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ABSTRACT

Background: Ketamine induces neuroapoptosis in neonatal
rodents. However, these experimental paradigms were per-
formed without concurrent noxious stimulation, a condition
that does not reflect the interaction of anesthesia and surgical
stimulation. Noxious stimulation with and without concur-
rent analgesic drugs has been shown to have divergent pat-
terns of neuronal activation and cell death. We hypothesized
that concurrent noxious stimulation would attenuate ket-
amine-induced caspase-3 activation.
Methods: Postnatal day 7 Sprague-Dawley rat pups were
randomized to a 6-h exposure to ketamine with and without
peripheral noxious stimulation by intraplantar injection of
complete Freund’s adjuvant. A cohort of naïve rat pups with
and without complete Freund’s adjuvant injections served as
control subjects. Neuroapoptosis was measured by cleaved
caspase-3 expression and terminal deoxynucleotidyl-trans-
ferase mediated 2�-deoxyuridine 5�-triphosphate nick end

labeling staining. In order to determine if concurrent nox-

ious simulation altered the expression of cell survival and cell

cycle proteins, levels of protein kinase B and glycogen syn-

thase kinase-3� and cyclin D1 were measured.

Results: Ketamine induced a significant increase in cleaved

caspase-3 expression and terminal deoxynucleotidyl-trans-

ferase mediated 2�-deoxyuridine 5�-triphosphate nick end

labeling staining with increases in cyclin D1 levels. Concur-

rent noxious stimulation with ketamine attenuated caspase-3

activation and maintained cyclin D1 levels. Phosphorylation

of protein kinase B and glycogen synthase kinase-3� was not

definitively altered under these conditions.

Conclusion: The administration of ketamine with concur-

rent noxious stimulation results in the attenuation of the

neuroapoptotic response. These findings suggest that con-

current surgery and procedural pain attenuates ketamine-

induced neuroapoptosis.

P RECLINICAL studies clearly demonstrate that neona-

tal rats exposed to ketamine, a N-methyl-D-aspartic acid

antagonist with anesthetic and analgesic properties, leads to

widespread neurodegeneration and long-term neurocogni-

tive deficits.1 Clinical extrapolation of these laboratory re-

ports in rodent models requires experimental conditions

equivalent to surgical anesthesia in the human neonate.

These experimental paradigms were performed in isolation

without concurrent noxious stimulation, a condition that

does not reflect the interaction of anesthesia and surgical

stimulation.2 Experimental paradigms of painful and stress-

ful stimuli in newborn rat pups have convincingly demon-
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What We Already Know about This Topic

• Anesthesia in newborn rodents results in increased neuroapo-
ptosis in the brain and subsequent behavioral deficits as
adults

• Whether concurrent noxious stimulation, as occurs in human
infants receiving anesthesia for surgery, alters this negative
effect of anesthesia is not clear

What This Article Tells Us That Is New

• In rats, simultaneous peripheral noxious stimulation with ket-
amine anesthesia reduced the increased neuroapoptosis
compared with ketamine alone

• These results suggest that study of anesthesia in the absence
of noxious stimulation may overestimate the potential toxic
effect of ketamine
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strated abnormalities in long-term behavior and pain percep-
tion.3,4 Fetuses and neonates subjected to pain and stress
associated with painful procedures are also at risk for long-
term adverse outcomes.5 Nociceptive stimulation rendered
by intraplantar formalin injections or surgical incisions were
reported to increase isoflurane-induced neuroapoptosis in
neonatal rats.6 In contrast to this report, concurrent admin-
istration of sedative doses of ketamine in a similar neonatal
rodent pain model mitigated neuronal cell death and abnor-
mal behavior.7 Therefore, sedative and anesthetic drugs may
have intrinsic neuroprotective and neurotoxic properties in
the setting of concurrent noxious stimulation.

