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Ketamine, a nonselective NMDA receptor antagonist, is used widely in medicine as an anesthetic agent. However, ketamine’s
mechanisms of action lead to widespread physiological effects, some of which are now coming to the forefront of research for the
treatment of diverse medical disorders. *is paper aims at reviewing recent data on key nonanesthetic uses of ketamine in the
current literature. MEDLINE, CINAHL, and Google Scholar databases were queried to find articles related to ketamine in the
treatment of depression, pain syndromes including acute pain, chronic pain, and headache, neurologic applications including
neuroprotection and seizures, and alcohol and substance use disorders. It can be concluded that ketamine has a potential role in
the treatment of all of these conditions. However, research in this area is still in its early stages, and larger studies are required to
evaluate ketamine’s efficacy for nonanesthetic purposes in the general population.

1. Introduction

Ketamine has been used as an anesthetic drug for over 65
years [1]. An enantiomeric, lipid-soluble phencyclidine
derivative, ketamine is one of the most commonly used
drugs in anesthesia. As a nonselective NMDA receptor
antagonist, it has equal affinity for different NMDA receptor
types. NMDA is a subgroup of ionotropic glutamate re-
ceptors, along with AMPA and kainite. Ketamine is inex-
pensive and therefore widely used in developing countries. It
additionally has particular utility for anesthesia induction in
hemodynamically unstable patients [2].

Ketamine administration has long been known to me-
diate a wide variety of pharmacological effects, including
dissociation, analgesia, sedation, catalepsy, and broncho-
dilation. *ough ketamine is known most widely for its
anesthetic properties, recent research has uncovered mul-
tiple novel uses for this drug, including neuroprotection,
combatting inflammation and tumors, and treatment of
depression, seizures, chronic pain, and headache [3–5].
Racemic ketamine, a mixture of (S)- and (R)-ketamine
(Figure 1), is commonly used in this research, though both
(S)-ketamine and (R)-ketamine alone are also subjects of

study. While (S)-ketamine carries roughly 3- to 4-fold
greater potency as an anesthetic, it also carries a greater risk
of psychotogenic side effects [6]. However, ketamine has an
extensive side-effect profile and a potential for abuse that
cannot be ignored, which has historically led to its avoidance
in favor of other agents, and its safety is an area of ongoing
research [3]. Additionally, there are a variety of adverse
reactions that have been associated with ketamine use which
must be considered, including self-resolving sinus tachy-
cardia, neuropsychiatric effects, abdominal pain, liver injury,
and dose-dependent urogenital pathology including ulcer-
ative cystitis [7–9]. Currently, there are roughly 800 or more
clinical trials exploring aspects of nonanesthetic uses of
ketamine registered on ClinicalTrials.gov, illustrating the
extensive ongoing interest in this area.

*e nonanesthetic clinical uses of ketamine have been
the focus of extensive recent research, some of the most
applicable and prevalent of which are explored here. For this
scoping study, we sought to utilize the Arksey and O’Malley
methodological framework to provide a broad overview of
the field, with attention to ongoing research and current
knowledge gaps [10]. Relevant literature from 2010 through
the present was queried through the MEDLINE, CINAHL,
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and Google Scholar databases. Keywords included “ket-
amine” combined with terms including “non-anesthetic
uses,” “depression,” “headache,” “neuroprotection,” “pain,”
“pain syndromes,” “chronic pain,” “alcohol use disorder,”
“substance use disorder,” and “seizure.” Sentinel research
from prior to 2010 was also incorporated. Relevant original
articles including randomized trials, retrospective studies,
review articles, case reports, and preclinical animal studies
were included. *is paper will discuss some of the most
common and promising nonanesthetic uses of ketamine,
including its utility in the treatment of depression, pain
syndromes including headaches, neurologic disorders in-
cluding seizures, and alcohol/substance use disorders.

2. Ketamine and Depression

Despite the high prevalence of depression, which affects roughly
1 in 5 people over their lifetime, currently available pharma-
cologic treatments, the most commonly utilized of which are
selective serotonin reuptake inhibitors (SSRIs), have limited
efficacy [11]. SSRIs achieve adequate effect in as little as 30% of
patients [12], while having a high burden of side effects ranging
from nausea and headaches to weight gain and sexual dys-
function [13]. Pharmacologic treatment of depression has also
historically been limited by the fact that conventional antide-
pressants typically take weeks to reach effect [14]. Nearly all
antidepressants target monoaminergic systems, and research on
newmolecular targets (including corticotropin-releasing factor 1
antagonists, neurokinin 1 antagonists, and vasopressin V1b
antagonists) has not yet led to alternative treatments [15].
Depression is known to be associated with alterations in glu-
tamatergic neurotransmission and dysfunctional activity of the
resting state network [16]. Additionally, depression is thought to
be caused by enhanced subcortical and limbic activity, which
affects cognition and emotion regulation [15]. Ketamine offers a
promising alternative to conventional antidepressants due to its
rapid onset and apparent efficacy. More broadly, ketamine
appears to have efficacy in treating multiple internalizing dis-
orders including depression, anxiety, and obsessive-compulsive
disorder [17–19].

Ketamine is thought to affect these brain areas directly
through modification of glutamatergic neurotransmission
[20], although it has also been shown to mediate its effects
through modulation of dopaminergic neurotransmission
[21] and serotonergic neurotransmission [20]. Ketamine
also indirectly acts through several other neurochemical

pathways. It induces upregulation of the mammalian target
of rapamycin (mTOR) pathway, shifting activity away from
subcortical and limbic regions and toward the medial and
lateral prefrontal cortex [15], and has the potential to reverse
the mTOR signaling pathway impairment that is seen in
major depressive disorder (MDD) [22]. Ketamine addi-
tionally upregulates the expression of glutamate trans-
porters, specifically EAAT2 and EAAT3, in the rat
hippocampus [23]. Modulation of hippocampal plasticity is
another mechanism by which ketamine is thought to me-
diate its antidepressant effects [14], the mechanism of which
may be related to EAAT3 regulation of AMPA receptor
trafficking and redistribution [23].

A single subanesthetic dose (0.5mg/kg) of intravenous
(IV) ketamine hydrochloride has been shown to have a rapid
antidepressant effect, which begins as early as 2 hours after
ketamine administration, peaks at 24 hours, and lasts for up
to 7–14 days [24, 25]. *is effect has been noted in both
unipolar and bipolar depression [26], although effect du-
ration may be shorter in patients with bipolar disorder [27].
Promisingly, efficacy from ketamine is seen in people with
treatment-resistant depression, who have failed multiple
antidepressant regimens [28, 29]. In one study of 67 patients
(including 45 women), IV ketamine administered at 0.5mg/
kg twice per week has been shown to achieve rapid-onset and
sustained antidepressant effect for a 15-day period [30].

Broadly there are 2 generations of studies evaluating
ketamine for unipolar depression: (1) studies on safety/ef-
ficacy of one subanesthetic dose of IV ketamine and (2)
studies on alternate drug delivery routes, MDD relapse
prevention, and mechanistic analysis [15]. *e first study on
single-dose IV ketamine in seven patients with mood dis-
orders was published in 2000 by Berman et al. and found a
significant but transient improvement of depression severity
with a single subanesthetic dose of IV ketamine (0.5mg/kg)
[31]. While the improvement to depression symptoms was
transient, this improvement did exceed the elimination half-
life of ketamine [15]. A larger replication study with 18
subjects was published by the Intramural Research Program
of the National Institute of Mental Health (NIMH) in 2006
and also found that subanesthetic ketamine (0.5mg/kg) has
a significant antidepressant effect [17]. *is clinical trial has
largely been credited with launching the field of research into
ketamine’s antidepressant effects [32]. Multiple open-label
case series have demonstrated similar results with a single
ketamine infusion [33]. Subsequent research has shown that
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Figure 1: *e structure of (a) (S)-ketamine and (b) (R)-ketamine.
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a regimen of serial IV ketamine (0.5mg/kg) infusions
achieves a greater response rate, without more significant
side effects [33, 34]. Other routes of ketamine administration
have also been examined. For example, intranasal ketamine
hydrochloride (50mg) has been shown to mediate an an-
tidepressant effect, though the magnitude of the effect may
be less than that of IV ketamine [35]. Intranasal esketamine
(which is the S(+) enantiomer of ketamine) in combination
with an oral antidepressant was recently approved by the
Food and Drug Administration for the treatment of treat-
ment-resistant depression, though the long-term effects of
this regimen remain preliminary [36]. However, when used
for its antidepressant effect in mice, (R)-ketamine appears to
havemore potent and persistent effects than (S)-ketamine, as
well as no psychotomimetic side effects [6].

IV ketamine may have increased utility in specialized
populations, such as the military, cancer patients, and pa-
tients with Alzheimer’s disease. In active duty military
populations, long-term psychiatric admission for suicidality
may create unique problems including separating the patient
from his or her support network and leading to adminis-
trative obstacles in returning to duty [37]. In one study on 10
soldiers in the United States, a single dose of IV ketamine
(0.2mg/kg) was found to significantly decrease suicidality
and hopelessness [37]. Ketamine appears to be a rapidly
efficacious antidepressant and antisuicidal pharmacologic
agent which may be well suited for this particular population
and others in which long-term psychiatric hospitalization
creates significant challenges, though it is possible that the
particular applications for the US military may not translate
to broader military use around the world. IV ketamine
(0.5mg/kg) has also demonstrated utility in treating acute-
onset depression and suicidal ideation in one study of 39
newly diagnosed cancer patients [38]. Furthermore, ket-
amine may have unique utility in treating depression as-
sociated with Alzheimer’s disease, as ketamine appears to
have neuroprotective properties against soluble amyloid-
beta protein-mediated toxicity, according to one study
utilizing 15mg/kg intraperitoneal ketamine in mice [39].

