
ISSN 1535-3702 Experimental Biology and Medicine 2023; 248: 624–632

Copyright © 2023 by the Society for Experimental Biology and Medicine

Introduction

Surgery in the human neonatal period and early infancy 
is associated with significant neurologic morbidity includ-
ing long-term cognitive deficits.1–6 Putative mechanisms 

for this neurologic injury include ischemia, hypoxia, micro-
emboli and activation of an exaggerated inflammatory state, 
otherwise referred to as systemic inflammatory response 
syndrome (SIRS). At the cellular level, glial activation and 
neuronal cell death caused by ischemia and inflammation 
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Abstract
With advances in pediatric and obstetric surgery, pediatric patients are subject to 
complex procedures under general anesthesia. The effects of anesthetic exposure 
on the developing brain may be confounded by several factors including pre-existing 
disorders and surgery-induced stress. Ketamine, a noncompetitive N-methyl-d-
aspartate (NMDA) receptor antagonist, is routinely used as a pediatric general 
anesthetic. However, controversy remains about whether ketamine exposure may 
be neuroprotective or induce neuronal degeneration in the developing brain. Here, 
we report the effects of ketamine exposure on the neonatal nonhuman primate 
brain under surgical stress. Eight neonatal rhesus monkeys (postnatal days 5–7) 
were randomly assigned to each of two groups: Group A (n = 4) received 2 mg/kg  
ketamine via intravenous bolus prior to surgery and a 0.5 mg/kg/h ketamine 
infusion during surgery in the presence of a standardized pediatric anesthetic 
regimen; Group B (n = 4) received volumes of normal saline equivalent to those of 
ketamine given to Group A animals prior to and during surgery, also in the presence 
of a standardized pediatric anesthetic regimen. Under anesthesia, the surgery 
consisted of a thoracotomy followed by closing the pleural space and tissue in 
layers using standard surgical techniques. Vital signs were monitored to be within 
normal ranges throughout anesthesia. Elevated levels of cytokines interleukin (IL)-8,  
IL-15, monocyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory 
protein (MIP)-1β at 6 and 24 h after surgery were detected in ketamine-exposed 
animals. Fluoro-Jade C staining revealed significantly higher neuronal degeneration 
in the frontal cortex of ketamine-exposed animals, compared with control animals. 

Intravenous ketamine administration prior to and throughout surgery in a clinically relevant neonatal primate model appears to 
elevate cytokine levels and increase neuronal degeneration. Consistent with previous data on the effects of ketamine on the 
developing brain, the results from the current randomized controlled study in neonatal monkeys undergoing simulated surgery 
show that ketamine does not provide neuroprotective or anti-inflammatory effects.
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Despite the widespread clinical use of ketamine 
as a pediatric anesthetic, limited data are available 
regarding its pharmacokinetics and pharmacody-
namics in infants and neonates. There is a need 
to do further studies in appropriate animal models 
using clinically relevant doses of drug in the pres-
ence of surgical stress. The similarity of the physi-
ology, pharmacology, and reproductive systems of 
the nonhuman primate (NHP) to that of the human, 
especially during pregnancy and the neonatal 
period, make the monkey the most appropriate ani-
mal model for use in the preclinical studies. This 
study is designed to explore differences in various 
outcomes and neurologic effects of ketamine in an 
NHP infant animal model and to better understand 
the consequences of ketamine exposure during 
surgical procedures in children. Our findings indi-
cated that ketamine administration prior to and 
throughout surgery in a clinically relevant model 
appears to increase neuronal degeneration and 
does not provide anti-inflammatory effects.
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depend upon glutamate excitotoxicity, mediated via 
N-Methyl D-Aspartate (NMDA) receptors. Thus, the use 
of NMDA receptor antagonists such as ketamine can theo-
retically prevent this type of cellular injury. Ketamine, an 
anesthetic agent used commonly in children, is a potent, 
non-competitive NMDA receptor antagonist, which also has 
anti-inflammatory effects. Despite its widespread use, lim-
ited data are available regarding the pharmacokinetics (PK) 
and pharmacodynamics of ketamine in infants.7

