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Abstract
Studies using animal models have shown that general anesthetics such as ketamine trigger
widespread and robust apoptosis in the infant rodent brain. Recent clinical evidence suggests that
the use of general anesthetics on young children (at ages equivalent to those used in rodent
studies) can promote learning deficits as they mature. Thus, there is a growing need to develop
strategies to prevent this injury. In this study, we describe a number of independent approaches to
address therapeutic intervention. Postnatal day 7 (P7) rats were injected with vehicle (sterile PBS)
or the NMDAR antagonist ketamine (20 mg/kg). At 8 hours after, we prepared brains for
immunohistochemical detection of the pro-apoptotic enzyme activated caspase-3 (AC3). Focusing
on the somatosensory cortex, AC3-positive cells were then counted in a non-biased stereological
manner. We found AC3 levels were markedly increased in ketamine-treated animals. In one study,
microarray analysis of the somatosensory cortex from ketamine-treated P7 pups revealed that
expression of activity dependent neuroprotective protein (ADNP) was enhanced. Thus, we
injected P7 animals with the ADNP peptide fragment NAP 15 min before ketamine administration
and found we could dose-dependently reverse the injury. In separate studies, pretreatment of P6
animals with 20 mg/kg vitamin D3 or a non-toxic dose of ketamine (5 mg/kg) also prevented
ketamine-induced apoptosis at P7. In contrast, pretreatment of P7 animals with aspirin (30 mg/kg)
15 min before ketamine administration actually increased AC3 counts in some regions. These data
show that a number of unique approaches can be taken to address anesthesia-induced
neurotoxicity in the infant brain, thus providing MDs with a variety of alternative strategies that
enhance therapeutic flexibility.
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Introduction
For the last 10 years or so, studies from our lab have shown that blockade of the NMDAR or
activation of the GABAAR induces rapid, widespread and robust apoptotic injury in the
CNS of P7 rats (Turner et al., 2002, Lema Tomé et al., 2006, Lema Tomé et al., 2006,
Turner et al., 2007b, Turner et al., 2009a, Turner et al., 2009d). In the rodent brain, evidence
suggests that injury is age-dependent: peaking at P7, diminishing by P14, and absent by P21
(Turner et al., 2002, Turner et al., 2007b, Turner et al., 2009d). As well as promoting
apoptotic injury these agents can also trigger diverse molecular and behavioral changes
(Turner et al., 2002, Lema Tomé et al., 2006, Lema Tomé et al., 2007, Turner et al., 2007a,
Turner et al., 2007b, Ringler et al., 2008, Lyall et al., 2009, Turner, 2009, Turner et al.,
2009a, Turner et al., 2009b, Turner et al., 2009d, Gutierrez et al., 2010). Agents that target
these receptors (ketamine, nitrous oxide, isoflurane, propofol, or benzodiazepines) are used
routinely as general anesthetics or sedatives on young children. Suggesting there is cause for
clinical concern, increased learning deficits have been described in children (0–4 years old)
previously exposed to these agents (Wilder et al., 2009).

During the last decade we have explored both the mechanism behind and consequences of
this injury. For example, loss of calcium appears to be the primary event as: (1) loss of
calcium leads to mitochondrial dysfunction and cytochrome C release (Turner et al., 2007b);
(2) decreased calcium and increased activated caspase-3 (AC3) have been observed in the
same neuron (Turner et al., 2007a); (3) ketamine-like brain damage can be either mimicked
by calcium channel blockade or prevented by calcium channel activation (Turner et al.,
2007b, Turner et al., 2009a); (4) loss of calcium leads to growth cone collapse, as well as
reduced neurite length and complexity (Ringler et al., 2008) (5) MK801-induced AC3 is not
observed in cells expressing calcium binding proteins (CaBPs) and the postnatal surge in
CaBP expression overlaps well with age-dependent loss of sensitivity to NMDAR blockade
(Lema Tomé et al., 2006, Lema Tomé et al., 2007). Downstream of this injury, changes in
expression of proteins that have cytoskeletal, synaptic, neurotransmitter producing or
calcium buffering roles have been observed (Turner et al., 2002, Lema Tomé et al., 2006,
Turner et al., 2007b, Turner et al., 2009b, Turner et al., 2009c). This loss of calcium
homeostasis in the developing CNS has long-term consequences as early stage injury is
associated with auditory deficits when animals mature (Lyall et al., 2009).