*e rapid-onset antisuicidal properties of ketamine are
possibly mediated by enhancing neuroplasticity [15, 24, 40].
*is effect is even seen in patients who are nonresponders to
the antidepressant effect of ketamine [41]. Improvement in
suicidal ideation occurs as early as within 40 minutes of
subanesthetic dose ketamine administration (0.5mg/kg) and
may last as long as 10 days, according to one study of 57
patients [42]. While change in depressive symptom severity
correlates with change in suicidal ideation, even when de-
pressive symptom severity is controlled for, the antisuicidal
effect of ketamine persists [43]. Ketamine has been dem-
onstrated to effectively treat anhedonia independent of
depressive symptoms, and this effect can last up to 14 days
[44]. It has been theorized that reducing anhedonia is the
mechanism by which ketamine reduces suicidal thoughts
[45]. Ketamine has also been shown to have anxiolytic and
procognitive effects in a rat model of depression, using doses
between 5 and 30mg/kg [46]. Additionally, when used as the
anesthetic during electroconvulsive therapy (ECT), ket-
amine decreases Hamilton Depression Rating Scale scores

earlier and more significantly than when propofol is used
[47]. However, while meta-analysis of 16 articles with 346
patients has demonstrated superior treatment effect in pa-
tients with depression who receive ketamine in ECT over
other anesthetics, these patients were also noted to have
more side effects and longer recovery times [48].

While ketamine has many clinically promising features,
it has a number of drawbacks to consider. One of these is
effect duration: the antidepressant effect of ketamine lasts on
average only 1-2 weeks [49]. *ere is substantial variation in
the duration of treatment response, with many patients
reporting less than 1 week of depressive symptom im-
provement from a single ketamine infusion [27]. However, a
ketamine maintenance infusion regimen, in which infusions
of ketamine 0.5mg/kg are administered up to every 2 weeks,
has shown promising results in a study of 8 patients [50].
Due to poor bioavailability resulting from high first-pass
hepatic metabolism, ketamine is typically administered by
injection, which is a drawback for medications that require
ongoing dosing [21, 51]. IV administration every 2-3 days
requiring hospital or clinic visits is impractical. However,
alternative routes of administration offer promising alter-
natives (for example, very-low-dose sublingual ketamine has
been shown to improve mood, cognition, and sleep, when
10mL of a 10mg/mL solution is administered sublingually
for 5 minutes and swallowed) [24]. Another drawback of
ketamine is that, as a derivative of phencyclidine (PCP) [11],
ketamine causes a transient increase in psychotomimetic
symptoms [15, 41] and dissociative symptoms, though these
return to baseline by 4 hours posttransfusion [41]. Ketamine
has abuse and addiction potential [1, 37] and causes cog-
nitive deficits, which have been shown to be reversible with
cessation of ketamine use [15]. However, concerningly,
chronic recreational ketamine use has also been shown to
produce cognitive and affective deficits including depression
[52], which raises concern about the use of ketamine as an
option for long-term antidepressant therapy. Other potential
adverse effects of ketamine include transient tachycardia and
hypertension [1]. *ere are also concerns about neurotox-
icity, bladder toxicity, and tolerance with repeated ketamine
infusion use [34].

As a result of these drawbacks, many clinicians and
researchers view IV ketamine infusions not as an end-all
replacement for conventional antidepressants, but a
promising new direction for antidepressant therapy that
warrants further research and an effort to develop “ket-
amine-like” drugs that do not carry the side effects that
currently limit the use of ketamine [1, 25, 32]. For example,
the possible antidepressant effects of other glutamatergic
modulators, including riluzole, dextromethorphan, nitrous
oxide, and GLYX-13 (rapastinel), are currently being ex-
amined [53].

3. Ketamine and Pain Syndromes

Ketamine has been widely used to manage acute and chronic
pain, both alone and as an adjunct to opiates. *e primary
analgesic mechanism of ketamine is through NMDA re-
ceptor antagonism, though ketamine has also been shown to
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act on opioid, nicotinic, and muscarinic receptors. Ket-
amine’s anti-inflammatory qualities may also contribute to
its efficacy in pain relief [54, 55]. While ketamine’s effect on
acute pain is driven primarily by inhibition of NMDA re-
ceptors and prevention of wind-up, ketamine is thought to
mediate its effect on chronic pain through desensitization of
upregulated NMDA receptors [56–58]. Routes of ketamine
administration for analgesia include parenteral, oral, sub-
lingual, topical, and intranasal [54]. It appears that ad-
ministration of high-dose ketamine over a short time course
(42–480mg daily for 1–10 days) produces analgesia more
effectively than lower doses for longer durations (such as
18mg daily for 90 days) [59]. *e level of evidence and
consensus for the utility of ketamine in pain management
varies between types of pain.

3.1. Acute Pain. Ketamine appears to reduce analgesic re-
quirement in the setting of acute pain. For example, in 160
patients undergoing cesarean section, a single postoperative
intravenous ketamine bolus (0.25mg/kg) was shown to
reduce the severity of postoperative pain and decrease an-
algesic requirements [60]. As a result, ketamine can prevent
opioid tolerance [61] and may reduce the rate of opioid-
induced hyperalgesia following surgery [62], while also
mitigating adverse effects linked to opiates such as respi-
ratory suppression, oversedation, and hypotension [63]. In
addition its opioid-sparing effects, ketamine has been shown
to reduce nausea and vomiting in the perioperative period at
doses of <0.5mg/kg [64]. While ketamine has generally been
shown to reduce intraoperative opioid requirements in both
opioid-näıve and opioid-dependent populations [62, 65],
this is somewhat controversial. Some studies have demon-
strated decreased average pain scores when continuous
ketamine (0.2mg/kg/hour) is used intraoperatively, but no
decrease in overall opioid requirement [66]. Furthermore,
other studies show no difference in postoperative pain levels
or postoperative opioid requirement in postsurgical patients
when ketamine is used, including several studies that
demonstrated no benefit to the use of ketamine infusion in
patients undergoing spinal surgery [67, 68].

Because of its efficacy in treating acute pain, ketamine
has utility in the acute care setting. Ketamine has well-
established utility in the emergency department (ED) as
short-term analgesia for indications such as acute long bone
fractures, trauma victims, and opioid-dependent patients
with acute pain, which in one study was administered as
ketamine 15mg IV once followed by a continuous ketamine
infusion at 20mg/hour for 1 hour [69]. When used alone for
pain management in the ED setting, low-dose ketamine
(<1mg/kg) provides comparable pain relief to opiates, with
the benefit of producing less respiratory depression [70].
Ketamine has also been shown to decrease opioid con-
sumption for acute pain in ED patients, in a study of 30
patients with severe pain where ketamine 15mg IV and
hydromorphone 0.5mg IV were administered together [63].

3.2. Chronic Pain. *e role of intraoperative ketamine in the
reduction of chronic postoperative pain development is

unclear. Some reports suggest that ketamine decreases the
rate of chronic postoperative pain when administered as a
0.15–1mg/kg preincisional loading dose followed by intra-
operative infusion [71], and intravenous ketamine has been
shown in meta-analysis of 40 papers including 1388 par-
ticipants to significantly reduce chronic pain incidence
following certain types of surgery [72]. *is effect may be
mediated through a reduction in primary and secondary
hyperalgesia in the postoperative period, which decreases
the incidence of chronic pain [73]. However, there appears
to be a reduction in acute pain but not chronic pain de-
velopment following amputation, thoracotomy, or mastec-
tomy with the use of ketamine as a coanalgesic agent [74].
Epidural ketamine and intravenous ketamine have not been
shown to decrease the incidence of development of chronic
postthoracotomy pain [75–77]. Additionally, meta-analysis
has also not shown intravenous and epidural ketamine to
significantly reduce the rate of persistent postsurgical pain
(PPSP) at three or six months [78].

*ere is moderate evidence that ketamine effectively
reduces chronic noncancer pain [59]. A recent systematic
review and meta-analysis of 7 studies showed short-term
analgesic benefit from IV ketamine in patients with chronic
pain, which appears to occur in a dose-response relationship
[79]. In a study of 49 patients, ketamine infusion was shown
to decrease visual analog scale (VAS) scores in patients with
intractable chronic pain, in whom ketamine 0.5mg/kg was
administered over 30–45 minutes, followed by either con-
tinuation at this dose in subsequent infusions every 3-4
weeks, or increase in the dose up to the highest tolerated
dose providing analgesia [80]. Daily oral ketamine (up to
64mg/day) has also been shown to be safe and opioid-
sparing in patients with chronic pain [81]. *e combination
of subcutaneous ketamine infusion and sublingual ketamine
lozenges appears to reduce opioid use in patients with
chronic nonmalignant pain [82]. In one retrospective study
of 51 patients with refractory chronic pain, oral ketamine
treatment (starting at 0.5mg/kg/day, then increased in 15 to
20mg increments as needed) led to the resolution of pain in
44% of patients, reduced opioid requirements by an average
of 62%, and was ineffective in only 22% of patients [83].
*ese results are especially promising because of the limi-
tations of currently available treatments for chronic pain,
with only 30–40% of patients with chronic pain achieving
adequate to good relief [84]. Ketamine infusions (admin-
istered as infusions of 0.1–0.3mg/kg/hour for 4–8 hours/
day, up to 16 hours over three consecutive days) have also
been shown to significantly reduce pain intensity in children
and adolescents with chronic pain, with the largest benefit
seen in patients with CRPS [85]. However, the utility of
ketamine in treating chronic pain is not universally accepted.
For example, in one study of 36 patients, ketamine was
shown not to improve long-term pain scores in patients who
take chronic opiates, or to effectively reduce opiate re-
quirements [86].