Glycogen synthase kinase-3� (GSK-3�) regulates neuro-
genesis, neuronal polarization, axon growth, and synapto-
genesis in the developing central nervous system.8 GSK-3�

activity is suppressed by serine/threonine-specific protein ki-
nase or protein kinase B (AKT) phosphorylation of the
GSK-3� serine 9 residue. Increased GSK-3� activity is asso-
ciated with neurodegenerative and psychiatric conditions.
Ketamine-induced neuroapoptosis increased GSK-3� activ-
ity, and selective inhibition of GSK-3� attenuates this re-
sponse in cortical neurons.9 Experimental models of anes-
thetic-induced developmental neuroapoptosis are associated
with decreased phosphorylated AKT (pAKT), which impli-
cates a regulatory role for the AKT-GSK-3� pathway.10,11

Furthermore, we previously reported that ketamine-induced
aberrant cell cycle reentry by increasing expression of cyclin
D1.12 Glycogen synthase kinase-3� is associated with in-
creased cyclin D1 expression and neuronal cell cycle reen-
try.13 The neuroapoptotic effect of high-dose ketamine with
concurrent noxious stimulation has not been previously re-
ported. To test the hypothesis that concurrent noxious stim-
ulation will attenuate the ketamine-induced neuroapoptosis
in neonatal rat pups, we measured the neuroapoptotic re-
sponse in the sensory cortex and levels of AKT, GSK-3�, and
cyclin D1 in this experimental paradigm.

Materials and Methods

Animals and Reagents

With the approval of the Investigational Review Board and
adherence to the Guide for the Care and Use of Laboratory
Animals, all experiments utilized Sprague-Dawley postnatal
day 7 (P7) rat pups (Charles River Laboratories, Wilming-
ton, MA).14 Ketamine and complete Freund’s adjuvant
(CFA) were obtained from commercial sources (Ketalar;
Bedford Labs, Bedford, OH, and F5881; Sigma-Aldrich, St.
Louis, MO, respectively).

In Vivo Experiments

The treatments were conducted in a temperature-controlled
acrylic container maintained at 36.7°C. Similar conditions re-
sulted in core body temperatures between 36.5 and 37.5°C.15

Each rat pup received five intraperitoneal injections (10 ml/kg
each) of either ketamine (2 mg/ml) or vehicle (saline) at 90-m

intervals over 6 h. This dosing regimen is similar to that used in
previous investigations utilizing a similar experimental para-
digm that yields a ketamine plasma concentration of 5.80 �

3.10 �g/ml and brain concentration of 2.65 � 1.60 �g/g.16

After the administration of the first intraperitoneal dose of saline
or ketamine, noxious peripheral stimulation was induced by
injecting 0.01 ml of CFA suspended in an oil/saline (9:1) emul-
sion into the plantar surface of both hindpaws. This is an estab-
lished experimental model for inducing peripheral noxious
stimulation in rodent pain studies and produces tissue inflam-
mation that last several days.17

P7 rat pups were randomly assigned into four groups;
saline (control); saline with CFA injected in both hind paws
(CFA); ketamine followed by CFA injected in both hind
paws after the first ketamine dose (KET�CFA); and ket-
amine (KET). The rat pups were kept from their dam and
visually monitored for respiratory effort and activity. After the
treatment period, the rat pups were euthanized with intraperi-
toneal pentobarbital (100 mg/kg). The brains from each group
(n � 6 per group) were rapidly isolated and frozen in liquid
nitrogen and processed for protein analysis. A second cohort of
rat pups (n � 6 per group) were anesthetized with intraperito-
neal pentobarbital (100 mg/kg) and immediately perfused with
saline followed by 4% paraformaldehyde. The brains were sub-
sequently embedded in paraffin for histologic processing.

Protein Extraction and Western Blotting Analysis

To measure the effect of the various treatment conditions on
apoptotic cell death (caspase-3) and AKT, GSK-3�, and cy-
clin D1, total protein was extracted from flash-frozen brain
tissue with radioimmunoprecipitation assay buffer (Sigma-
Aldrich) containing protease inhibitor cocktail and 1 mM

phenylmethanesulfonylfluoride. Protein concentrations were
measured by detergent compatible protein assay (Bio-
Rad, Hercules, CA). The equal amounts of protein were
boiled in sodium dodecyl sulfate loading buffer (Bio-
Rad), resolved on 8 –12% polyacrylamide denaturing gels,
and transferred to nitrocellulose (Bio-Rad). Antibodies
used for Western blotting included rabbit antibodies to
cleaved caspase-3 (Cl-Csp3), total and phosphorylated AKT
and GSK-3�, cyclin D1, and �-actin (1:2,000, Cell Signal-
ing, Beverly, MA). The blots were washed, and the species-
matched peroxidase-conjugated secondary antibody was
added. Labeled bands from each blot were detected by en-
hanced chemiluminescence for visualization and quantita-
tion (Thermo Scientific, Waltham, MA). The densities of
the specific protein bands were quantified by Image J 1.42
(National Institutes of Health, Bethesda, MD).