Glutamate-mediated signaling controls every aspect of 
neuronal cell development in an activity-dependent man-
ner.7 The mammalian brains undergo a growth spurt when 
profuse neural cells proliferate and exuberant synaptogen-
esis occur. Among the proliferated cells, some cells are 
destined to mature successfully from undifferentiated and 
unconnected cells into neuronal cells with complex three-
dimensional morphologies. Other cells will die naturally 
by programmed apoptotic cell death. Simultaneously, the 
excessive synaptic connections are systemically eliminated 
by pruning.8 Some animal studies have suggested that the 
use of ketamine in neonatal animals may lead to neuronal 
degeneration.9–11 Other in vitro and in vivo rodent and pri-
mate models showed that both brain immaturity and pro-
longed exposures to ketamine were necessary to produce 
neuroapoptotic cell death.12–14 On the other hand, studies 
have also shown that lower and more clinically relevant 
doses of ketamine (5–10 mg/kg given via the subcutane-
ous route) administered as a single dose or multiple doses 
to neonatal animals do not induce apoptosis and may be 
neuroprotective if given prior to an inflammatory stimu-
lus.15 It is difficult to thoroughly explore the adverse effects 
of anesthetic exposure on human infants and children. 
Ultimately, the nonhuman primate more accurately reflects 
the human condition because of their physiological similar-
ity to humans with regard to the reproduction, development, 
neuroanatomy, and cognition13,14,16,17

The published literature suggests that the dose of keta-
mine administered, the presence or absence of surgical 
stress, and the maturity of the developing brain are impor-
tant determinants of the central nervous system effects of 
ketamine.17 Thus, there is a need to conduct further pre-clin-
ical studies that use clinically relevant doses of ketamine to 
mimic the clinical situation in the presence of surgical stress 
in neonatal animals.

Materials and methods

Animals and procedures

All animal procedures were approved by the Institutional 
Animal Care and Use Committee at the University of 
Arkansas for Medical Sciences and the National Center for 
Toxicological Research (NCTR) and conducted in accordance 
with the Public Health Service (PHS) Policy on Humane Care 
and Use of Laboratory Animals. All nonhuman primates 
were born and housed at the NCTR nonhuman primate 
research facility. Animal procedures were designed to mini-
mize the number of animals required and any pain or dis-
tress associated with the experimental procedures. Neonatal 
rhesus monkeys (Macaca mulatta) were obtained from the 
NCTR breeding colony as previously described.14 Briefly, 

breeder monkeys were housed in separate cages under a 
12:12 h light/dark cycle, provided with water ad libitum and 
fed high protein jumbo monkey diet supplemented routinely 
with fresh fruit. All births occurred via natural delivery and 
the day of birth was designated as postnatal day (PND) 0. 
Neonatal monkeys remained with their mothers except dur-
ing anesthetic exposure or control sequestrations.

Eight neonatal rhesus monkeys (all males) at PND 5–7 
were anesthetized using a standardized mixture of inhaled 
and intravenous (IV) anesthetics consisting of sevoflurane, 
fentanyl, midazolam, and pancuronium with doses com-
monly used during pediatric surgical procedures. A central 
venous line was placed for IV drug administration. Monkeys 
were intubated using an endotracheal tube and positive 
pressure ventilation was maintained. Animals randomized 
to the ketamine group (Group A; n = 4) received a 2 mg/kg IV 
bolus of ketamine followed by an IV infusion of 0.5 mg/kg/h 
for surgery. Animals in the Placebo Group (Group B; n = 4) 
received equivalent amounts of normal saline. Animals were 
monitored using vital signs and pulse oximetry. Surgery 
consisted of thoracotomy with a standard incision size fol-
lowed by entry into the pleural space and manipulations 
with retractors to simulate surgical procedures. This was fol-
lowed by closing the pleural space and tissue in layers using 
standard surgical techniques. Anesthesia was stopped and 
animals were extubated. Surgical and anesthetic regimens 
were designed in consultation with pediatric cardiovascu-
lar experts and surgeons at Arkansas Children’s Hospital 
(ACH).