*e utility of ketamine has been validated in neuropathic
pain [87], especially in complex regional pain syndrome
(CRPS). CRPS causes significant morbidity, and 80% of
patients with CRPS are severely disabled [88]. Many patients
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with CRPS are unresponsive to traditional therapeutic ap-
proaches, and ketamine has been shown to reduce pain levels
in some of these treatment-refractory patients [89]. When
studied in mice, ketamine (administered subcutaneously at a
dose of 2mg/kg/day for 7 days) appears to decrease noci-
ceptive sensitization in the chronic stage of CRPS, but not
the acute stage [55]. When CRPS type 1 (CRPS-1) alone was
studied using a cohort of 10 patients, S(+)-ketamine infusion
(using the following regimen per 70 kg: min 0–5: 1.5mg, min
20–25: 3.0mg, min 40–45: 4.5mg, min 60–65: 6.0mg, min
80–85: 7.5mg, min 100–105: 9.0mg, and min 120–125:
10.5mg) appears to reduce pain levels for 10 weeks or longer,
therefore demonstrating a disease-modulatory role [56].
Despite the efficacy of ketamine as an analgesic in this
population, functional improvement of affected limbs was
not shown in one study of 5 patients who received anesthetic
doses of ketamine over 10 days [90]. *ough ketamine
appears to be safe and effective in treating CRPS, further
studies are warranted to evaluate dosing, timing, and routes
of administration of ketamine for optimal efficacy in CRPS
treatment [91]. For example, 10% ketamine cream applied
three times daily in combination with oral palmitoyletha-
nolamide has been shown in a case report to effectively treat
refractory CRPS pain [92], but larger, controlled studies are
warranted.

*ere are additional chronic pain conditions in which a
small number of studies have shown promising results from
ketamine, and further research is warranted. Ketamine in-
fusions appear to be effective as an adjunct with gabapentin
for managing chronic neuropathic pain in spinal cord injury
patients, with a duration of efficacy lasting 2 weeks after
infusion termination, according to a study in 40 patients,
who received 80mg IV ketamine over 5 hours daily for 1
week and gabapentin 300mg 3 times daily [93]. In patients
with phantom limb pain, ketamine also appears to mediate
short-term analgesic effects [94]. S-ketamine has been
shown to reduce chronic pancreatitis pain in a study of 10
patients when administered as an infusion of 2 μg/kg/min
for 3 hours, though this effect disappeared following the end
of infusion [95]. Ketamine may also have utility in scenarios
where opioids alone often have inadequate efficacy, in-
cluding vasoocclusive episodes in patients with sickle cell
disease. Few studies have examined the role of low-dose
ketamine in the treatment of sickle cell pain, though the
majority of reported cases have shown that ketamine ef-
fectively reduces pain intensity and opioid requirements in
patients with sickle cell pain [96]. *e data on this topic are
limited, and further studies are warranted to validate this
finding [97]. Additionally, since pain disorders are highly
correlated with suicidal ideation and attempts, the anti-
suicidal properties of ketamine may make ketamine a useful
treatment option in patients with concomitant pain and
suicidal ideation [40].

*ough ketamine has anecdotally been reported to ef-
fectively treat cancer pain, when studied systematically,
ketamine has not been found to be useful in the treatment of
pain from advanced cancer as an adjunct to opioids, though
difficulty in designing studies in the context of palliative care
may contribute to these results [98, 99]. Ketamine can be

considered as an adjuvant therapy in patients with cancer
who have failed standard therapy, though optimal dosing is
unclear [100].

3.3. Headache. Chronic migraine affects 1% of the pop-
ulation within the United States, creating a significant
economic burden, and treatment options for refractory cases
are limited [101, 102]. Due to its efficacy in the treatment of
chronic pain, it has been hypothesized that ketamine might
be a useful addition to headache and migraine control
regimens. For example, while triptans effectively relieve
acute migraine pain in 43–76% of cases [103], ketamine
could play an important role in pain control for triptan
nonresponders. Ketamine could also play a role in migraine
management for patients in whom triptans are contra-
indicated, such as patients with cardiovascular diseases. *e
actions of ketamine on glutamate NDMA binding sites at the
level of the secondary somatosensory cortex, insula, and
anterior cingulate cortex have been associated with mod-
ulation of affective pain processing and the decrease of
allodynia and central sensitization. *ese effects associated
with chronic pain might also be the basis of the mechanism
of effect on headache pain [101, 104]. It is useful to take these
mechanisms into account when considering memantine, a
noncompetitive glutamatergic NMDA antagonist, which has
been previously shown to be an effective treatment for
chronic and refractory migraine [101, 105].

Minimal evidence exists surrounding the use of ket-
amine in chronic headache treatment. Individual cases
suggest that ketamine administered IV (using an initial
infusion rate of 0.1mg/kg/hour, then increased by 0.1mg/
kg/hour every 3-4 hours until a goal pain score 3/10 was
reached and maintained for 8 hours, then downtitrated) in
inpatient management of refractory migraine consistently
reduces short-term pain severity, although no chronic relief
has been observed [101]. A large review including 77 patients
has demonstrated similar results, with intravenous ketamine
administration (starting at an infusion rate of 0.1mg/kg/
hour, increased as needed at 6-hour intervals to a maximum
infusion rate of 1mg/kg/hour) causing acute but not long-
term improvement to refractory headache [106]. When
considering alternate methods of delivery, randomized
controlled trials and case studies of intranasal ketamine’s
effects on migraine with aura have demonstrated that 25mg
intranasal ketamine reduces the severity, and in some cases
the duration, of the associated aura [107, 108]. *is further
reinforces the potential of the use of drugs with action on
glutaminergic pathways, such as ketamine, as headache
modulators [107].

Ketamine has also been investigated in combination with
other drug regimens. Magnesium sulfate, which binds to
NMDA channels, might be administered concomitantly
with ketamine to produce a heightened effect. When given
intravenously to 2 chronic cluster headache patients, this
combination (ketamine 0.5mg/kg over 2 hours and mag-
nesium sulfate 3000mg over 30 minutes) was shown to
produce immediate pain relief, a decrease in suicidal idea-
tion, and a decrease in attack frequency and intensity for up
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to six weeks [109]. Evidence exists that levels of kynurenic
acid, an NMDA receptor antagonist, are decreased in cluster
headache patients, providing further support for the theory
that NMDA receptors are overactive in these patients and
that a focus on therapeutic options targeting these receptors
is warranted [109, 110].

Unfortunately, there are also several pieces of contra-
dictory evidence against the use of ketamine for the treat-
ment of primary headache [111]. Small randomized studies
have shown no improvement in acute headache pain out-
comes with IV ketamine (0.2-0.3mg/kg) when compared to
both placebo and prochlorperazine, while also inducing
increased side effects [111–113]. Additionally, most inves-
tigations of this use of ketamine are reported as small case
series, and further study is required in order to make in-
formed conclusions on the efficacy of ketamine in the
treatment of headache.*e current body of literature has led
to the conclusion by some experts that there is not sufficient
evidence for the widespread use of ketamine in headache
patients [111, 114].

3.4. Drawbacks. Ketamine has multiple drawbacks as a
treatment for pain. Ketamine may have limited utility as a
treatment for chronic pain syndromes given the potential
risks associated with repeated IV administration of ket-
amine, including its neurotoxicity and potential to impair
long-term memory [115]. While these risks have not yet
been formally studied in a controlled fashion, the effect of
frequent (defined as more often than twice per month)
recreational ketamine use was shown in a study of 37 pa-
tients to cause long-lasting impairments in episodic and
semantic memory [116]. Furthermore, both sensitization
and tolerance are possible consequences of repeated ket-
amine use, and while the duration required to notice these
effects from intermittent ketamine use has not been ex-
tensively studied in humans, in mouse studies sensitization
has been shown to occur over the course of weeks and is
clearly evident by 5 weeks of weekly administration of in-
traperitoneal ketamine (20mg/kg or 50mg/kg, in mice)
[117]. Ketamine also has been known to cause hepatic
toxicity due to mitochondrial impairment, urological tox-
icity including ulcerative cystitis, and immediate risks in-
cluding tachyarrhythmias, hallucinations, and flashbacks
[88, 118, 119]. Psychedelic effects are also associated with
ketamine [59], and benzodiazepine coadministrationmay be
required to treat its psychosis-like effects [58].

Most studies on the utility of ketamine in pain man-
agement have small sample sizes, and treatment effect may
therefore be overestimated [72]. *is suggests the need for
larger trials evaluating the use of ketamine in pain control.
Further research is also required to characterize the role of
ketamine in cancer-related pain [120], including the role of
oral ketamine in palliative care [121]. Furthermore, while
ketamine infusions have been well studied, alternative routes
of ketamine administration have been evaluated less ex-
tensively. For example, open studies of 2% topical ketamine
preparations have suggested a therapeutic effect on chronic
pain without adverse effects locally or systemically, though

further research is needed to elucidate its efficacy [122]. *e
S-enantiomer of ketamine also appears to have a two- to
threefold more potent analgesic effect than (R)-ketamine
[123], and the utility of using (S)-ketamine alone as a
treatment for pain warrants additional study.