Caspase-3 Immunohistochemistry and TUNEL Staining

The 5 �m cut sections of brain tissues were deparaffinized in
xylene and rehydrated through graded alcohol. Endogenous
peroxidases were inactivated by immersing the sections in
hydrogen peroxide for 10 m, and then were incubated for
10 m with 10% normal goat serum to block nonspecific
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binding. The sections were subsequently incubated at 4°C

overnight with anticaspase-3 antibody (rabbit polyclonal,

immunoglobulin G, 1:100 dilution, (Cell Signaling). Then,

the sections were incubated with biotinylated antirabbit im-

munoglobulin G (Dako, Carpinteria, CA) for 30 m, fol-

lowed by peroxidase-conjugated streptavidin for 30 m. The

chromogenic reaction was developed with 3,3�-diaminoben-

zidine for 3 m, and all sections were counterstained with

hematoxylin. The same protocol was applied to the controls

with the omission of the primary antibody.

To determine the cell type that expressed Cl-Csp3, a cohort

of brain sections (n � 4 per group) were incubated with rabbit

anti-Cl-Csp3 (1:2,500; Cell Signaling). In addition, nuclei were

stained with 4–6-diamidino-2-phenylindole (1:10,000, Sig-

ma-Aldrich) and neuron-specific mouse anti-NeuN (1:100;

Abcam, Cambridge, MA) antibodies overnight. This was fol-

lowed by incubating the tissue for 1 h with Cy3-conjugate don-

key antirabbit (Jackson ImmunoResearch) and Streptavidin-Al-

exafluor 488 conjugate (Invitrogen). All secondary antisera were

diluted to 1:200. Both primary and secondary antisera were

diluted in 0.1 M phosphate buffer with normal saline, 0.3%Tri-

ton x-100, 0.04% bovine serum albumin, and 0.1% sodium

azide. The processed tissue was rinsed in 0.1 M phosphate buffer

in saline solution before mounting on slides from a 0.05 M

phosphate buffer solution. After drying, mounted sections were

covered with 90% glycerol.

Cell apoptosis was also determined using an apoptosis

detection kit (Millipore, Serological Corporation, Norcross,

GA). This technique is based on the terminal deoxynucleoti-

dyl-transferase mediated 2�-deoxyuridine 5�-triphosphate

nick end labeling (TUNEL) assay. Briefly, the brain slices

were deparaffinized in xylene and rehydrated through graded

alcohol, then washed in phosphate buffered saline, treated

with proteinase K (20 �g/ml) (Roche Applied Science, Indi-

anapolis, IN) for 30 m at room temperature, quenched in

3.0% hydrogen peroxide in phosphate buffered saline for

5 m, washed twice, incubated in equilibration buffer for at

least 10 s, and labeled with Terminal Deoxynucleotidyl

Transferase reaction mix in a humidified box overnight at

4°C. The slices were washed in stop/wash buffer for 10 m

and then washed three times in phosphate-buffered saline.

The slides were then incubated for 30 m in a solution of

anti-digoxigenin conjugate, and colorized with 3, 3�-di-

aminobenzidine. All sections were counterstained with

hematoxylin. Controls consisted of omission of the Ter-

minal Deoxynucleotidyl Transferase reaction mix.

Intraplantar injection of CFA has been shown to activate

the anterior cingulate cortex and the somatosensory cortex 1

and 2 regions.18 In light of this and other reports document-

ing cellular activation in these specific cortical regions, the

number of Cl-Csp3 and TUNEL positive were counted in a

double-blinded manner from randomly selected sampling

areas from the anterior cingulate cortex and the somatosen-

sory cortex 1 and 2.7,19

Statistical Analysis

Changes in TUNEL and Cl-Csp3 positive cells and protein
levels were presented as percentages of control values. Data
were expressed as mean � SE. The differences in these mea-
surements were analyzed by a one-way ANOVA analysis fol-
lowing by post hoc Dunnett’s test or Newman–Keuls test for
individual comparisons. Data analyses were generated and
plots were constructed using SPSS for Windows version 18.0
(SPSS Inc., Chicago, IL) and Prism 5 for Mac OS X (Graph-
Pad Software, La Jolla, CA). Statistical significance was set at
P � 0.05, and all P values were unadjusted for multiple
comparisons (two-tailed testing).