Physiological parameters or vital signs of all subjects were 
monitored following procedures previously described.14,16 
Briefly, non-invasive pulse oximetry (N-395 Pulse Oximeter, 
Nellcor, Pleasanton, CA; MouseOX Plus Vital Sign Monitor, 
StarrTM Life Sciences, Oakmont, PA), capnography (Tidal 
Wave Hand-held capnography, Respironics, Murrysville, 
PA), sphygmomanometry (Critikon Dynamap Vital Signs 
Monitor, GE Healthcare, Waukesha, WI), and a rectal tem-
perature probe were used to verify the physiological status 
of subjects during the exposures and sequestrations. Heart 
and respiration rates, arterial blood O2 saturation levels, 
expired CO2 concentrations, rectal temperatures, and sys-
tolic and diastolic blood pressures were recorded in anes-
thetized and control animals. Venous blood (approximately 
300 µL) was collected for measurement of plasma glucose 
concentrations, venous blood gases, pH values, and hema-
tocrits (GEM® PremierTM 4000, Instrumentation Laboratory, 
Lexington, MA).

Blood samples were obtained at set intervals and total 
blood drawn was not more than 7 mL total for each ani-
mal. Blood samples were collected from the subjects (from 
all animals) immediately after the induction of anesthesia 
and prior to the start of the surgical procedure through a 
central venous line placed for clinical purposes into a hep-
arinized vacuum tube, and additional blood samples were 
also collected at 5, 10, 30, 60 min, 2, 6, 12, and 24 h after keta-
mine administration. All blood samples were centrifuged 
to remove plasma, and plasma aliquots were stored in a 
−70 °C freezer for later use. Using one plasma aliquot from 
each sampling time, ketamine and nor-ketamine levels were 
determined by liquid chromatography with tandem mass 
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spectrometry (LC/MS/MS) and isotope dilution quantifica-
tion (deuterated internal standards).14 The elimination half-
life, clearance, apparent volume of distribution and other 
pharmacokinetic parameters were calculated using classical 
model-fitting techniques.13,14

Mass spectrometry. Analyses were conducted using a 
Quattro Micro or Quattro Premier triple quadrupole mass 
spectrometer (Waters, Milford, MA) equipped with an elec-
trospray source. Positive ions were monitored in selected 
ion recording mode. Source and desolvation temperatures 
were set to 100oC and 300oC, respectively, with dwell times 
of 0.2 s. Capillary potential was 0.5 kV. Resolution was set 
to give peak widths at half-height of 0.9 Th. Optimized 
m/z ratios were acquired (m/z 242-labeled ketamine, m/z 
238-unlabeled ketamine and m/z 228-labeled nor-ketamine, 
m/z 224-unlabeled nor-ketamine) using cone voltages of 25 
and 20 V, respectively, for quantification of the protonated 
molecules from ketamine and nor-ketamine. In addition,  
two pairs of confirmatory ions were acquired for ketamine 
(m/z 211.1-labeled, m/z 207.1 unlabeled) and nor-ketamine 
(m/z 170.1-labeled, m/z 166.1-unlabeled).14

Method performance. The method described was optimized 
with respect to the solid-phase extraction cartridges, sol-
vents, and laboratory hardware available to give the high-
est recoveries based on fortified samples (>80%) and MS 
response. Limits of detection and quantification for ketamine 
and nor-ketamine were approximately 6 and 17 pg on col-
umn, respectively. When using 10–11 plasma samples, this 
corresponds to concentrations of approximately 0.0012 and 
0.0036l g/mL, respectively (0.005 and 0.014l M).13,14

Luminex xMAP™-based technology (Luminex, Corp., 
Austin, TX) was utilized to assay multiple cytokines. A mul-
tiplex antibody kit (Billerica, MA) was used to enable meas-
urement of multiple cytokines simultaneously. The entire 
assay was performed according to the instructions provided 
with the kit. The samples were centrifuged at 13,000g for 
10 min at 4°C. Manufacturer-supplied polystyrene beads 
conjugated to protein-specific capture antibodies were added 
to the wells of the micro plate. Eight working standards were 
prepared in duplicates by serially diluting the reconstituted 
standard. The samples were diluted 1:2 with supplied assay 
buffer. The beads were washed with the wash buffer followed 
by addition of incubation buffer. After reconstitution, 100 µL 
of standard and samples were added into the wells of the 
microplate containing the beads. This reaction mixture was 
allowed to incubate with agitation for a period of 2 h dur-
ing which the proteins bind to the capture antibodies. After 
incubation, the beads were washed with the wash buffer 
followed by addition of protein-specific biotinylated detec-
tor antibodies and incubated with the beads for 1 h. After the 
incubation, the bead mixture was washed thoroughly again 
to remove the excess antibodies. This was followed by the 
addition of streptavidin conjugated to the fluorescent protein 
R phycoerythrin (Streptavidin RPE) and a 30-min incubation 
during which a solid phase sandwich was formed. After 
washing to remove unbound streptavidin, the beads were 
analyzed using the Luminex detection system.