4. Neurologic Applications of Ketamine

4.1. Neuroprotection. In addition to mediating anesthetic
effects, the noncompetitive antagonism of NMDA by ket-
amine has recently been postulated to play a role in neu-
roprotection. Ketamine was previously thought to increase
intracranial pressure (ICP) [4] and therefore would be
contraindicated in cases where ICP may already be elevated
(such as trauma and neurosurgical patients).*is conclusion
was based on a few small studies with limited scope, but did
result in an FDA package insert warning [124]. Several more
recent studies challenged and disproved this theory [4, 124].
*ese reports of cases linking ketamine induction to elevated
ICP may not have adequately taken ventilation into account;
in one case of reported elevated ICP after ketamine in-
duction, the patient was spontaneously breathing after in-
duction, and ICP was noted to decrease dramatically with
initiation of manual hyperventilation [125]. *erefore,
hypercarbia is the more likely underlying cause of ICP el-
evation rather than use of ketamine induction, and in pa-
tients who undergo ketamine induction and normocarbia is
maintained using mechanical ventilation, rise in ICP is not
seen [4].

Several mechanisms of action behind ketamine’s neu-
roprotective qualities have been proposed. Ketamine has
anti-inflammatory properties and is thought to reduce
microglial activation and reduce cytokines TNF and IL-6,
although studies have not been able to prove any differences
in plasma inflammatory markers after ketamine adminis-
tration [5, 124, 126]. It is known that unlike other anesthetic
drugs including propofol, ketamine does not provide neu-
roprotection via inhibition of TLR-4-NF-κB-dependent
signaling [127]. *rough its NMDA inhibition, ketamine
reduces glutamate excitotoxicity by preventing excitatory
amino acid receptor stimulation, and this reduction has been
proven through the use of MRI, in one study of 24 infants
[124, 126]. Excitotoxicity, defined as the excessive stimu-
lation of neurons causing neuronal injury, has been sug-
gested as the underlying process behind several types of
central nervous system pathology [124]. Ketamine reduces
neuronal death and injury through the blockade of calcium
entry into vulnerable immature neurons [126, 128]. NMDA
receptor activation is also thought to cause the loss of mi-
tochondrial membrane potential and apoptosis through
cAMP response element binding protein shutoff, a process
that NMDA inhibition by ketamine would also prevent
[124]. Finally, it is well documented that ketamine protects
against ischemic injury by reducing cell swelling and pre-
serving cellular energy following anoxia-hypoxia injury,
while also increasing neuronal viability and preserving
cellular morphology [129–131]. It is hypothesized that in-
hibition of P-CREB dephosphorylation in the infarct area by
low-dose ketamine is responsible for a decrease in infarct
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volume, edema ratio, and neurologic deficit [132]. *ese are
all processes known to be induced by cerebral injury such as
stroke and trauma, which gives ketamine promising clinical
implications [4].

Ketamine appears to be beneficial in neuroprotection
following multiple types of neural injury. Studies have
shown that ketamine reduces focal ischemia and hemor-
rhagic necrosis volumes as well as chronic cerebral hypo-
perfusion [4, 5, 133–135]. In animal studies, outcomes
following incomplete cerebral ischemia were improved with
ketamine administration, thought to be related to reduced
plasma catecholamine levels [5]. Additionally, ketamine
causes an increase in blood flow regionally and globally and
reduces resistance in the cerebrovasculature [4, 136, 137].
Ketamine provides some measure of cardiovascular stim-
ulation as well, which may contribute to cerebral perfusion
[138]. For example, ketamine might have utility as a he-
modynamic agent in traumatic brain injury (TBI) patients
with hypovolemia, as it is well documented that ketamine
can cause an elevation in heart rate, systolic blood pressure,
and cardiac index [124]. Studies have shown that ketamine
also inhibits spreading depolarizations, which cause de-
pression of neuronal activity. *ese slow potential changes
propagate in brains with previously existing ischemic
damage to cause or increase damage, and their prevention
could improve outcomes in TBI, subarachnoid hemorrhage,
and malignant stroke cases [124, 139, 140]. In TBI specifi-
cally, which involves increased inflammation, autophagy,
edema, and ischemia, ketamine produces several beneficial
effects. At subanesthetic doses in animal models, it prevents
IL-6 and TNF-α release, reduces deficits in dendrites, and
possibly activates the mTOR signaling pathway to down-
regulate autophagic protein production [141]. *is has been
translated to clinical TBI research: in one study of 115 brain-
injured patients, ketamine administration (with a median
dose of 200mg) was found to reduce the occurrence of the
isoelectric spreading depolarizations that are seen in trau-
matized human cortex [139]. In another study of 66 patients
with aneurysmal subarachnoid hemorrhage, (S)-ketamine
infusion (with a mean dose of 2.8± 1.4mg/kg/hour) sig-
nificantly decreased the incidence of spreading depolar-
izations [142]. While the role of ketamine in spinal cord
injury has been shown in animal models [143, 144], this has
not yet been translated to human research.

Ketamine’s neuroprotective effects have also been
proven clinically through functional assessment. In human
cardiac surgery patients, single-dose ketamine (0.5mg/kg)
administration at surgery induction has been associated with
reduced postoperative delirium and cognitive dysfunction,
results which are attributed to the reduction in systemic
inflammation secondary to ketamine usage [4, 5, 138]. In
animal models, ketamine has reduced impaired cognitive
behavior caused by cell death in the cortex and hippocampus
[129, 145] and has attenuated functional deficits in memory
and behavior caused by TBI [141].

While multiple studies support ketamine’s potential for
neuroprotection, some others provide inconclusive evi-
dence. Ketamine’s effects on neurologic injury following
cardiopulmonary bypass have been studied in both adults

and children, with no resulting evidence for either neuro-
protection or neurotoxicity [126, 146]. A review of neuro-
protective agents administered in the perioperative period
reveals that intravenous ketamine is associated with no
significant difference or change in new postoperative cog-
nitive deficits or mortality and concludes that there is
currently not enough evidence to show that ketamine has a
neuroprotective effect [138, 146, 147].

Conversely, ketamine has also been shown to cause
apoptotic cell death in neurons, specifically in the frontal
cerebral cortex and hippocampal region, as well as long-term
deficits in cognitive processing [124, 128, 139, 148–150]. In
animal models, ketamine at anesthetic doses is observed to
collapse cortical neuron growth cones [151]. Cell injury
caused by ketamine seems to be dose- and time-dependent
[129, 150], secondary to an induced aberrant cell cycle re-
entry leading to apoptosis [129, 152]. *is window of
neurotoxicity seems to be focused during early brain de-
velopment and significant synaptogenesis [149], particularly
toward the end of pregnancy and in the early postpartum
period. In mice and rats, the window of greatest vulnerability
to neurotoxic agents is the first 2-3 weeks after birth, and in
humans, the time of greatest vulnerability spans from
midgestation to 2-3 years of life [149]. In human forebrains,
NMDA receptor expression peaks during gestational weeks
20–22, which coincides with the beginning of the brain
growth spurt which lasts into the postnatal period [153]. In
neonatal mice, high-dose ketamine causes severe degener-
ation of parietal cortical cells with resultant learning and
memory deficits at 2 months [154]. Long-term neurofunc-
tional outcomes are also impaired after three daily doses of
ketamine, with increased numbers of apoptotic cells in the
hippocampus and later defects in learning and memory
[149, 155]. Promisingly, one study has shown the potential of
ketamine to counteract its own neurotoxic effects by in-
ducing the production of the activity-dependent neuro-
protective protein (ADNP); pretreatment with a
subanesthetic dose of ketamine before sedation might
upregulate the production of this protein and provide a
neuroprotective effect in rats [151]. Other approaches to
mitigating the risk of ketamine-induced neuronal apoptosis
are being investigated; for example, clozapine has been
shown to improve the viability of mouse neuronal stem cells
that are exposed to ketamine [156].

*e juxtaposition of ketamine’s neurotoxic and neuro-
protective effects provides an interesting conundrum. *ese
effects seem to vary not only by acute dosage and cumulative
usage over time, but also by the state of the brain (absence
versus presence of noxious stimuli) during the time of
ketamine introduction [149]. Some have concluded based on
the existing evidence that the neuroprotective effects of
ketamine are largely dependent on the use of lower doses, as
higher doses can result in ketamine-induced toxicities
[129, 157]. Further study is clearly required, specifically in
the areas of ongoing brain development in pediatric pop-
ulations as well as in the time period surrounding surgery
[149]. Additionally, further study is required in human
models, as much of the current evidence is based on animal
models. Ketamine clearly has a great amount of promise as a
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neuroprotective agent, although the exact parameters of its
use require further elucidation.

4.2. Seizures. While benzodiazepine monotherapy is the
preferred treatment for isolated seizures and there is no
broadly accepted role for ketamine as a treatment for iso-
lated seizures, ketamine has the potential to play a role in the
treatment of status epilepticus (SE), in which seizure activity
persists for longer than 5 minutes [158]. *e utility of
ketamine in treating status epilepticus may be explained by
the fact that sensitivity to GABA agonists decreases with
seizure duration, but this is not as profound with NMDA
receptor antagonism [159], and synaptic NMDA receptors
may even be upregulated in prolonged seizures [160] and
therefore represent an ideal pharmacologic target. Ketamine
also appears to reduce glutamate uptake and may be pro-
tective against glutamate-induced neurotoxicity in the set-
ting of seizure [161]. Ketamine appears to work
synergistically with benzodiazepines to treat SE, and dual
therapy using midazolam and ketamine (4.5mg/kg mid-
azolam with 45mg/kg ketamine) has been shown to treat SE
more effectively than either agent alone [162]. Furthermore,
ketamine (10mg/kg) in combination with a benzodiazepine
(diazepam 1mg/kg) and either valproate (30mg/kg) or
brivaracetam (10mg/kg) has been shown to be both more
effective and less toxic than benzodiazepine monotherapy
for the treatment of SE [163].