Attempts to reduce neonatal brain injury vary both mechanistically and in approach. From
caspase-3 inhibitors to preconditioning, to brain cooling, investigators have reported varying
degrees of success (Rosomoff, 1959, Steen et al., 1979, Ikonomidou et al., 1989, Gidday et
al., 1994, Ditsworth et al., 2003, Joly et al., 2004). More recently the neuroprotective protein
ADNP (or its fragment peptide NAP) has shown great promise in other models (Zemlyak et
al., 2000, Gozes and Divinski, 2007). Previously, we have examined how elevating
intracellular calcium or manipulating core body temperature affects NMDAR blockade-
induced injury (Turner et al., 2009a, Gutierrez et al., 2010).

In this article we explore a number of alternative strategies designed to prevent anesthesia-
induced neurotoxicity. To optimize identification of novel targets we used a well-defined
microarray approach to examine multiple genes simultaneously. If we are successful at
demonstrating that new candidates can be therapeutically exploited in our model, at later
times we can then explore the expression patterns of these candidate genes in much greater
detail to determine their role in ketamine-induced neurotoxicity.

For other approaches described here, we know from our previous studies that loss of calcium
homeostasis may be a critical first step in the sequence of events that lead to cell death
following NMDAR blockade. Further, we have shown that cells that express CaBPs are
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spared injury following NMDAR blockade, suggesting that regulating calcium homeostasis
could be pivotal to preventing anesthesia-induced injury (Lema Tomé et al., 2006, Turner et
al., 2009a). Thus, if we can stabilize or enhance calcium homeostasis prior to ketamine
exposure we may be able to offset injury. Vitamin D3 is known to induce expression of
CaBPs and so pretreatment with vitamin D3 might attenuate ketamine-induced injury.
Alternatively, studies from other groups have shown that prior exposure to a sub-lethal level
of an insult (preconditioning; such as ischemia) can greatly attenuate neurotoxicity
following exposure to a lethal level of the same insult. Thus, we hypothesized that prior
exposure of neonatal rats to a ketamine dose that did not produce apoptosis would reduce
injury from a ketamine dose that reliably produces damage. Work elsewhere has suggested
that targeting arachidonic acid metabolites (or their receptors) might be another fruitful
direction (Berger et al., 2004, Zheng et al., 2007) but the role of such substances in
anesthesia-induced neonatal brain injury has yet to be explored. As a first step then, we
hypothesized that prior injection of the COX1/COX2 inhibitor aspirin would reduce or
prevent ketamine-induced injury in our model.

Whereas these approaches are mechanistically quite diverse, we feel it is imperative to get
ahead of the problem of anesthesia-induced injury and offer MDs as many alternative
therapeutic strategies as possible. Indeed, in the following article we show that there is more
than one way to defeat ketamine-induced injury.

Experimental Procedures
Treatments groups

All in vivo procedures used in these studies were approved by the Wake Forest University
Animal Care and Use Committee and in accordance with NIH guidelines. All efforts were
made to reduce the numbers and suffering of animals used. Animals (Sprague-Dawley) were
obtained from Harlan (Charlotte, NC). Pups were maintained in the cage with the mother
until the day of the experiment (water and food were available ad libitum). For all studies, at
P7 pups were divided in roughly equal male-female groups and injected with either saline
(sterile PBS) or ketamine (20 mg/kg, 4 times over 3 hours; previously found to induce
robust apoptotic injury (Gutierrez et al., 2010)). In one study, brain tissue was processed for
microarray analysis (see below). In this microarray study, some animals were exposed to
MK801 (1 mg/kg) to compare to ketamine-treated animals. In other studies, animals were
pretreated with a variety of agents prior to injections on P7 (see below).

Microarray Analysis
RNA was extracted using the Trizol protocol (Invitrogen; Carlsbad, CA): brain tissue was
homogenized in Trizol (50 mg tissue/ml solution) and incubated for 5 min at room
temperature. Chloroform (0.2 ml/ml Trizol solution) was added to the sample, shaken
vigorously and left for 2–3 min at room temperature. Samples were centrifuged at 12,000
rpm at 8°C, after which the supernatant was removed and the RNA pellet washed 3 times
with 75% ethanol. The sample was then centrifuged at 10,000 rpm for 5 min, and the pellet
air-dried and dissolved in 50 μl of RNase-free water. Once total RNA was isolated, samples
were assessed for RNA integrity using an Agilent RNA Bioanalyzer. RNA samples with an
RNA integrity number (RIN) greater than 8.0 were carried forward for qPCR or microarray
analysis.