To evaluate if intravenous ketamine administration prior 
to and throughout surgery may cause elevated neural degen-
eration, and/or to determine the severity and the nature 

of ketamine-induced neuronal damage, after 24-h recovery, 
the brains from monkeys in Group A (ketamine; n = 3) and 
Group B (placebo; n = 3) were processed for Fluoro-Jade C 
staining. The frontal lobe/cortex was selected for pathologi-
cal analysis. Fluoro-Jade C detects all degenerating neurons, 
regardless of mechanism of cell death. Coronal sections  
(40 µm), obtained via a cryostat, were processed as previ-
ously described.18 Prior to staining, sections were mounted 
onto polylysinized slides. The mounted sections were bathed 
in a solution of 1% sodium hydroxide in 80% ethanol for 
5 min, and washed in 70% ethanol and distilled water for 
2 min, respectively, followed by an incubation in 0.06% 
potassium permanganate solution for 10 min, and finally 
in a 0.0001% solution of Fluoro-Jade C (Histo-Chem, Inc., 
Jefferson, AR) dissolved in 0.1% acetic acid vehicle for 
10 min. The slides were rinsed through three changes of dis-
tilled water for 1 min per change. The air-dried slides were 
cleaned in xylene and a coverslip was applied with DPX 
nonfluorescent mounting media (Sigma, USA).

Statistical analyses

Summary statistics and plots were used to check normality  
assumptions. Statistical analyses were performed, and 
graphs were produced using SigmaPlot. The vital signs 
or physiological parameters and cytokine data were ana-
lyzed with a General Linear Mixed Model. Student’s t-test 
was used for the comparison of Fluoro-Jade C staining 
between control (placebo) and ketamine-exposed monkeys. 
Generalized least square models for repeated measures were 
used in the comparison of plasma cytokine levels between 
control and ketamine-treated animals collected at hours 
0, 6, and 24. Statistical tests in the analyses are two-sided. 
Data are expressed as mean ± SD, unless denoted otherwise. 
Statistical significance was assessed at the 5% nominal level 
(alpha = 0.05). All analyses were statistically different with a 
P value <0.05.

Results

To prevent hypoventilation, tracheal intubation and mechan-
ical ventilation were applied to neonatal monkeys after 
induction. The vital signs and/or physiological parameters 
including the heart rate, blood pressure, rectal temperature, 
respiratory rate, hemoglobin, peripheral blood oxygen satu-
ration, CO2 concentration, and blood glucose levels at inter-
vals of 1–2 h during anesthetic exposure were monitored 
continuously. All parameters were maintained within nor-
mal limits. The differences between the ketamine-exposed 
and control groups in the measurements of these physiologi-
cal parameters were analyzed using a general linear mixed 
model and were recorded at hours 1, 4, 8, 12, 16, 20, and 24 
following ketamine administration. The differences in heart 
rate, respiratory rate, systolic blood pressure, and periph-
eral blood oxygen saturation between the ketamine-exposed 
neonatal monkeys and the control animals were statistically 
insignificant. All monkeys tolerated the procedures well and 
fully recovered from anesthesia. No statistically significant 
differences were observed between the ketamine-exposed 
and control groups in these parameters (Figure 1). The blue 
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dots in Figure 1 represent the means of the difference of 
indicated indexes between the ketamine group and control 
group over time. The blue error bars indicate the 95% con-
fidence intervals of the differences in the indexes over time.