Ketamine has a promising role in the treatment of re-
fractory status epilepticus (RSE), which is defined as seizure
activity that does not respond to two antiepileptic drugs at
appropriate doses, and is seen in around 30% of cases of
status epilepticus [164, 165]. IV Ketamine appears to ef-
fectively terminate RSE (when administered as a 0.5mg/kg
IV bolus followed by a continuous infusion gradually
uptitrated to 1.5mg/kg/hour) [166], and while most studies
evaluating the use of IV ketamine in status epilepticus are in
adults, ketamine also appears to be both safe and effective in
children with refractory status epilepticus, at a mean dose of
40 μg/kg/minute [167]. Since RSE is conventionally treated
using anesthetics which require intubation, utilizing ket-
amine in the treatment of RSE can prevent the need for
intubation and spare patients the associated risks [168]. RSE
carries significant morbidity and mortality, with up to 90%
of individuals with RSE suffering severe morbidity and up to
19% of individuals with SE lasting greater than 30 minutes
experiencing death [169], making novel treatment options
like ketamine valuable. Ketamine infusion (with a maximum
dose range of 25–175 μg/kg/minute) with or without pro-
pofol has also been shown in a study of 67 patients to ef-
fectively control superrefractory status epilepticus (SRSE), in
which seizures persist for at least 24 hours after anesthetics
are initiated [170]. Ketamine (either as a 1.1–4mg/kg bolus
or as 1.0-1.1mg/kg/hour infusion) also appears to be pro-
tective in cases with both RSE and traumatic brain injury,
according to a retrospective review of a cohort of 11 patients
[165].

In the context of chemical warfare, ketamine may have a
role in neuroprotection and reducing neuroinflammation

induced by organophosphorus nerve agents, which are
known to cause seizures, status epilepticus, and brain
damage. Ketamine in combination with atropine, with or
without a benzodiazepine, appears to have utility in reducing
the effects of organophosphorus nerve agents including
soman, which could have utility in field conditions [171]. A
study in guinea pigs exposed to soman showed that (S)-
ketamine and atropine provided comparable protection
against death and seizure-related brain damage, but at doses
2-3 times lower than racemic ketamine and atropine [172].

While a promising treatment for RSE and SRSE, ket-
amine has several notable drawbacks. It appears that ket-
amine alone may not be an effective treatment for status
epilepticus that has lasted for over one hour [158]. Adverse
reactions to ketamine have also been reported, including
psychiatric symptoms like hallucinations and delirium, in-
creased saliva secretion, and arrhythmias, though these are
noted to be treatable and self-limited [173]. Major com-
plications have not been reported [174]. Ketamine-induced
neurotoxicity has been described, primarily using animal
models [164]. Cerebellar syndrome including cerebellar
atrophy has been reported with high-dose ketamine [175].

*ere is limited prospective data on the treatment of SE
and RSE using ketamine, and this topic warrants further
research [176, 177]. While a racemic mixture of (S)- and (R)-
ketamine is typically used, it has been shown that (S)-ket-
amine is more rapidly eliminated, leading to faster recovery
of psychomotor faculties [123]. Whether (S)-ketamine is
superior to racemic ketamine in the treatment of seizures
warrants further study. While the benefits of ketamine in
treating RSE and SRSE are promising, use of ketamine has
not been widely adopted, perhaps because ketamine has not
been integrated into management algorithms [178].
*erefore, integration of ketamine into treatment protocols
warrants further consideration by neurologic societies and
guideline creators. Furthermore, other novel uses of ket-
amine for seizure disorders are currently being investigated;
for example, recently a case was reported in which low-dose
IV ketamine was used in an epileptic patient with postop-
erative worsening of his seizure burden, with successful
improvement in seizures and avoidance of oversedation or
intubation [179]. However, it has also been recently called
into question whether ketamine may induce seizure in some
cases, with one recent case of new-onset seizure being re-
ported following intramuscular ketamine administration in
a pediatric patient, which certainly warrants further con-
sideration as well [180].

*ere are clear benefits to early administration of ket-
amine for SE, including limiting the adverse events from
polypharmacy and avoiding intubation [178], and earlier
administration of ketamine for SE and RSE has been ad-
vocated [174, 178, 181]. Furthermore, early administration
of ketamine may prevent neuronal necrosis, making it a
useful medication to use early on in SE [182].

4.3. Ketamine and Alcohol and Substance Use Disorders.
*ere is ongoing research surrounding the role of ketamine
in treating alcohol and substance use disorders. It is thought
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that in addition to modulating glutamatergic neurotrans-
mission, ketamine may mediate downstream effects on
neuronal connectivity and plasticity through brain-derived
neurotrophic factor and other factors to improve dopamine
signaling, thereby treating drug-related synaptic deficits
[183]. In a study of 111 alcohol-dependent patients, relapse
rates were significantly lower at one year in patients who
received intramuscular ketamine [184], though this sentinel
trial lacked both randomization and blinding [185]. A study
of 58 opioid-dependent patients found that subanesthetic
ketamine infusion (0.5mg/kg/hour) significantly improves
immediate and short-term (48-hour) withdrawal symptoms
in patients who undergo precipitated opioid withdrawal
[186]. In a study of 55 cocaine-dependent patients, patients
who received a single 40-minute ketamine infusion (0.5mg/
kg) in conjunction with a mindfulness-based relapse pre-
vention program had a significantly lower relapse rate than
patients who received the same mindfulness program in
conjunction with a midazolam infusion [187]. Based on
these promising results, it is possible that ketamine may fill a
major gap in addiction treatment, as there are currently no
FDA-approved medications for the treatment of cocaine use
disorder [187]. Ketamine has also been shown to treat heroin
dependence in a dose-dependent fashion, with one study on
70 detoxified heroin-dependent patients demonstrating that
patients who received higher doses of intramuscular ket-
amine (2.0mg/kg) had a significantly higher rate of absti-
nence at two years [188]. However, the use of ketamine in
alcohol and substance use disorders is complicated by its
psychotogenic, dissociative properties and conventional IV
administration route, which could pose particular challenges
in patients with addiction or mental illnesses [189].

5. Conclusions

Ketamine has emerged as a promising pharmacologic agent
with diverse indications, but controversy surrounds it, as a
result of its toxicities, psychedelic side effects, and abuse
potential. As an antidepressant, ketamine has the benefit of
being significantly faster acting than conventional agents
while also having antisuicidal properties, though its long-
term use is limited by toxicity and impracticality of IV
infusions. In the treatment of migraines, ketamine appears
to effectively reduce acute headache symptoms, while not
modulating the disease state of chronic migraines. Ketamine
appears to be neuroprotective and may play a role in
management of TBI, subarachnoid hemorrhage, and strokes.
In the treatment of pain, ketamine appears to reduce the
analgesic requirement for treatment of acute pain and also
has a clear role in the management of CRPS, though again its
use is limited by its side-effect profile and toxicity, including
neurotoxicity and memory impairment, when used long
term. Ketamine may also play a role in drug detoxification
and alcohol and drug relapse prevention. *e role of ket-
amine in the management of seizures including SE and RSE
is also promising. In general, ketamine has multiple non-
anesthetic uses that are drawing attention, but because many
studies evaluating its utility have conflicting results and
sample sizes are typically small, further research studies

including large-scale prospective studies are required to
elucidate its role in the field of medicine.
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[22] Z. M. Ignácio, G. Z. Réus, C. O. Arent, H. M. Abelaira,
M. R. Pitcher, and J. Quevedo, “New perspectives on the
involvement of mTOR in depression as well as in the action
of antidepressant drugs,” British Journal of Clinical Phar-
macology, vol. 82, no. 5, pp. 1280–1290, 2016.

[23] X. Zhu, G. Ye, Z. Wang, J. Luo, and X. Hao, “Sub-anesthetic
doses of ketamine exert antidepressant-like effects and
upregulate the expression of glutamate transporters in the
hippocampus of rats,” Neuroscience Letters, vol. 639,
pp. 132–137, 2017.

[24] D. R. Lara, L. W. Bisol, and L. R. Munari, “Antidepressant,
mood stabilizing and procognitive effects of very low dose
sublingual ketamine in refractory unipolar and bipolar de-
pression,” International Journal of Neuro-
psychopharmacology, vol. 16, no. 9, pp. 2111–2117, 2013.

[25] L. R. Aleksandrova, A. G. Phillips, and Y. T. Wang, “An-
tidepressant effects of ketamine and the roles of AMPA
glutamate receptors and other mechanisms beyond NMDA
receptor antagonism,” Journal of Psychiatry and Neurosci-
ence, vol. 42, no. 4, pp. 222–229, 2017.

[26] A. McGirr, M. Berlim, D. Bond, M. Fleck, L. Yatham, and
R. Lam, “A systematic review and meta-analysis of ran-
domized, double-blind, placebo-controlled trials of ketamine
in the rapid treatment of major depressive episodes,” Psy-
chological Medicine, vol. 45, no. 4, pp. 693–704, 2015.

[27] Y. Xu, M. Hackett, G. Carter et al., “Effects of low-dose and
very low-dose ketamine among patients with major de-
pression: a systematic review and meta-analysis,” Interna-
tional Journal of Neuropsychopharmacology, vol. 19, no. 4,
2016.

[28] J. W. Murrough, D. V. Iosifescu, L. C. Chang et al., “An-
tidepressant efficacy of ketamine in treatment-resistant
major depression: a two-site randomized controlled trial,”
American Journal of Psychiatry, vol. 170, no. 10, pp. 1134–
1142, 2013.

[29] K. X. Li and H. Loshak, CADTH Rapid Response Reports.
Intravenous Ketamine for Adults with Treatment-Resistant
Depression or Post-Traumatic Stress Disorder: A Review of
Clinical Effectiveness, Cost-Effectiveness and Guidelines,
Canadian Agency for Drugs and Technologies in Health,
Ottawa, Canada, 2019, https://www.ncbi.nlm.nih.gov/books/
NBK551873/.