For microarray studies, 2–5 micrograms of total RNA isolated from the somatosensory
cortex were subjected to microarray analysis. Labeled cRNA was generated according to
standard Affymetrix protocols and hybridized to Affymetrix Rat Genome 230 2.0 gene
expression arrays. expression arrays. Microarrays (18 total) were scanned in two batches
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using the Affymetrix Gene ChipTM Command Console software (AGCC). Both of the
batches contained 9 arrays of three groups, vehicle, MK801 and Ketamine and 3 replicates
in each group. Log signal intensity distributions, pair-wise correlations between arrays and
RNA degradation were examined to assess the quality of each hybridization. Raw
expression data were normalized using Systematic Variation Normalization (SVN)
algorithm (Chou et al., 2005). Normalized expression profiles were then batch corrected
with Combat (Johnson et al., 2007) and baseline-adjusted with averaged expression of
vehicle. For comparisons among the three groups, vehicle, MK801, and Ketamine, ANOVA
were applied with the false discovery rate (FDR) at 0.05 in selecting differentially expressed
genes. In addition, for gene expression profiles consisting of all 18 arrays and three groups,
the extraction of expression patterns was performed using EPIG (Chou et al. 2007).

Pretreatment strategies
Following microarray analysis (see above), we found that activity dependent neuroprotective
protein (ADNP) was up-regulated and so we targeted its fragment peptide, NAPVSIPQ
(NAP) for further study. P7 pups were injected as above but in some ketamine-treated
animals we injected NAP (5-20 mg/kg) 15 min before ketamine administration. NAP-
injected or vehicle-injected animals served as controls. For vitamin D3 studies, we pretreated
with 1–20 mg/kg vitamin D3 (1-α-2,5-dihydroxy-vitamin D3; calcitriol; Vit-D3) 24 hours
earlier (to allow time for receptor internalization, translocation to the nucleus, transcription,
translation and protein synthesis) and again at P7, 15 min prior to ketamine injection (to
maintain Vit-D3 receptor activation for the duration of ketamine exposure). Vit-D3- or
vehicle-injected animals served as controls. For the preconditioning study we pretreated
with 5 mg/kg ketamine (which in our hands does not promote AC3 (see (Gutierrez et al.,
2010)) 24 h before we administered 20 mg/kg ketamine. Ketamine (20 mg/kg) or vehicle-
injected animals served as controls. For the aspirin study, 30 mg/kg aspirin (a dose found to
protect the CNS from injury in other models; see (Zheng et al., 2007)) was injected 15 min
before ketamine (20 mg/kg). Aspirin- or vehicle-injected animals served as controls. In all
studies, animals were returned to their mothers and brains were processed 8 h later for AC3
(see below).

Tissues processing and Immunohistochemistry (IHC)
Eight hours after the first ketamine injection (see above), animals were anesthetized with 2%
isoflurane, and then perfused with PBS followed by 4% paraformaldehyde in PBS (4%
PFA). Brains were further fixed in 4% PFA for another 24 hr and placed in 10, 20, and 30%
sucrose-PBS solutions for several 3 days. Brains were cut into 60 μm thick coronal sections
and stored free-floating at 4°C until further processed.