In this study, plasma concentrations of ketamine and 
nor-ketamine, the main active metabolite of ketamine, were 
monitored continually from the beginning of ketamine 
administration until 24 h after surgery (blood samples), to 
determine PK and drug disposition. Plasma ketamine/nor-
ketamine concentrations ranged around µg/mL levels14 for 
each individual monkey at the time of simulated surgery 
(Figure 2). Present data show the trend of the clearance of 
ketamine, the metabolism of ketamine, and the relationship 
between ketamine and nor-ketamine in animals undergoing 
surgery.

To evaluate plasma markers of neurotoxicity and inflam-
mation factors in the blood samples, plasma cytokine and/
or chemokine levels were examined using a Luminex protein 
assay. In the present study, among the analyzed cytokines 
and chemokines, the abnormal alternation/elevation of 
cytokines including interleukin (IL)-8, IL-15, monocyte che-
moattractant protein-1 (MCP-1), and macrophage inflamma-
tory protein (MIP)-1β were remarkably increased at hours 6 
and 24 in the ketamine-exposed (Group A) compared with 
control (Group B) animals (Table 1). Specifically, IL-8 (con-
trol vs ketamine: 225 pg/mL vs 833 pg/mL), MCP-1 (control 
vs sevoflurane: 1641 pg/mL vs 5293 pg/mL), and MIP-1β 
(control vs ketamine: 2.4 pg/mL vs 8.4 pg/mL) were all sig-
nificantly elevated in the ketamine-exposed monkeys com-
pared with control animals (Table 1). At hour 24, the MCP-1 
remained significantly higher in ketamine exposed animals. 
In addition, the original data of the statistical report with the 
full list of cytokines are attached as supplementary material.

Fluoro-Jade C staining of the frontal cortex of neonatal 
rhesus monkeys was conducted 24 h after the administra-
tion of standard pediatric general anesthesia and simulated 
thoracotomy. The IV administration of a clinically relevant 
concentration of ketamine produced extensive neural 
damage as indicated by increased numbers of Fluoro-Jade 
C-positive neuronal cells in the frontal cortex of ketamine-
exposed monkeys when compared with controls animals 
(Figure 3). Fluro-Jade C is an anionic fluorochrome capable 
of selectively staining degenerating neurons in brain tissue. 
Quantitative analysis of Fluoro-Jade C data with simulated 
surgery shows that the number of Fluoro-Jade C-positive 
neurons was significantly increased in ketamine-exposed 
monkeys compared with the control monkeys (Figure 3).

Discussion

With advances in pediatric and obstetric surgery, pediat-
ric patients are subject to complex procedures under gen-
eral anesthesia.19 Although general anesthetics are diverse 
chemically, they exert their functions either as agonists to 
GABAA receptors or as antagonists to NMDA receptors.20–22 
The general anesthetic agent ketamine exerts its actions as 
an NMDA receptor antagonist20,21,23 and is frequently used 
in pediatric clinics and general anesthesia. Both preclinical 
and clinical research have been carried out to expand the 
knowledge regarding potential mechanisms of neurotoxicity 
induced by prescribed drugs, including general anesthet-
ics.24–26 Various animals, including rodents or non-human 
primates14,27–30 have been used in pediatric anesthetic neu-
rotoxicity studies where animals were exposed to general 
anesthetic agents without confounding preexisting diseases 
or surgical procedures, and neural tissue sampled for exami-
nation following exposures. However, many hurdles, such as 
various sensitivity to anesthetics among species,12 prevent 
any direct extrapolation of results obtained in preclinical 
studies to clinical practice in humans. Being a noncompeti-
tive NMDA receptor antagonist, exposure to ketamine at 
anesthetic doses resulted in increased apoptotic neurode-
generation in preclinical studies where surgical procedures 
were not involved14,31–33 Alternatively, ketamine has also 