[30] J. B. Singh, M. Fedgchin, E. J. Daly et al., “A double-blind,
randomized, placebo-controlled, dose-frequency study of
intravenous ketamine in patients with treatment-resistant
depression,” American Journal of Psychiatry, vol. 173, no. 8,
pp. 816–826, 2016.

[31] R. M. Berman, A. Cappiello, A. Anand et al., “Antidepressant
effects of ketamine in depressed patients,” Biological Psy-
chiatry, vol. 47, no. 4, pp. 351–354, 2000.

[32] J. W. Murrough, “Ketamine for depression: an update,”
Biological Psychiatry, vol. 80, no. 6, pp. 416–418, 2016.

[33] K. G. Rasmussen, T. W. Lineberry, C. W. Galardy et al.,
“Serial infusions of low-dose ketamine for major depres-
sion,” Journal of Psychopharmacology, vol. 27, no. 5,
pp. 444–450, 2013.

[34] P. R. Shiroma, B. Johns, M. Kuskowski et al., “Augmentation
of response and remission to serial intravenous subanesthetic
ketamine in treatment resistant depression,” Journal of Af-
fective Disorders, vol. 155, pp. 123–129, 2014.

[35] K. A. Lapidus, C. F. Levitch, A. M. Perez et al., “A ran-
domized controlled trial of intranasal ketamine in major
depressive disorder,” Biological Psychiatry, vol. 76, no. 12,
pp. 970–976, 2014.

[36] J. Kryst, P. Kawalec, and A. Pilc, “Efficacy and safety of
intranasal esketamine for the treatment of major depressive
disorder,” Expert Opinion on Pharmacotherapy, vol. 21, no. 1,
pp. 9–20, 2020.

[37] J. Burger, M. Capobianco, R. Lovern et al., “A double-
blinded, randomized, placebo-controlled sub-dissociative
dose ketamine pilot study in the treatment of acute de-
pression and suicidality in a military emergency department
setting,” Militiary Medicine, vol. 181, no. 10, pp. 1195–1199,
2016.

[38] W. Fan, H. Yang, Y. Sun et al., “Ketamine rapidly relieves
acute suicidal ideation in cancer patients: a randomized
controlled clinical trial,” Oncotarget, vol. 8, no. 2,
pp. 2356–2360, 2017.

[39] S. Schiavone, P. Tucci, E. Mhillaj, M. Bove, L. Trabace, and
M. G. Morgese, “Antidepressant drugs for beta amyloid-
induced depression: a new standpoint?” Progress in Neuro-
Psychopharmacology and Biological Psychiatry, vol. 78,
pp. 114–122, 2017.

[40] F. Mallick and C. B. McCullumsmith, “Ketamine for treat-
ment of suicidal ideation and reduction of risk for suicidal
behavior,” Current Psychiatry Reports, vol. 18, no. 6, p. 61,
2016.

[41] J. W. Murrough, A. M. Perez, S. Pillemer et al., “Rapid and
longer-term antidepressant effects of repeated ketamine
infusions in treatment-resistant major depression,” Biolog-
ical Psychiatry, vol. 74, no. 4, pp. 250–256, 2013.

[42] R. B. Price, D. V. Iosifescu, J. W. Murrough et al., “Effects of
ketamine on explicit and implicit suicidal cognition: a
randomized controlled trial in treatment-resistant depres-
sion,” Depression and Anxiety, vol. 31, no. 4, pp. 335–343,
2014.

[43] S. T. Wilkinson, E. D. Ballard, M. H. Bloch et al., “*e effect
of a single dose of intravenous ketamine on suicidal ideation:
a systematic review and individual participant data meta-

10 Anesthesiology Research and Practice

https://www.ncbi.nlm.nih.gov/books/NBK551873/
https://www.ncbi.nlm.nih.gov/books/NBK551873/


analysis,” American Journal of Psychiatry, vol. 175, no. 2,
pp. 150–158, 2018.

[44] A. K. Parsaik, B. Singh, D. Khosh-Chashm, and
S. S. Mascarenhas, “Efficacy of ketamine in bipolar de-
pression: systematic review and meta-analysis,” Journal of
Psychiatric Practice, vol. 21, no. 6, pp. 427–435, 2015.

[45] E. D. Ballard, K.Wills, N. Lally et al., “Anhedonia as a clinical
correlate of suicidal thoughts in clinical ketamine trials,”
Journal of Affective Disorders, vol. 218, pp. 195–200, 2017.

[46] M. Papp, P. Gruca, M. Lason-Tyburkiewicz, and P. Willner,
“Antidepressant, anxiolytic and procognitive effects of
subacute and chronic ketamine in the chronic mild stress
model of depression,” Behavioural Pharmacology, vol. 28,
no. 1, pp. 1–8, 2017.

[47] N. Okamoto, T. Nakai, K. Sakamoto, Y. Nagafusa,
T. Higuchi, and T. Nishikawa, “Rapid antidepressant effect of
ketamine anesthesia during electroconvulsive therapy of
treatment-resistant depression: comparing ketamine and
propofol anesthesia,” 6e Journal of ECT, vol. 26, no. 3,
pp. 223–227, 2010.

[48] D. J. Li, F. C. Wang, C. S. Chu et al., “Significant treatment
effect of add-on ketamine anesthesia in electroconvulsive
therapy in depressive patients: a meta-analysis,” European
Neuropsychopharmacology, vol. 27, no. 1, pp. 29–41, 2017.

[49] M. J. Niciu, I. D. Henter, D. A. Luckenbaugh, C. A. Zarate Jr,
and D. S. Charney, “Glutamate receptor antagonists as fast-
acting therapeutic alternatives for the treatment of depres-
sion: ketamine and other compounds,” Annual Review of
Pharmacology and Toxicology, vol. 54, no. 1, pp. 119–139,
2014.

[50] I. Barenboim and B. Lafer, “Maintenance use of ketamine for
treatment-resistant depression: an open-label pilot study,”
Revista Brasileira de Psiquiatria, vol. 40, no. 1, p. 110, 2018.

[51] L. Reinstatler and N. A. Youssef, “Ketamine as a potential
treatment for suicidal ideation: a systematic review of the
literature,” Drugs in R&D, vol. 15, no. 1, pp. 37–43, 2015.

[52] C. R. Li, S. Zhang, C. C. Hung et al., “Depression in chronic
ketamine users: sex differences and neural bases,” Psychiatry
Research: Neuroimaging, vol. 269, pp. 1–8, 2017.

[53] M. S. Lener, B. Kadriu, and C. A. Zarate Jr, “Ketamine and
beyond: investigations into the potential of glutamatergic
agents to treat depression,” Drugs, vol. 77, no. 4, pp. 381–401,
2017.

[54] M. I. Blonk, B. G. Koder, P. M. Bemt, and F. J. Huygen, “Use
of oral ketamine in chronic pain management: a review,”
European Journal of Pain, vol. 14, no. 5, pp. 466–472, 2010.

[55] M. Tajerian, D. Leu, P. Yang, T. T. Huang,W. S. Kingery, and
J. D. Clark, “Differential efficacy of ketamine in the acute
versus chronic stages of complex regional pain syndrome in
mice,” Anesthesiology, vol. 123, no. 6, pp. 1435–1447, 2015.

[56] M. Sigtermans, I. Noppers, E. Sarton et al., “An observational
study on the effect of S (+)-ketamine on chronic pain versus
experimental acute pain in complex regional pain Syndrome
type 1 patients,” European Journal of Pain, vol. 14, no. 3,
pp. 302–307, 2010.

[57] A. Dahanl, E. Olofsenl, M. Sigtermans et al., “Population
pharmacokinetic-pharmacodynamic modeling of ketamine-
induced pain relief of chronic pain,” European Journal of
Pain, vol. 15, no. 3, pp. 258–267, 2011.

[58] C. J. Morgan and H. V. Curran, “Ketamine use: a review,”
Addiction, vol. 107, no. 1, pp. 27–38, 2012.

[59] D. Michelet, C. Brasher, A. L. Horlin et al., “Ketamine for
chronic non-cancer pain: a meta-analysis and trial sequential

analysis of randomized controlled trials,” European Journal
of Pain, vol. 22, no. 4, pp. 632–646, 2018.

[60] M. Rahmanian, M. Leysi, A. A. Hemmati, and
M. Mirmohammadkhani, “*e effect of low-dose intrave-
nous ketamine on postoperative pain following cesarean
section with spinal anesthesia: a randomized clinical trial,”
Oman Medical Journal, vol. 30, no. 1, pp. 11–16, 2015.

[61] M. Carstensen and A. Møller, “Adding ketamine to mor-
phine for intravenous patient-controlled analgesia for acute
postoperative pain: a qualitative review of randomized tri-
als,” British Journal of Anaesthesia, vol. 104, no. 4,
pp. 401–406, 2010.

[62] R. W. Loftus, M. P. Yeager, J. A. Clark et al., “Intraoperative
ketamine reduces perioperative opiate consumption in
opiate-dependent patients with chronic back pain under-
going back surgery,” Anesthesiology, vol. 113, no. 3,
pp. 639–646, 2010.

[63] T. L. Ahern, A. A. Herring, M. B. Stone, and B. W. Frazee,
“Effective analgesia with low-dose ketamine and reduced
dose hydromorphone in ED patients with severe pain,” 6e
American Journal of Emergency Medicine, vol. 31, no. 5,
pp. 847–851, 2013.

[64] A. E. Pickering and C. S. McCabe, “Prolonged ketamine
infusion as a therapy for complex regional pain syndrome:
synergism with antagonism?” British Journal of Clinical
Pharmacology, vol. 77, no. 2, pp. 233–238, 2014.