Sections were processed for antigen retrieval (10 mM sodium citrate (pH 6.0) at 95°C for 3–
5 min), rapidly cooled and washed (PBS, room temperature), and then incubated with rabbit
cleaved Caspase-3 (Asp175; 1:2000; R&D Systems) in IHC buffer (1% BSA, 0.1% TX100,
PBS; pH 7.4) at 4°C overnight. Sections were washed in PBS and reacted with biotinylated
goat anti-rabbit secondary antibody (1:200 in IHC buffer; Vector Lab, Burlingame, CA) for
2 hours at room temperature. After further PBS washes, sections were then exposed to ABC
Elite solution (1–2 hours; Vector Labs) and VIP chromagen solution (5 min; Vector Labs).
Sections were then washed, mounted onto glass slides (Superfrost Plus; Fisher, Pittsburgh,
PA), air-dried, dehydrated in ascending ethanol concentrations and coverslipped using
Depex mounting media (Fisher). Assay controls were performed by omitting the primary
antibody.
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Stereological quantification
Numbers of AC3-positive neurons were estimated within lamina IV and V of the SSC
(SSCIV-V), as previous studies have reported reliable and robust injury in these layers
(Turner et al., 2007b, Turner et al., 2009a, Turner et al., 2009b). In some studies (see Fig 4
and Fig 5) we also evaluated AC3-positive profiles in the cingulate or retrosplenial cortex
(all layers) for comparison to the SSCIV-V. Counts were performed using a standardized
stereology procedure that employed an optical fractionator workflow (StereoInvestigator
7.0; MicroBrightField Inc, Williston, VT) supported by an Olympus BX51 microscope with
a 100x oil immersion objective (PlanApo 1.40 NA, Nikon), an X-Y motorized stage
(MicroBrightField Inc), and a digital camera (Microfire A/R, Optronics, Goleta, CA).
Briefly, we determined that the average section thickness (after tissue processing) was 34 ±
0.8 μm. We therefore set guard zones of 3 μm and a disector height of 25–28 μm
(depending on individual section thickness). The mean estimated number of AC3 positive
cells (± SE) was then determined across all animals in a given treatment group. For a more
detailed account of this approach the reader is referred to previous studies (Gutierrez et al.,
2010).

Statistical Analysis
For AC3 counts, we compared means across all groups by ANOVA. Significant differences
between the groups were determined using a Bonferroni post-test comparison of means. All
statistical analyses were performed using GraphPad Prism 4.0 (GraphPad, San Diego, CA).

Results
Ketamine enhances or represses expression of multiple genes

We have shown elsewhere (Lema Tomé et al., 2006, Turner et al., 2009c) that wholesale
changes in gene expression are to be expected following NMDAR blockade. To monitor
these changes in a more efficient and comprehensive manner, we turned to the powerful
technique of microarray analysis. We compared gene expression in ketamine- or MK801-
treated animals with that of vehicle-treated animals. We chose the time point of 8h because
peak induction of the pro-apoptotic enzyme AC3 is observed at this time (Turner et al.,
2007b). Following cRNA hybridization and raw data processing (see Methods), six distinct
patterns of gene expression were extracted on the basis of the expression profile correlation
values, the minimum cluster size for the patterns, and the cluster-partitioning resolution by
EPIG as shown in Fig. 1 (Chou et al., 2007). With stringent conditions of signal-to-noise
ratio of 3 (P < 0.006), magnitude of 0.4 (1.31-fold change), and a correlation r value of 0.64
(P < 0.01), applied in gene selection, a total of 650 probesets were assigned to the six
patterns. We found most of the changes falling into Pattern 1 (enhanced; 496 probesets) and
Pattern 2 (repressed; 552 probesets). Importantly, ketamine and MK801 enhanced and
repressed genes in a similar manner, suggesting that these NMDAR antagonists promote
identical molecular changes across a large number of functionally diverse genes, which may
provide potential therapeutic value. Genes in Pattern 1 included activity dependent
neuroprotective protein (ADNP) with a statistically significant p-value (ANOVA p = 3.6 ×
10−5 and FDR adjusted p = 8.6 × 10−4, fold-change = 1.42). This was a particularly exciting
discovery as both ADNP and the amino acid peptide motif within ADNP, NAPVSIPQ
(NAP) have been shown to be highly neuroprotective elsewhere (Kumral et al., 2006, Gozes,
2007, Gozes and Divinski, 2007, Pascual and Guerri, 2007, Zemlyak et al., 2007, Jehle et
al., 2008, Zemlyak et al., 2009c).
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NAP protects against ketamine-induced injury in a dose-dependent manner
To examine the neuroprotective potential of NAP in our model, P7 rats were injected with
vehicle, ketamine or ketamine plus NAP (5, 10 or 20 mg/kg). At 8 hr, we estimated the
mean AC3-positive cells in layer IV-V of the somatosensory cortex (SSCIV-V; this region
was chosen because robust apoptotic injury is consistently observed in this territory).
Ketamine promoted a robust increase in AC3 compared to controls (Fig. 2), similar to that
observed in many other studies (Turner et al., 2002, Lema Tomé et al., 2006, Turner et al.,
2007b, Turner et al., 2009a, Turner et al., 2009d, Gutierrez et al., 2010). NAP was found to
dose-dependently block this ketamine-induced injury. Indeed, at the 20 mg/kg dose
(N20K20), AC3 levels appeared close to that found in vehicle controls. These data suggest
NAP has strong translational potential for this model.