Results

Peripheral Noxious Stimulation Attenuates

Ketamine-induced Caspase-3 Activation

To investigate if a concurrent noxious stimulus affects
caspase-3 activation, we measured Western blot analysis for
activated caspase-3, in brain protein lysates from the four
treatment groups (fig. 1). Ketamine-treated rat pups had a
five- to sixfold increase in Cl-Csp3 and TUNEL positive cells
compared with the saline-treated controls (figs. 2 and 3).
These data confirm that prolonged exposure to ketamine results
in apoptotic cell death. Intraplantar CFA resulted in a minimal
increase in Cl-Csp3 and TUNEL staining when compared with
the naïve unstimulated pups. Ketamine-treated pups receiving
intraplantar CFA had significantly less capase-3 activation when
compared with the pups receiving ketamine without peripheral
stimulation. A similar distribution pattern was observed in the
immunofluorescence microscopy of brain sections stained with

Fig. 1. Concurrent noxious stimulation with CFA attenuates

ketamine-induced caspase-3 activation. (A) Western blot

from postnatal day 7 brain protein lysates demonstrates that

intraplantar CFA affects ketamine-induced (B) changes in

cleaved caspase-3 expression (n � 6, ***P � 0.01 compared

with control, *P � 0.05 ketamine � CFA vs. ketamine). Data

are presented as mean � SE. CFA � complete Freund’s

adjuvant; KET � ketamine.

Noxious Stimulation and Ketamine-induced Neuroapoptosis
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antibodies to Cl-Csp3 (red) and NeuN, a neuron-specific nu-
clear protein (green) antibodies; most of the Cl-Csp3-positive
cells were neurons (fig. 4).

Ketamine Minimally Decreased pAKT and pGSK-3�

Levels in the Brain

To determine the effect of ketamine alone and in combination
with peripheral noxious stimulation on levels of pAkt and
pGSK-3�, we performed Western blot analyses on whole-brain
protein lysates from P7 rats from the four treatment groups.
This analysis revealed that treatment with ketamine alone min-
imally decreased levels of the pAKT and pGSK-3� (fig. 5).
However, these changes did not definitively account for the
significant increase in ketamine-induced Cl-Csp3 levels.

Ketamine Increases Cyclin D1 Expression, Whereas

Concurrent Noxious Stimulus Mitigates Response

We previously reported that ketamine mediates a dose- and
duration-dependent activation of cell cycle proteins, cyclin

D1, and its downstream effector proteins in developing rat
cortical neurons in vitro and in vivo.12 Experimental models
of neurodegeneration have implicated these cell cycle-related
proteins and cell cycle reentry as a potential mechanism for
apoptotic cell death. In the present study, we show that ket-
amine induced an increase in cyclin D1 expression (fig. 6).
However, peripheral noxious stimulation with CFA sup-
pressed this response.

Discussion

In this study, we demonstrated that concurrent noxious
stimulation with CFA attenuates neuroapoptosis in neonatal
rats receiving ketamine. Because the clinical use of ketamine
in humans is for the alleviation of pain and distress, these
data demonstrate that the phenomenon of anesthetic-in-
duced neuroapoptosis may not be significant in the care of
pediatric patients with surgical or procedural pain.

Fig. 2. Concurrent noxious stimulation attenuates ketamine-

induced increases in cleaved caspase-3 (Cl-Csp3). Immuno-

histochemistry with antibody to Cl-Csp3 on S1 cortical sec-

tions from postnatal day 7 rat pups in groups (A) control,

(B) CFA, (C) ketamine � CFA and (D) ketamine (scale bar �

10 �m). (E) Quantitation of Cl-Csp3-immunoreactive cells in

the ACC, S1, and S2 regions of the postnatal day 7 brain.

***P � 0.01 compared with saline. Values are means � SE

(n � 6). CFA � complete Freund’s adjuvant; KET � ketamine.

Fig. 3. Concurrent noxious stimulation attenuates ketamine-

induced increases in TUNEL positive cells. Immunohisto-

chemistry with antibody to cleaved caspase-3 on S1 cortical

sections from P7 rat pups (A) control, (B) CFA, (C) KET � CFA

and (D) KET (scale bar � 10 �m). (E) Quantitation of terminal

deoxynucleotidyl-transferase mediated 2�-deoxyuridine

5�-triphosphate nick end labeling (TUNEL) positive cells in

the ACC, S1, and S2 regions of the P7 brain. ***P � 0.01

compared with saline. Values are means � SE (n � 6).

