Heresco-Levy U, Javitt DC, Ebstein R,
Vass A, Lichtenberg P, Bar G, Catinari
S, Ermilov M. D-serine efficacy as add-
on pharmacotherapy to risperidone
and olanzapine for treatment-refracto-
ry schizophrenia. Biological Psychiatry
2005; 57:577-585.

150. Kantrowitz JT, Malhotra AK, Cornblatt B, 
Silipo G, Balla A, Suckow RF, D’Souza C, 
Saksa J, Woods SW, Javitt DC. High dose 
D-serine in the treatment of schizo-
phrenia. Schizophrenia Research 2010; 
121:125-130.

151. Tsai G, Yang P, Chung LC, Lange N,
Coyle JT. D-serine added to antipsychot-
ics for the treatment of schizophrenia.
Biological Psychiatry 1998; 44:1081-1089.

152. Lane HY, Chang YC, Liu YC, Chiu CC,
Tsai GE. Sarcosine or D-serine add-
on treatment for acute exacerbation of
schizophrenia: A randomized, double-
blind, placebo-controlled study. Archives 
of General Psychiatry 2005; 62:1196-1204.

153. Weiser M, Heresco-Levy U, Davidson
M, Javitt DC, Werbeloff N, Gershon AA,
Abramovich Y, Amital D, Doron A, Ko-
nas S, Levkovitz Y, Liba D, Teitelbaum
A, Mashiach M, Zimmerman Y. A mul-
ticenter, add-on randomized controlled
trial of low-dose d-serine for negative
and cognitive symptoms of schizophre-
nia. The Journal of Clinical Psychiatry
2012; 73:e728-e734.

154. Chen X, Shu S, Bayliss DA. HCN1
channel subunits are a molecular sub-

strate for hypnotic actions of ket-
amine. The Journal of Neuroscience 2009; 
29:600-609.

155. Biel M, Wahl-Schott C, Michalakis S,
Zong X. Hyperpolarization-activat-
ed cation channels: From genes to
function. Physiological Reviews 2009; 
89:847-885.

156. Nolan MF, Malleret G, Dudman JT, Buhl 
DL, Santoro B, Gibbs E, Vronskaya S,
Buzsaki G, Siegelbaum SA, Kandel ER,
Morozov A. A behavioral role for den-
dritic integration: HCN1 channels con-
strain spatial memory and plasticity at
inputs to distal dendrites of CA1 pyra-
midal neurons. Cell 2004; 119:719-732.

157. Tsay D, Dudman JT, Siegelbaum SA.
HCN1 channels constrain synaptically
evoked Ca2+ spikes in distal dendrites
of CA1 pyramidal neurons. Neuron 2007; 
56:1076-1089.

158. Ikonomidou C, Bosch F, Miksa M, Bitti-
gau P, Vockler J, Dikranian K, Tenkova TI, 
Stefovska V, Turski L, Olney JW. Block-
ade of NMDA receptors and apoptotic
neurodegeneration in the developing
brain. Science 1999; 283:70-74.

159. Zou X, Patterson TA, Divine RL, Sado-
vova N, Zhang X, Hanig JP, Paule MG,
Slikker W, Jr., Wang C. Prolonged expo-
sure to ketamine increases neurodegen-
eration in the developing monkey brain. 
International Journal of Developmental
Neuroscience 2009; 27:727-731.

160. Paule MG, Li M, Allen RR, Liu F, Zou
X, Hotchkiss C, Hanig JP, Patterson TA,
Slikker W, Jr., Wang C. Ketamine anes-
thesia during the first week of life can
cause long-lasting cognitive deficits in
rhesus monkeys. Neurotoxicology and
Teratology 2011; 33:220-230.

161. Huang L, Liu Y, Jin W, Ji X, Dong Z. Ket-
amine potentiates hippocampal neuro-
degeneration and persistent learning
and memory impairment through the
PKCgamma-ERK signaling pathway in
the developing brain. Brain Research
2012; 1476:164-171.

162. Viberg H, Ponten E, Eriksson P, Gordh T, 
Fredriksson A. Neonatal ketamine expo-
sure results in changes in biochemical
substrates of neuronal growth and syn-
aptogenesis, and alters adult behavior
irreversibly. Toxicology 2008; 249:153-159.

163. Dwyer JM, Duman RS. Activation of
mammalian target of rapamycin and
synaptogenesis: Role in the actions of
rapid-acting antidepressants. Biological 
Psychiatry 2013; 73:1189-1198.

164. Zunszain PA, Horowitz MA, Cattaneo A,



PR
OOF

Ketamine: Teaching an Old Dog New Tricks

www.painphysicianjournal.com 17

Lupi MM, Pariante CM. Ketamine: Syn-
aptogenesis, immunomodulation and 
glycogen synthase kinase-3 as underly-
ing mechanisms of its antidepressant 
properties. Molecular Psychiatry 2013; 
18:1236-1241.