Other genes identified by microarray analysis
Although we chose to focus on ADNP, the array data indicated that there were many more
genes whose expression was altered by ketamine exposure. Whereas it would be beyond the
scope of this manuscript to review the entire array, a number of candidate genes were
identified that would merit further study. For example, genes in Pattern 1 (see Fig. 1) such as
neuronal pentraxin 1 (ranked 10) and calcium/calmodulin-dependent protein kinase II alpha
(ranked 282) as well as genes in Pattern 2 such as the GABAAR (487), Nerve Growth Factor
inducible VGF (ranked 29) and BDNF (ranked 31), all may play some role in regulating
brain injury (Hajimohammadreza et al., 1995, Jevtovic-Todorovic et al., 2003, Hossain et
al., 2004, Lu et al., 2006, Shimazawa et al., 2010). Given that ADNP ranked 356 in the
array, some of the genes mentioned above may be at least as efficacious as ADNP at
influencing ketamine-induced injury.

Vitamin D3 prevents NMDAR blockade-induced injury
We know from previous studies that NMDAR blockade-induced apoptotic injury does not
occur in cells that express CaBPs (Lema Tomé et al., 2006, Lema Tomé et al., 2007, Lema
Tomé et al., 2008). Vitamin D3 (1-α-2,5-dihydroxy-vitamin D3; calcitriol; Vit-D3) can
induce CaBP expression or enhance trophic factor action (Neveu et al., 1994, Naveilhan et
al., 1996), both of which can stabilize intracellular calcium. Thus, by enhancing calcium
buffering, we hypothesized that prior injection with Vit-D3 would protect the neonatal brain
from NMDAR blockade-induced injury. Rat pups were exposed to vehicle, 20 mg/kg Vit-
D3, ketamine or ketamine plus Vit-D3 and AC3 expression in the SSCIV-V was estimated 8
hours later. Ketamine induced a robust increase in AC3 compared to vehicle (Fig. 3). In
animals injected with Vit-D3 prior to exposure to ketamine, we found greater than 50%
reduction in AC3 levels. Finally, Vit-D3-only treated animals displayed AC3 levels almost
identical to vehicle-treated animals. Thus, we show for the first time that Vit-D3 is effective
in reducing brain injury following ketamine exposure in P7 animals. Because Vit-D3 is
already in clinical use (Soliman et al., 2010), we feel these studies will have high
translational value.

Preconditioning can block ketamine-induced AC3
In past studies we have found that 20 mg/kg ketamine leads to robust apoptosis 8h later
(increased AC3 in SSCIV-V) (Gutierrez et al., 2010). However, we wondered if (as in other
brain injury models) prior exposure to a non-toxic challenge would protect the brain from a
well-defined toxic challenge. Thus, P6 rats were divided into 4 groups: (1) inject at P6 with
vehicle, inject at P7 with vehicle; (2) inject at P6 with 5 mg/kg ketamine, inject at P7 with 5
mg/kg ketamine (K5K5); (3) inject at P6 with 5 mg/kg ketamine, inject at P7 with 20 mg/kg
ketamine (K5K20); (4) inject at P7 with 20 mg/kg ketamine (K20).
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As expected, the K20 animals displayed robust apoptosis in the SSCIV-V that was about 5-
fold greater than vehicle controls (Fig. 4A). Although K5K20 animals had less AC3 than
that found in the K20 group it was not significant. However, when we expanded our study to
other brain regions, significant differences between the K20 and K5K20 were observed, for
example the retrosplenial cortex (Fig. 4B). These data suggest that despite regional
variability, prior exposure to low-dose ketamine at P6 can attenuate injury from high dose
ketamine at P7 and that anesthetics can be used against themselves to prevent anesthesia-
induced apoptosis.

Aspirin enhances ketamine-induced injury
Aspirin is a non-steroidal anti-inflammatory that blocks both COX1 (thromboxane) and
COX2 (prostaglandin) activity. COX2 activity in particular has been shown to regulate brain
injury in other models (Strauss, 2010). Thus, we examined if aspirin could influence
ketamine-induced neonatal brain injury. P7 rats were injected with vehicle, 30 mg/kg aspirin
(A30), 20 mg/kg ketamine (K20) or aspirin plus ketamine (A30K20). Aspirin was injected
15 min prior to ketamine. At 8h, AC3 expression in the SSCIV-V was estimated.