CFA � complete Freund’s adjuvant; KET � ketamine.
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A major drawback of existing reports on ketamine-in-
duced neurotoxicity is that ketamine was administered to
unstimulated animals.2 This is in contrast to the clinical use
of anesthetic agents, which occurs mostly in the presence of
painful stimulation. Nociceptive stimuli induced by intra-
plantar formalin injections or surgical incisions enhanced
isoflurane-induced neuroapoptosis in a similar model.6 This
finding is in contrast to previous7,20 and present observations
using ketamine as the anesthetic drug. A comparison of the
neuroapoptotic effect of the ketamine and isoflurane in neo-
natal rhesus macaque revealed that the latter produced four-
fold greater increase in neuroapoptosis when compared with
former.21 This discrepancy can be partially explained by the
fact that �-aminobutyric acid agonist effect of isoflurane in-
duces hyperpolarization and excitation of immature neu-
rons, which can lead to excitatory cell death.22,23 Whereas,
prolonged N-methyl-D-aspartic acid receptor antagonism by
ketamine may lead to depressed neuronal and trophic activ-
ity resulting in cell death.24,25 The cortical activation pro-
duced by peripheral noxious stimulation may neutralize
the depressant effect of ketamine and result in an attenu-
ated neuroapoptotic response. However, further investi-
gations in other experimental models are required to ver-
ify this hypothesis.

The Cl-Csp3 measurements presented in this study show
that concurrent noxious stimulation attenuates ketamine-
induced neuroapoptosis. Clinical reports clearly demon-
strated that repetitive or prolonged pain during the critical
periods of brain development in preterm neonates compro-
mises brain structure and function.26,27 Experimental para-
digms of painful stimuli and maternal withdrawal in new-
born rat pups have convincingly demonstrated abnormalities
in long-term behavior and pain perception.3,17,28 Further-
more, rat pups subjected to repetitive inflammatory pain
with intraplantar injections of formalin developed neuronal
excitation and cell death in cortical and subcortical areas of
the brain.7 Concurrent administration of low-dose ketamine
(2.5 mg/kg) mitigated this neuronal activation and cell
death, thereby demonstrating the neuroprotective effect
of ketamine. However, there were no detectable changes in
Cl-Csp3 levels.20 Ketamine-induce neuroapoptosis occurs
only with higher dosing regimens (20 mg/kg, every 90 m
over 6–9 h).29,30 Compared with the KET group, the de-
crease in caspase-3 activation in the KET � CFA group
clearly demonstrates that ketamine-induced neuroapoptosis
is attenuated by concurrent noxious stimulation.

The effect of peripheral noxious inflammatory stimula-
tion on ketamine-induced neurotoxicity can be attributed by

Fig. 4. Caspase-3 activation occurred primarily in neurons. Double staining with antibodies to cleaved caspase-3 (red) and

antibodies to NeuN, a neuron-specific nuclear protein (green), demonstrated that most of the cleaved caspase-3 positive cells

were neurons (scale bar � 100 �m). CFA � complete Freund’s adjuvant; KET � ketamine.

Noxious Stimulation and Ketamine-induced Neuroapoptosis
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either the afferent input from the inflamed hindpaws or the
systemic effects of CFA-induced inflammation. Peripheral
inflammation induced by intraplantar injection of CFA in-
duces microglia activation and cytokine production not only
in the spinal cord, but also in the brainstem and forebrain in
adult rats.31 Afferent nociceptive input into the sensory cor-
tex leads to activation of neurons and microglia7,31,32 and
opposes ketamine-induced suppression neuronal and trophic
activity. Furthermore, intraplantar CFA has been shown to
increase hippocampal neurogenesis, whereas repetitive tactile
and nociceptive stimulation by cotton swabs and pinpricks
respectively did not.33,34 Likewise, CFA- induced peripheral
nociception also produces a systemic T-cell mediated de-
layed-type hypersensitivity reaction.35 One experiment that
would discriminate the effects of afferent nociceptive input
and the systemic effect of intraplantar CFA would be to
perform a spinal anesthetic on a cohort of P7 rat pups. How-
ever, a spinal anesthetic has a maximal duration of 45 min
and the CFA-induced nociception lasts for hours.36 The cur-
rent in vivo model used in this study is not designed to
discriminate between these two processes. Therefore, further

studies would be useful in determining the effect of CFA-
induced inflammation in the development of ketamine-in-
duced neuroapoptosis.