Figure 1. All physiological parameters were maintained within normal limits. 
The differences between the ketamine-exposed and control groups in the 
measurements of these physiological parameters were analyzed using a 
general linear mixed model and were projected at hours 1, 4, 8, 12, 16, 20, and 
24 following ketamine administration. The differences in heart rate, respiratory 
rate, systolic blood pressure, and peripheral blood oxygen saturation between 
ketamine-exposed neonatal monkeys and controls were statistically insignificant. 
The blue dots represent the means of the difference of indicated indexes 
between the ketamine group and control group over time. The blue error bars 
indicate the 95% confidence intervals of the differences in the indexes over time.
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Figure 2. Plasma ketamine/nor-ketamine concentrations ranged in the µg/mL levels14 for each individual monkey at the time of simulated surgery. The data show the 
trend for the clearance of ketamine, the metabolism of ketamine and the relationship between ketamine and nor-ketamine in animals undergoing surgery.
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been shown to protect the immature brain from cortical and 
subcortical cell death elicited by inflammatory pain.15

Evidence suggests that developmental neurotoxicity 
testing on rodent models may only provide gross evalua-
tions and the information on mechanisms is quite limited. 
In contrast, nonhuman primates, for example, rhesus mon-
keys, being 93% genetically similar to humans34 can in many 
instances more accurately predict how pathological condi-
tions arise in humans, and the vulnerability of the primate 
brain to toxicants/chemicals is closely related to the maturity 
of brain development.17

Ketamine is routinely used in pediatric clinics. The doses 
used are 1–2 mg/kg, often given as bolus. Ketamine infu-
sions are also commonly cited in the literature with doses 
ranging from 0.2 to 2 mg/kg/h.1–4 This study is an attempt 
to create an animal model to duplicate clinical situations and, 
thus, the doses being used are in line with the doses being 
used clinically. It should also be pointed out that other anes-
thetic agents were used to ensure the animals remained well 
anesthetized under the surgical plane of anesthesia during 
the entire experiment.

Due to confounding factors, and because it is difficult to 
disentangle the effect of anesthesia per se from the effects of 
surgery or pre-existing pathologies that necessitate surgery, 
it remains uncertain if the neurodevelopmental deficits may 
be caused by general anesthesia in itself.35,36 In this study, 
to delineate the effects of ketamine on the developing brain 
in the milieu of surgery, a randomized controlled study 
was carried out in neonatal rhesus monkeys PND 5–7 in 
the presence of a standard pediatric anesthesia regimen.37 
Simulated surgery, a thoracotomy, was conducted to mimic 
the clinical surgical situation. The size and physiological 
parameters of nonhuman primates approximate human 
infants and children providing the opportunity to test this 
hypothesis. Therefore, it is suitable/essential to utilize the 
neonatal nonhuman primate to obtain valuable informa-
tion on potential neuroprotective effects of ketamine and/
or ketamine-induced neural degeneration.

Data in support of a correlation between surgery and 
subsequent physiological changes have accumulated.1–6 In 
this study, during general anesthesia the procedures fol-
lowed for the maintenance and monitoring of the experi-
mental subjects were similar to those previously detailed14 

and to those used in the clinical settings. During anesthetic 
exposures, vital signs of neonatal monkeys were continu-
ously monitored including heart rate, respiratory rate, blood 
pressure, and rectal temperature. The homeostatic status in 
the exposed neonatal monkeys was also evaluated by con-
tinuously monitoring physiological parameters, including 
hemoglobin, oxygen saturation, CO2 concentration, and 
blood glucose levels at intervals of 1–2 h during anesthetic 
exposure. The vital signs or physiological parameters were 
analyzed with a general linear mixed model. The general 
linear mixed model provides a useful approach for analyz-
ing longitudinal data with a wide variety of data structures. 

Table 1. Cytokine levels in blood samples.

Cytokine 
(pg/mL)

6 h (n = 4 per group) 24 h (n = 4 per group)

Control Ketamine Control Ketamine

IL-15 4.7
(1.1–8.4)

9.7
(5.7–13.8)

6.0
(2.4–9.7)

7.7
(3.6–11.8)

IL-8 225.2
(42.2–408.3)

833
(628–1037)*

177
(0–360)

253.4
(48.7–458.0)

MCP-1 1641
(0–3698)

5293
(2993–7593)**

1501
(0–3558)

5029
(2729–7329)**

MIP-1b 2.4
(0.5–4.4)

8.4
(6.0–10.8)*

2.4
(0–4.8)

2.4
(0–5.8)

IL: interleukin; MCP: monocyte chemoattractant protein; MIP: macrophage 
inflammatory protein; CI: confidence interval.
Cytokines levels: mean (lower bound 95% CI–upper bound 95% CI).
*p < 0.001; **p < 0.05.