Whereas mean AC3 counts were low in the vehicle and the A30 groups, mean AC3 counts
was significantly increased in the K20 group (Fig. 5A). Although AC3 counts were higher
still in the A30K20 group, they did not reach significance. However, when we examined
other brain regions (such as the cingulate cortex) we found that mean AC3 values were
significantly increased in the A30K20 group compared to the K20 group (Fig 5B). Based on
work elsewhere, we had hoped that aspirin would provide some degree of protection but the
data presented in this study are intriguing as they suggest that blockade of arachidonic acid
metabolism prevents the generation of substances that may be neuroprotective.

Discussion
With respect to anesthesia-induced brain injury in neonates, NIH, the FDA as well as the
International Anesthesiology Research Society (IARS) have urged researchers to not only
define the scope of the problem but develop therapeutic strategies that target prevention.
Thus, whereas past studies from our lab have focused on describing NMDAR blockade-
induced injury as well as target mechanisms, more recent work has focused on developing
ways to prevent this injury. In this article, we have described a number of approaches
designed to defeat injury and report on some exciting or surprising outcomes.

We used a microarray approach to determine changes in gene expression following
ketamine exposure. Of the 30,000 genes sampled there was enhancement or repression of
over 1000 genes. One gene in particular (activity dependent neuroprotective peptide;
ADNP) got our attention immediately because both ADNP and the amino acid peptide motif
within ADNP, NAPVSIPQ (NAP) have been shown to be highly neuroprotective elsewhere
(Zamostiano et al., 2001, Kumral et al., 2006, Gozes, 2007, Gozes and Divinski, 2007,
Pascual and Guerri, 2007, Zemlyak et al., 2007, Jehle et al., 2008, Zemlyak et al., 2009c).
This may indicate that (in our own model) the CNS may be mounting a compensatory
response to NMDAR blockade-induced injury. Indeed, we show that NAP was able to dose-
dependently block ketamine-induced injury when administered 15 min prior to ketamine
(Fig. 2). Given that NAP is undergoing clinical trials to defeat other types of brain injury
(Gozes et al., 2008), we believe this discovery represents a breakthrough for the field of
anesthesia-induced neurotoxicity.

Xenon (an inhalation anesthetic) has been shown to induce ADNP in P7 rats (Cattano et al.,
2008), suggesting that (as in our study) that the brain is triggered into self-protection mode.
Xenon is thought to act by directly blocking glutamate action at the NMDAR as well as
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decreasing channel pore size (Liu et al., 2010), suggesting some mechanistic overlap with
ketamine. Because xenon (and other anesthetics) has been used as a preconditioning
treatment to prevent other injuries (such as hypoxia and or ischemia), Cattano et al correctly
argue that xenon-induced elevation of ADNP expression is neuroprotective in nature.
However, in our model, anesthesia itself is used to trigger injury and so by the time ADNP
expression is enhanced it may be too late to prevent ketamine-induced apoptosis. Indeed, we
show that injection of the ADNP peptide fragment NAP 15 min prior to ketamine
administration was neuroprotective, suggesting there is a critical window of efficacy.

The potential of NAP in defeating brain injury is certainly not limited to anesthesia-induced
damage. For example, NAP was able to block a variety of neuronal injuries (induced by
electrical blockade, beta-amyloid peptide, or Apo-E deficiency) at the femtomolar level
(Bassan et al., 1999). Further, NAP was effective at preventing diabetes-induced brain
damage (Idan-Feldman et al., 2011) as well as ibotenic acid-induced excitotoxic injury in
newborn mice (Sokolowska et al., 2011). The mechanism of action of NAP has not been
fully determined but blocking the early stages of apoptosis from being engaged (Zemlyak et
al., 2009c) and/or protecting the cytoskeleton from injury-induced breakdown are possible
candidates (Zemlyak et al., 2009a, Zemlyak et al., 2009b).