[65] R. V. Nielsen, J. S. Fomsgaard, H. Siegel et al., “Intraoperative
ketamine reduces immediate postoperative opioid con-
sumption after spinal fusion surgery in chronic pain patients
with opioid dependency: a randomized, blinded trial,” Pain,
vol. 158, no. 3, pp. 463–470, 2017.

[66] A. M. Barreveld, D. J. Correll, X. Liu et al., “Ketamine de-
creases postoperative pain scores in patients taking opioids
for chronic pain: results of a prospective, randomized,
double-blind study,” Pain Medicine, vol. 14, no. 6, pp. 925–
934, 2013.

[67] P. Vaid, T. Green, K. Shinkaruk, and K. King-Shier, “Low-
dose ketamine infusions for highly opioid-tolerant adults
following spinal surgery: a retrospective before-and-after
study,” Pain Management Nursing, vol. 17, no. 2, pp. 150–
158, 2016.

[68] K. Subramaniam, V. Akhouri, P. A. Glazer et al., “Intra-and
postoperative very low dose intravenous ketamine infusion
does not increase pain relief after major spine surgery in
patients with preoperative narcotic analgesic intake,” Pain
Medicine, vol. 12, no. 8, pp. 1276–1283, 2011.

[69] T. L. Ahern, A. A. Herring, S. Miller, and B.W. Frazee, “Low-
dose ketamine infusion for emergency department patients
with severe pain,” Pain Medicine, vol. 16, no. 7, pp. 1402–
1409, 2015.

[70] A. Pourmand, M. Mazer-Amirshahi, C. Royall, R. Alhawas,
and R. Shesser, “Low dose ketamine use in the emergency
department, a new direction in pain management,” 6e
American Journal of Emergency Medicine, vol. 35, no. 6,
pp. 918–921, 2017.

[71] D. Reddi, “Preventing chronic postoperative pain,” Anaes-
thesia, vol. 71, no. Suppl 1, pp. 64–71, 2016.

[72] L. E. Chaparro, S. A. Smith, R. A. Moore, P. J. Wiffen, and
I. Gilron, “Pharmacotherapy for the prevention of chronic
pain after surgery in adults,” Cochrane Database of Sys-
tematic Reviews, vol. 7, 2013.

[73] C. Aveline, A. L. Roux, H. L. Hetet et al., “Pain and recovery
after total knee arthroplasty: a 12-month follow-up after a
prospective randomized study evaluating Nefopam and

Anesthesiology Research and Practice 11



Ketamine for early rehabilitation,” 6e Clinical Journal of
Pain, vol. 30, no. 9, pp. 749–754, 2014.

[74] S. Humble, A. Dalton, and L. Li, “A systematic review of
therapeutic interventions to reduce acute and chronic post-
surgical pain after amputation, thoracotomy or mastec-
tomy,” European Journal of Pain, vol. 19, no. 4, pp. 451–465,
2015.

[75] H.-G. Ryu, C.-J. Lee, Y.-T. Kim, and J.-H. Bahk, “Preemptive
low-dose epidural ketamine for preventing chronic post-
thoracotomy pain: a prospective, double-blinded, random-
ized, clinical trial,”6e Clinical Journal of Pain, vol. 27, no. 4,
pp. 304–308, 2011.

[76] J. Hu, Q. Liao, F. Zhang, J. Tong, and W. Ouyang, “Chronic
postthoracotomy pain and perioperative ketamine infusion,”
Journal of Pain & Palliative Care Pharmacotherapy, vol. 28,
no. 2, pp. 117–121, 2014.

[77] B. Tena, C. Gomar, and J. Rios, “Perioperative epidural or
intravenous ketamine does not improve the effectiveness of
thoracic epidural analgesia for acute and chronic pain after
thoracotomy,” 6e Clinical Journal of Pain, vol. 30, no. 6,
pp. 490–500, 2014.

[78] E. D. McNicol, R. Schumann, and S. Haroutounian, “A
systematic review and meta-analysis of ketamine for the
prevention of persistent post-surgical pain,” Acta Anaes-
thesiologica Scandinavica, vol. 58, no. 10, pp. 1199–1213,
2014.

[79] V. Orhurhu, M. S. Orhurhu, A. Bhatia, and S. P. Cohen,
“Ketamine infusions for chronic pain: a systematic review
and meta-analysis of randomized controlled trials,” Anesth
Analg, vol. 129, no. 1, pp. 241–254, 2019.

[80] S. Patil and M. Anitescu, “Efficacy of outpatient ketamine
infusions in refractory chronic pain syndromes: a 5-year
retrospective analysis,” Pain Medicine, vol. 13, no. 2,
pp. 263–269, 2012.

[81] L. Grande, H. Delacruz, M. *ompson, G. Terman, and
R. Rosenblatt, “(417) Oral ketamine for chronic pain: a 32-
subject placebo-controlled trial in patients on chronic opi-
oids,” 6e Journal of Pain, vol. 17, pp. S78–S79, 2016.

[82] O. Zekry, S. B. Gibson, and A. Aggarwal, “Subanesthetic,
subcutaneous ketamine infusion therapy in the treatment of
chronic nonmalignant pain,” Journal of Pain & Palliative
Care Pharmacotherapy, vol. 30, no. 2, pp. 91–98, 2016.

[83] F. Marchetti, A. Coutaux, A. Bellanger, C. Magneux,
P. Bourgeois, and G. Mion, “Efficacy and safety of oral
ketamine for the relief of intractable chronic pain: a retro-
spective 5-year study of 51 patients,” European Journal of
Pain, vol. 19, no. 7, pp. 984–993, 2015.

[84] M. Niesters, C. Martini, and A. Dahan, “Ketamine for
chronic pain: risks and benefits,” British Journal of Clinical
Pharmacology, vol. 77, no. 2, pp. 357–367, 2014.

[85] K. A. Sheehy, E. A. Muller, C. Lippold, M. Nouraie,
J. C. Finkel, and Z. M. Quezado, “Subanesthetic ketamine
infusions for the treatment of children and adolescents with
chronic pain: a longitudinal study,” BMC Pediatrics, vol. 15,
no. 1, p. 198, 2015.

[86] L. Kapural, M. Kapural, T. Bensitel, and D. I. Sessler,
“Opioid-sparing effect of intravenous outpatient ketamine
infusions appears short-lived in chronic-pain patients with
high opioid requirements,” Pain Physician, vol. 13, no. 4,
pp. 389–394, 2010.

[87] F. K. Rigo, G. Trevisan, M. C. Godoy et al., “Management of
neuropathic chronic pain with methadone combined with
ketamine: a randomized, double blind, active-controlled

clinical trial,” Pain Physician, vol. 20, no. 3, pp. 207–215,
2017.

[88] J. Zhao, Y. Wang, and D. Wang, “*e effect of ketamine
infusion in the treatment of complex regional pain syn-
drome: a systemic review and meta-analysis,” Current Pain
and Headache Reports, vol. 22, no. 2, p. 12, 2018.

[89] L. Becerra, R. J. Schwartzman, R. T. Kiefer et al., “CNS
measures of pain responses pre- and post-anesthetic ket-
amine in a patient with complex regional pain syndrome,”
Pain Medicine, vol. 16, no. 12, pp. 2368–2385, 2015.

[90] P. Puchalski and A. Zyluk, “Results of the treatment of
chronic, refractory CRPS with ketamine infusions: a pre-
liminary report,” Handchirurgie Mikrochirurgie Plastische
Chirurgie, vol. 48, no. 3, pp. 143–147, 2016.

[91] P. Azari, D. R. Lindsay, D. Briones, C. Clarke, T. Buchheit,
and S. Pyati, “Efficacy and safety of ketamine in patients with
complex regional pain syndrome: a systematic review,” CNS
Drugs, vol. 26, no. 3, pp. 215–228, 2012.

[92] J. M. K. Hesselink and D. J. Kopsky, “Treatment of chronic
regional pain syndrome type 1 with palmitoylethanolamide
and topical ketamine cream: modulation of nonneuronal
cells,” Journal of Pain Research, vol. 6, p. 239, 2013.

[93] Y. M. Amr, “Multi-day low dose ketamine infusion as ad-
juvant to oral gabapentin in spinal cord injury related
chronic pain: a prospective, randomized, double blind trial,”
Pain Physician, vol. 13, no. 3, pp. 245–249, 2010.

[94] M. J. Alviar, T. Hale, and M. Dungca, “Pharmacologic in-
terventions for treating phantom limb pain,” Cochrane
Database of Systematic Reviews, vol. 10, 2016.

[95] S. A. Bouwense, H. C. Buscher, H. van Goor, and
O. H. Wilder-Smith, “S-ketamine modulates hyperalgesia in
patients with chronic pancreatitis pain,” Regional Anesthesia
and Pain Medicine, vol. 36, no. 3, pp. 303–307, 2011.

[96] D. Uprety, A. Baber, and M. Foy, “Ketamine infusion for
sickle cell pain crisis refractory to opioids: a case report and
review of literature,” Annals of Hematology, vol. 93, no. 5,
pp. 769–771, 2014.

[97] W. T. Zempsky, K. A. Loiselle, J. M. Corsi, and
J. N. Hagstrom, “Use of low-dose ketamine infusion for
pediatric patients with sickle cell disease-related pain: a case
series,” 6e Clinical Journal of Pain, vol. 26, no. 2,
pp. 163–167, 2010.

[98] J. Hardy, S. Quinn, B. Fazekas et al., “Randomized, double-
blind, placebo-controlled study to assess the efficacy and
toxicity of subcutaneous ketamine in the management of
cancer pain,” Journal of Clinical Oncology, vol. 30, no. 29,
pp. 3611–3617, 2012.