Figure 3. Fluoro-Jade C staining in the frontal cortex of PND 5 rhesus 
monkeys 24 h after the simulated thoracotomy under standard pediatric general 
anesthesia. The IV administration of a clinically relevant concentration of 
ketamine produced extensive neural damage as indicated by increased numbers 
of Fluoro-Jade C-positive neuronal cells in the frontal cortex in ketamine-
exposed monkeys (B) compared with controls (A). Fluro-Jade C is an anionic 
fluorochrome capable of selectively staining degenerating neurons in brain 
tissue. Scale bar = 90 µm. IV, intravenous; PND, postnatal day.
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Importantly, vital sign monitoring showed no major physi-
ological disturbance. No statistically significant differences 
were observed between the ketamine-exposed and control 
groups in these para meters, including heart rate, respiratory 
rate, systolic blood pressure, and oxygen saturation at hours 
1, 4, 8, 12, 16, 20, and 24 following ketamine administration.

Ketamine is one of the commonly used agents for con-
scious sedation in pediatrics. Despite the widespread clinical 
use of ketamine as a pediatric anesthetic, there are limited 
data available regarding the PK of ketamine in infants. 
Ketamine is highly permeable to the blood-brain barrier and 
the concentration of ketamine on the action sites is an impor-
tant correlate to its effects on the developing brain. Thus, 
there is a need to do preclinical studies that use clinically rel-
evant doses of ketamine, in the presence of surgical stress in 
neonatal animals. One of the main purposes of the study was 
to investigate the PK of ketamine in a nonhuman primate 
infant animal model so that we can better understand the 
consequences of ketamine exposure during surgical proce-
dures in children. It is well known that ketamine undergoes 
N-demethylation to its primary active metabolite, nor-ket-
amine. In this study, a clinically relevant model in which 
neonatal animals were randomized to receive pre-emptive 
ketamine followed by an infusion of ketamine or placebo 
during the procedure. PK and drug disposition were exam-
ined by measuring plasma levels of ketamine and its major 
active metabolite, nor-ketamine in animals undergoing sur-
gery. The data (Figure 2) clearly delineate the clearance of 
ketamine, the metabolism of ketamine and the relationship 
between ketamine and nor-ketamine in animals undergoing 
surgery. The data also indicate that, although nor-ketamine is 
one-third to one-fifth as potent as ketamine, it still effectively 
provided prolonged (has a longer half-life than ketamine) 
analgesic/anesthesia action.

It is well known that surgery in pediatric patients is asso-
ciated with significant neurologic disturbances, such as long-
term behavioral deficits.1–6 Immature neurons in the infant 
brain are more susceptible to excitotoxic cell death than the 
adult brain because of the specific characteristics of their 
NMDA receptors.17 It is hypothesized that by blocking the 
action of glutamate with ketamine, the potential neurotox-
icity associated with surgical procedures in neonates and 
infants may also be blocked or at least lessened. On the other 
hand, early-life exposure to commonly used general anes-
thetics caused massive apoptotic neurodegeneration in the 
developing animal brain.38

To measure plasma markers of neurotoxicity and inflam-
mation in neonatal primates that received ketamine anes-
thesia versus placebo during simulated cardiac surgery, 
Luminex protein analysis of the blood samples was applied 
and the potential involvement of cytokines in ketamine-
induced neurotoxicity was examined. Cytokines are signal-
ing molecules that bind to cell surface receptors, initiate the 
activation of signal transduction pathways, and mediate cell 
to cell communication.39–41 In this study, Luminex protein 
analysis showed that among the analyzed cytokines, the lev-
els (blood samples) of IL-8, IL-15, MCP-1, and MIP-1β were 
remarkably elevated in ketamine exposed monkeys com-
pared with the controls at hours 6 and 24 following ketamine 
administration. Particularly, IL-8, MCP-1, and MIP-1β were 
significantly elevated at 6 h in ketamine-exposed monkeys. 