Although we focused on ADNP, there were other candidate genes that came to our attention.
For example, from Pattern 1 (enhanced), neuronal pentraxin 1 and calcium/ calmodulin-
dependent protein kinase II alpha have been implicated in regulating hypoxia-ischemia (HI)-
induced injury in the brain (Hajimohammadreza et al., 1995, Hossain et al., 2004). From
Pattern 2 (repressed), we identified the beta 1 and alpha 4 subunits of the GABAAR,
activation of which is known promote injury similar to NMDAR blockade (Jevtovic-
Todorovic et al., 2003). Further, again from Pattern 2, Nerve Growth Factor-inducible VGF
has been proposed to mediate neuroprotection against ALS (Shimazawa et al., 2010)
whereas BDNF may regulate anesthesia-induced neonatal brain injury (Lu et al., 2006).
Clearly, there are plenty of other candidate genes to exploit for their therapeutic potential
and our success with ADNP (and NAP) suggest this will be a fruitful direction to take for
other gene candidates. Indeed, future studies will focus on determining expression of these
genes at the molecular and cellular level as well as monitoring regional and temporal
variations in their expression following NMDAR blockade.

In a separate study we used our well-developed Calcium Set Point (CSP) hypothesis (Turner
et al., 2007a, Turner et al., 2007b) to guide us in developing strategies to defeat ketamine-
induced injury. Earlier studies have shown that NMDAR blockade-induced AC3 in P7
animals occurs in cells that lack CaBPs and cells that express CaBPs at this age do not co-
express AC3 (Lema Tomé et al., 2006). Further, between P10-P14, injury from NMDAR
blockade diminishes rapidly, and at this time in development CaBP expression rapidly
increases (Lema Tomé et al., 2008). Vitamin D3 can induce CaBP expression or enhance
trophic factor action (Neveu et al., 1994, Naveilhan et al., 1996), both of which can stabilize
intracellular calcium. Thus, although CaBP expression is lower at P7 than at later ages, we
reasoned that if we could enhance CaBP expression at P7 then perhaps we could stabilize
calcium homeostasis and offset injury. In our model, vitamin D3 was indeed effective at
preventing ketamine-induced injury. As proof-of-concept that regulating calcium
homeostasis may be key to protecting the brain from anesthesia-induced injury, we have
previously shown that the calcium channel agonist BAYK 8644 can reverse NMDAR-
induced neonatal brain injury (Turner et al., 2009a). However, because BAYK 8644 directly
increases calcium flow across the cell membrane, it is likely it will also reverse the action of
most anesthetics. In contrast, vitamin D3 acts indirectly on calcium levels and so is unlikely
to interfere with anesthetic action (indeed, in the studies described above we found vitamin
D3 did not alter ketamine-induced sedation). Thus, vitamin D3 administration would appear

Turner et al. Page 8

Neuroscience. Author manuscript; available in PMC 2013 May 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to be a more practical option when addressing the prevention of ketamine-induced brain
injury.

In another study, we employed a preconditioning approach similar to that used in other
models of brain injury (Matsushima and Hakim, 1995). By using a low (non-toxic) dose of
ketamine we had hoped to trigger a mild ketamine response in the infant rat CNS that would
offset toxicity from a higher dose of ketamine, and our data indicate we were at least
partially successful. Of all the approaches used by our lab, this strategy may be both the
simplest and most cost effective as it suggests children can be pre-treated with the same
anesthesia that will be used when they undergo general surgery. This may not be feasible in
an emergency situation however.

Finally, to simplify therapeutic choices for physicians, we felt that we should examine drugs
readily available and already well-defined. In this respect, aspirin has been used successfully
in other brain injury models (Berger et al., 2004). However, we report here that ketamine-
induced injury was enhanced rather than blocked by pretreatment with aspirin. Although
disappointing with respect to defeating anesthesia-induced injury, this outcome gives us new
insight and suggests that future studies should target prostaglandins or prostaglandin
receptors. Indeed, the COX2 metabolite prostaglandin D2 (PGD2) is thought to be
neuroprotective, acting through the DP1 receptor (Liang et al., 2005).

Regional variability in the efficacy of some of the strategies employed here was observed.
This has been described previously by this lab in other studies (Turner et al., 2009a),
suggesting there may be limits to the protective effects of a given agent. At present we are
unsure why this was so but likely variations in regional and layer-specific distribution of ion
channels or receptors are factors. Further, because brain regions vary in the time-course of
their developmental programs, the neuroprotective potential of each agent at P7 may depend
on the relative maturity of intracellular pathways and/or expression of cell surface proteins
in any given region.