[99] S. Salas, M. Frasca, B. Planchet-Barraud et al., “Ketamine
analgesic effect by continuous intravenous infusion in re-
fractory cancer pain: considerations about the clinical re-
search in palliative care,” Journal of Palliative Medicine,
vol. 15, no. 3, pp. 287–293, 2012.

[100] A. L. Bredlau, R. *akur, D. N. Korones, and R. H. Dworkin,
“Ketamine for pain in adults and children with cancer: a
systematic review and synthesis of the literature,” Pain
Medicine, vol. 14, no. 10, pp. 1505–1517, 2013.

[101] C. Lauritsen, S. Mazuera, R. B. Lipton, and S. Ashina, “In-
travenous ketamine for subacute treatment of refractory
chronic migraine: a case series,”6e Journal of Headache and
Pain, vol. 17, no. 1, p. 106, 2016.

[102] A. Messali, J. C. Sanderson, A. M. Blumenfeld et al., “Direct
and indirect costs of chronic and episodic migraine in the
United States: a web-based survey,”Headache: 6e Journal of
Head and Face Pain, vol. 56, no. 2, pp. 306–322, 2016.

12 Anesthesiology Research and Practice



[103] C. Cameron, S. Kelly, S. C. Hsieh et al., “Triptans in the acute
treatment of migraine: a systematic review and network
meta-analysis,” Headache: 6e Journal of Head and Face
Pain, vol. 55, no. Suppl 4, pp. 221–235, 2015.

[104] T. Sprenger, M. Valet, R. Woltmann et al., “Imaging pain
modulation by subanesthetic S-(+)-ketamine,” Anesthesia &
Analgesia, vol. 103, no. 3, pp. 729–737, 2006.

[105] M. Bigal, A. Rapoport, F. Sheftell, D. Tepper, and S. Tepper,
“Memantine in the preventive treatment of refractory mi-
graine,” Headache: 6e Journal of Head and Face Pain,
vol. 48, no. 9, pp. 1337–1342, 2008.

[106] J. L. Pomeroy, M. J. Marmura, S. J. Nahas, and E. R. Viscusi,
“Ketamine infusions for treatment refractory headache,”
Headache: 6e Journal of Head and Face Pain, vol. 57, no. 2,
pp. 276–282, 2017.

[107] S. K. Afridi, N. J. Giffin, H. Kaube, and P. J. Goadsby, “A
randomized controlled trial of intranasal ketamine in mi-
graine with prolonged aura,” Neurology, vol. 80, no. 7,
pp. 642–647, 2013.

[108] H. Kaube, J. Herzog, T. Kaufer, M. Dichgans, and
H. C. Diener, “Aura in some patients with familial hemi-
plegic migraine can be stopped by intranasal ketamine,”
Neurology, vol. 55, no. 1, pp. 139–141, 2000.

[109] X. Moisset, P. Clavelou, M. Lauxerois, R. Dallel, and
P. Picard, “Ketamine infusion combined with magnesium as
a therapy for intractable chronic cluster headache: report of
two cases,” Headache: 6e Journal of Head and Face Pain,
vol. 57, no. 8, pp. 1261–1264, 2017.

[110] M. Curto, L. Lionetto, A. Negro et al., “Altered serum levels
of kynurenine metabolites in patients affected by cluster
headache,” 6e Journal of Headache and Pain, vol. 17, no. 1,
p. 27, 2016.

[111] F. Naeem, C. Schramm, and B. W. Friedman, “Emergent
management of primary headache: a review of current lit-
erature,” Current Opinion in Neurology, vol. 31, no. 3,
pp. 286–290, 2018.

[112] A. R. Etchison, L. Bos, M. Ray et al., “Low-dose ketamine
does not improve migraine in the emergency department: a
randomized placebo-controlled trial,” Western Journal of
Emergency Medicine, vol. 19, no. 6, pp. 952–960, 2018.

[113] T. Zitek, M. Gates, C. Pitotti et al., “A comparison of
headache treatment in the emergency department: pro-
chlorperazine versus ketamine,” Annals of Emergency
Medicine, vol. 71, no. 3, pp. 369–377.e1, 2018.

[114] S. L. Orr, B. W. Friedman, S. Christie et al., “Management of
adults with acute migraine in the emergency department: the
American headache society evidence assessment of paren-
teral pharmacotherapies,” Headache: 6e Journal of Head
and Face Pain, vol. 56, no. 6, pp. 911–940, 2016.

[115] R. Bell and R. Moore, “Intravenous ketamine for CRPS:
making too much of too little?” Pain, vol. 150, no. 1,
pp. 10-11, 2010.

[116] H. V. Curran and L. Monaghan, “In and out of the K-hole: a
comparison of the acute and residual effects of ketamine in
frequent and infrequent ketamine users,” Addiction, vol. 96,
no. 5, pp. 749–760, 2001.

[117] K. A. Trujillo, J. J. Zamora, and K. P. Warmoth, “Increased
response to ketamine following treatment at long intervals:
implications for intermittent use,” Biological Psychiatry,
vol. 63, no. 2, pp. 178–183, 2008.

[118] R. F. Bell, “Ketamine for chronic noncancer pain: concerns
regarding toxicity,” Current Opinion in Supportive and
Palliative Care, vol. 6, no. 2, pp. 183–187, 2012.

[119] M. Boleslav Kosharskyy, M. Wilson Almonte, and M. Naum
Shaparin, “Intravenous infusions in chronic pain manage-
ment,” Pain Physician, vol. 16, pp. 231–249, 2013.

[120] R. F. Bell, C. Eccleston, and E. A. Kalso, “Ketamine as an
adjuvant to opioids for cancer pain,” Cochrane Database of
Systematic Reviews, vol. 14, p. 11, 2012.

[121] E. Soto, D. R. Stewart, A. J. Mannes et al., “Oral ketamine in
the palliative care setting: a review of the literature and case
report of a patient with neurofibromatosis type 1 and glomus
tumor-associated complex regional pain syndrome,”
American Journal of Hospice and Palliative Medicine, vol. 29,
no. 4, pp. 308–317, 2012.

[122] A. E. Cline and J. E. Turrentine, “Compounded topical
analgesics for chronic pain,” Dermatitis, vol. 27, no. 5,
pp. 263–271, 2016.

[123] J. Hofler, A. Rohracher, G. Kalss et al., “(S)-ketamine in
refractory and super-refractory status epilepticus: a retro-
spective study,” CNS Drugs, vol. 30, no. 9, pp. 869–876, 2016.

[124] L. C. Chang, S. R. Raty, J. Ortiz, N. S. Bailard, and
S. J. Mathew, “*e emerging use of ketamine for anesthesia
and sedation in traumatic brain injuries,” CNS Neuroscience
& 6erapeutics, vol. 19, no. 6, pp. 390–395, 2013.

[125] S. R. Wyte, H. M. Shapiro, P. Turner, and A. B. Harris,
“Ketamine-induced intracranial hypertension,” Anesthesi-
ology, vol. 36, no. 2, pp. 174–176, 1972.

[126] A. T. Bhutta, M. L. Schmitz, C. Swearingen et al., “Ketamine
as a neuroprotective and anti-inflammatory agent in children
undergoing surgery on cardiopulmonary bypass: a pilot
randomized, double-blind, placebo-controlled trial,” Pedi-
atric Critical Care Medicine, vol. 13, no. 3, pp. 328–337, 2012.

[127] F. Ulbrich, L. Eisert, H. Buerkle, U. Goebel, and N. Schallner,
“Propofol, but not ketamine or midazolam, exerts neuro-
protection after ischaemic injury by inhibition of Toll-like
receptor 4 and nuclear factor kappa-light-chain-enhancer of
activated B-cell signalling: a combined in vitro and animal
study,” European Journal of Anaesthesiology, vol. 33, no. 9,
pp. 670–680, 2016.

[128] A. Ghosh and M. E. Greenberg, “Calcium signaling in
neurons: molecular mechanisms and cellular consequences,”
Science, vol. 268, no. 5208, pp. 239–247, 1995.

[129] D. Schifilliti, G. Grasso, A. Conti, and V. Fodale, “Anaes-
thetic-related neuroprotection,” CNS Drugs, vol. 24, no. 11,
pp. 893–907, 2010.

[130] E. Pfenninger and S. Himmelseher, “Neuroprotection by
ketamine at the cellular level,” Der Anaesthesist, vol. 46,
no. Suppl 1, pp. S47–S54, 1997.

[131] Q. S. Xue, B. W. Yu, Z. J. Wang, and H. Z. Chen, “Effects of
ketamine, midazolam, thiopental, and propofol on brain
ischemia injury in rat cerebral cortical slices,” Acta Phar-
macologica Sinica, vol. 25, no. 1, pp. 115–120, 2004.

[132] L. Shu, T. Li, S. Han et al., “Inhibition of neuron-specific
CREB dephosphorylation is involved in propofol and ket-
amine-induced neuroprotection against cerebral ischemic
injuries of mice,” Neurochemical Research, vol. 37, no. 1,
pp. 49–58, 2012.

[133] D. G. Fujikawa, “Neuroprotective effect of ketamine ad-
ministered after status epilepticus onset,” Epilepsia, vol. 36,
no. 2, pp. 186–195, 1995.

[134] M. Proescholdt, A. Heimann, and O. Kempski, “Neuro-
protection of S(+) ketamine isomer in global forebrain is-
chemia,” Brain Research, vol. 904, no. 2, pp. 245–251, 2001.

[135] W. Reeker, C. Werner, O. Möllenberg, L. Mielke, and
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