165. Zhou Q, Homma KJ, Poo MM. Shrink-
age of dendritic spines associated with
long-term depression of hippocampal
synapses. Neuron 2004; 44:749-757.

166. Fortin DA, Davare MA, Srivastava T,
Brady JD, Nygaard S, Derkach VA,
Soderling TR. Long-term potentiation-
dependent spine enlargement requires
synaptic Ca2+-permeable AMPA recep-
tors recruited by CaM-kinase I. The Jour-
nal of Neuroscience 2010; 30:11565-11575.

167. Stringer JL, Guyenet PG. Elimination
of long-term potentiation in the hippo-
campus by phencyclidine and ketamine. 
Brain Research 1983; 258:159-164.

168. Ribeiro PO, Tome AR, Silva HB, Cunha
RA, Antunes LM. Clinically relevant con-
centrations of ketamine mainly affect
long-term potentiation rather than bas-
al excitatory synaptic transmission and
do not change paired-pulse facilitation
in mouse hippocampal slices. Brain Re-
search 2014; 1560:10-17.

169. Desmond NL, Colbert CM, Zhang DX,
Levy WB. NMDA receptor antagonists
block the induction of long-term de-
pression in the hippocampal dentate
gyrus of the anesthetized rat. Brain Re-
search 1991; 552:93-98.

170. Eriksson M, Nilsson A, Froelich-Fabre
S, Akesson E, Dunker J, Seiger A, Fol-
kesson R, Benedikz E, Sundstrom E.

Cloning and expression of the human 
N-methyl-D-aspartate receptor sub-
unit NR3A. Neuroscience Letters 2002; 
321:177-181.

171. Mueller HT, Meador-Woodruff JH. Ex-
pression of the NR3A subunit of the
NMDA receptor in human fetal brain.
Annals of the New York Academy of Sci-
ences 2003; 1003:448-451.

172. Das S, Sasaki YF, Rothe T, Premku-
mar LS, Takasu M, Crandall JE, Dikkes
P, Conner DA, Rayudu PV, Cheung W,
Chen HS, Lipton SA, Nakanishi N. In-
creased NMDA current and spine den-
sity in mice lacking the NMDA receptor
subunit NR3A. Nature 1998; 393:377-381.

173. Roberts AC, Diez-Garcia J, Rodriguiz
RM, Lopez IP, Lujan R, Martinez-Turril-
las R, Pico E, Henson MA, Bernardo DR, 
Jarrett TM, Clendeninn DJ, Lopez-Mas-
caraque L, Feng G, Lo DC, Wesseling JF, 
Wetsel WC, Philpot BD, Perez-Otano I.
Downregulation of NR3A-containing
NMDARs is required for synapse matu-
ration and memory consolidation. Neu-
ron 2009; 63:342-356.

174. Smothers CT, Woodward JJ. Pharmaco-
logical characterization of glycine-acti-
vated currents in HEK 293 cells express-
ing N-methyl-D-aspartate NR1 and
NR3 subunits. The Journal of Pharmacol-
ogy and Experimental Therapeutics 2007; 
322:739-748.

175. Tolias KF, Bikoff JB, Burette A, Paradis
S, Harrar D, Tavazoie S, Weinberg RJ,
Greenberg ME. The Rac1-GEF Tiam1
couples the NMDA receptor to the ac-
tivity-dependent development of den-

dritic arbors and spines. Neuron 2005; 
45:525-538.

176. Kehoe LA, Bellone C, De Roo M, Zandu-
eta A, Dey PN, Perez-Otano I, Muller D.
GluN3A promotes dendritic spine prun-
ing and destabilization during postnatal 
development. The Journal of Neuroscience 
2014; 34:9213-9221.

177. Sucher NJ, Yu E, Chan SF, Miri M, Lee
BJ, Xiao B, Worley PF, Jensen FE. Associ-
ation of the small GTPase Rheb with the 
NMDA receptor subunit NR3A. Neuro-
Signals 2010; 18:203-209.

178. Mueller HT, Meador-Woodruff JH.
NR3A NMDA receptor subunit mRNA
expression in schizophrenia, depression
and bipolar disorder. Schizophrenia Re-
search 2004; 71:361-370.

179. Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, 
Iwata M, Li XY, Aghajanian G, Duman
RS. mTOR-dependent synapse forma-
tion underlies the rapid antidepressant
effects of NMDA antagonists. Science 
2010; 329:959-964.

180. Dore K, Aow J, Malinow R. Agonist bind-
ing to the NMDA receptor drives move-
ment of its cytoplasmic domain with-
out ion flow. Proceedings of the National
Academy of Sciences of the United States
of America 2015; 112:14705-14710.

181. Nabavi S, Kessels HW, Alfonso S, Aow J,
Fox R, Malinow R. Metabotropic NMDA
receptor function is required for NMDA
receptor-dependent long-term depres-
sion. Proceedings of the National Acad-
emy of Sciences of the United States of
America 2013; 110:4027-4032.



View publication statsView publication stats

https://www.researchgate.net/publication/312192514