IL-8 and MIP-1β have been found to contribute to neuronal 
damage in various situations.42 Also, MIP-1β and MCP-1 
play vital roles in the process of inflammation where they 
attract or enhance the expression of other inflammatory fac-
tors/cells43 and may contribute to inflammatory pathologies 
in the CNS. Perturbations of the nervous system should be 
reflected in changes in cytokine levels, and elevated levels 
of MIP-1β and MCP-1 suggest that ketamine exposure may 
have stimulated an inflammatory reaction in the CNS. Thus, 
elevated cytokine secretions could be critical for the develop-
ment of neuronal damage induced by ketamine. Also, based 
on our findings, it looks like cytokine dysregulation could be 
transitory or time dependent.

In this study, following a 24-h recovery, the brains were 
processed for Fluoro-Jade C staining. Fluoro-Jade C is an 
anionic fluorochrome capable of selectively staining degen-
erating neurons in brain tissue. Consistent with the cytokine 
data, it was shown that a clinically relevant concentration 
of ketamine produced extensive neuronal damage as evi-
denced by elevated numbers of Fluoro-Jade C-positive 
neuronal cells in the frontal cortex compared with controls. 
Quantitative analysis of Fluoro-Jade C data with simulated 
surgery shows that the number of Fluoro-Jade C-positive 
neurons is significantly increased in ketamine-exposed mon-
keys compared with controls.

Neurotransmission mediated by NMDA receptors is of 
primary importance to synaptogenesis, myelination, and 
neuronal cell apoptosis in the late gestation period until 
infancy.8,44 Persistent disruption of neurotransmission medi-
ated by NMDA receptors with general anesthetics can be 
detrimental to the nervous system.45 In this study, the plasma 
markers of neurotoxicity (cytokine data) and histological evi-
dence (Fluoro-Jade C data) are closely correlated in neonatal 
primates who receive ketamine anesthesia versus placebo 
during simulated cardiac surgery. These findings clearly indi-
cate that intravenous ketamine administration prior to and 
throughout surgery appeared to increase neuronal degenera-
tion and did not provide neuroprotective effects. It should 
be mentioned that to prevent hypoventilation, mechanical 
ventilation was applied to neonatal monkeys after induc-
tion. Meanwhile, the ability of maintaining physiological 
status within normal limits/range provides additional con-
fidence that observed changes are the result of ketamine-
anesthesia related neurotoxicity and not the consequence of 
non-specific effects. These findings/data are consistent with 
the hypothesis17 that: immature neurons in the infant brain 
are more susceptible to excitotoxic cell death because of the 
specific characteristics of their NMDA receptors. Continuous 
blockade of NMDA receptors on immature neurons by ket-
amine can cause a compensatory upregulation of NMDA 
receptors. Activation of these upregulated NMDA recep-
tors by endogenous glutamate after ketamine washout can 
elevate calcium influx and interfere with electron transport 
in a manner that results in elevated production of reactive 
oxygen species (ROS) and/or increased neuronal damage.

Summary

By using a randomized controlled model, the current study 
was designed to: (1) determine the pharmacokinetic para-
meters, (2) disentangle the effect of anesthesia per se from 
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the effects of surgery, and (3) evaluate plasma markers of 
neurotoxicity and histological evidence in neonatal primates 
who receive ketamine anesthesia versus placebo during sim-
ulated cardiac surgery under general pediatric anesthesia. 
Our data show that the PK, clearance, and metabolism of 
ketamine, as well as vital sign monitoring during the surgery 
and experimental duration are consistent and show no major 
physiological disturbances. Ketamine exposure prior to and 
throughout surgery in a neonatal primate model appears to 
elevate cytokine levels. Ketamine exposure increases neu-
ronal degeneration as evidenced by a significant elevation of 
Fluoro-Jade C staining positive neurons. The results from the 
current study show that ketamine does not provide neuro-
protective or anti-inflammatory effects in this model of neo-
natal surgery. In general, the dose of anesthetics, duration 
of anesthesia, route of administration, presence or absence 
of surgical stress, and the maturity of the developing brain 
are all critical elements to consider in the design of future 
pediatric anesthesia studies.
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