Our observations also confirm the effect of increased cy-
clin D1 expression in ketamine-induced neuroapoptosis.12

The present observations demonstrate that concurrent CFA-
induced noxious peripheral stimulation appears to attenuate
this response. Although ketamine has been shown to sup-
press phosphorylation of AKT in primary cell cultures and
unstimulated neonatal mice,9,10 our findings reveal that ket-
amine minimally decreased pAKT and pGSK-3�. Further-
more, these changes do not definitively account for the sig-
nificant alterations in the expression of Cl-Csp3 and cyclin
D1. Several lines of investigation have implicated other neuro-
nal cell death mechanisms such as excitotoxicity, modulation of
p75 neurotrophin receptor, and intracellular calcium dysregu-
lation,15,37,38 and a combination of these and other parallel
neurodegenerative pathways likely mediate the neurotoxic
effect of ketamine on the developing brain.

The spinal cord is also susceptible to the neuroapoptotic
effects of anesthetic drugs. Isoflurane has been shown to in-
crease apoptosis spinal cord in neonatal rats.39 Intrathecal
ketamine also produced neuroapoptosis in the spinal cord
and gait abnormalities.40 Although we did not measure
caspase-3 activity in this region, it is likely that systemic
ketamine will also induce neuroapoptosis in the spinal cord.
However, this phenomenon should be examined in future
investigations.

Locomotor and neurocognitive deficits have been linked
to neonatal exposure to anesthetic drugs.40–42 Although sys-
temic administration of low-dose ketamine mitigated abnor-

Fig. 5. Levels of phosphorylated protein kinase B and phos-

phorylated glycogen synthase kinase-3� are minimally affected

by ketamine. (A) Western blot from postnatal day 7 brain protein

lysates demonstrates that ketamine minimally decreased phos-

phorylation of protein kinase B and (B) glycogen synthase ki-

nase-3� (n � 6, *P � 0.05 for ketamine vs. control and ket-

amine � CFA). Data are presented as mean � SE. AKT �

protein kinase B; CFA � complete Freund’s adjuvant; GSK-

3� � glycogen synthase kinase-3�; KET � ketamine; pAKT �

phosphorylated protein kinase B; pGSK-3� � phosphorylated

glycogen synthase kinase-3�.

Fig. 6. Concurrent noxious stimulation attenuates ketamine-

induced increase in cyclin D1 expression. (A) Western blot

from postnatal day 7 brain protein lysates demonstrates that

intraplantar CFA regulates (B) changes in cyclin D1 expres-

sion during exposure to ketamine (n � 4, *P � 0.05). Data are

presented as mean � SE. CFA � complete Freund’s adju-

vant; KET � ketamine.
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mal pain thresholds and visual-spatial learning in rat pups
subjected to repeated inflammatory pain,7,20 the combined
effect of high-dose ketamine and CFA-induced noxious
stimulation has not been reported and would be a useful
endpoint to examine. Unfortunately, neurocognitive assess-
ments at adulthood of the interaction of ketamine and nox-
ious stimulation on neonatal rats were purposely omitted
from this investigation because the CFA-treated pups devel-
oped severe inflammation on both hind paws. It was deemed
necessary to euthanize the animals at this period in order to
minimize persistent pain associated with the CFA injec-
tions. Furthermore, the CFA intraplantar injections im-
paired ambulation, which can affect behavioral assess-
ments that rely on ambulation.

In summary, we have shown that concurrent noxious
stimulation attenuates ketamine-induced neuroapoptosis in
the neonatal rat brain. Our observations suggest that the
administration of drugs that block nociception may not only
block surgical stress, but also attenuate the neurodegenera-
tive response in the setting of surgical and procedural anes-
thesia. These data suggest that ketamine administered with
concurrent noxious stimulation (i.e., surgery or procedural
pain) may not induce caspase-3 activation as much as the
anesthetic in isolation. Future investigations into anesthesia-
induced neurodegeneration should examine the role of con-
current pain on signaling pathways and subsequent neuro-
cognitive and locomotor function.
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