Recent evidence from the Mayo Clinic suggests that, in children under the age of 2 years,
multiple (but perhaps not single) exposures to anesthetics is a cause for concern (Flick et al.,
2011). Although earlier clinical studies had shown the window of vulnerability may extend
to 4 years old (Wilder et al., 2009), the more recent report from this group (Flick et al.,
2011) suggests this window may be narrower than animal studies imply. Indeed, greater
effort may be required to more thoroughly examine the equivalency of the perinatal period
in rodents and non-human primate with that of humans, as indicated elsewhere (Clancy et
al., 2001, Todd, 2004, Quinn, 2005, de Graaf-Peters and Hadders-Algra, 2006, Clancy et al.,
2007a, Clancy et al., 2007b).

In some respects the studies described here represent a survey of approaches and a lot of
work remains to be done in the future. For example, for our ADNP/NAP studies, it would be
vital to know when, where and in which cells ADNP up-regulation takes place after
ketamine exposure. It would also be clinically very useful to know if post-treating with NAP
is effective at preventing injury. For our vitamin D3 studies, we would need to show that
CaBP expression is indeed up-regulated as we suspect. Alternatively, vitamin D3 could
affect calcium homeostasis by up-regulating BDNF expression or enhancing trkB-mediated
signaling. For our preconditioning study, we need to determine the shortest time and the
lowest dose that are effective at stopping injury from high dose anesthesia. Just as
importantly, we will need to know if there is a threshold dose above which preconditioning
is either no longer observed or acts synergistically to amplify rather than reduce injury.
Finally, for our aspirin study, we cannot discount the potent vascular effects of this drug and
perhaps changes in local blood flow are responsible for enhanced injury.
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There are now many labs that address the prevention of anesthesia-induced injury with each
offering a unique approach. For example the Jetrovic-Todorovic lab has identified melatonin
or BDNF as agents that could be used to block anesthesia-induced injury (Yon et al., 2006),
whereas Bittigau, Ikonomiodou and colleagues suggest estradiol might be clinically useful
(Asimiadou et al., 2005). Importantly, we are all working as a community to define the
scope of the problem and develop ways to prevent injury. Should ongoing clinical studies
bear out what is found in animal models, MDs will need as many options as possible to
defeat anesthesia-induced neurotoxicity. We feel the studies we describe here and elsewhere
will go a long way to achieving this goal.

• There is a growing need to develop strategies to prevent anesthesia-induced injury

• We describe a number of independent approaches to address therapeutic
intervention

• Ketamine induced apoptotic injury in P7 rats

• NAP, vitamin D3 and low-dose ketamine all attenuated or prevented this injury

• Aspirin enhanced the injury
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Fig. 1. Changes in gene expression following NMDAR blockade
P7 animals were injected with vehicle, MK801 (1 mg/kg) or ketamine (20 mg/kg) and at 8h
total RNA was isolated for microarray analysis (N = 6 per group). Global gene expression
patterns were extracted by EPIG method and revealed 6 patterns of gene expression, with
most of the changes falling into Pattern 1-enhanced or Pattern 2-repressed. The numbers at
left corner in each pattern are the probe sets categorized to the corresponding pattern. The
vertical axes with zero at the middle are the changes in gene expression (log2 intensity)
relative to the vehicle. The heatmaps on right side correspond to 496 enhanced genes of
pattern 1 (upper part) and 552 repressed genes of pattern 2 (lower part). Importantly,
MK801 and ketamine enhanced and repressed genes in a similar manner, suggesting that
these NMDAR antagonists promote essentially identical molecular changes across a large
number of functionally diverse genes. From these data we identified activity dependent
neuroprotective protein (ADNP) as a candidate gene for further study (see Fig. 2).
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Fig. 2. NAP prevents ketamine-induced injury
Our microarray study (see Fig. 1) suggested that we target the ADNP fragment peptide NAP
for its neuroprotective potential. P7 rat pups were injected with vehicle (Veh), 20 mg/kg
ketamine (K20; 4 doses over 3 hours) or ketamine plus NAP (5, 10, or 20 mg/kg; N5K20,
N10K20, N20K20, respectively; NAP injected 15 min prior to ketamine). After 8h, animals
were anesthetized, perfused with 4% PFA, brains removed and 60 μm coronal sections were
processed for AC3-ir. AC3-positive cells in layers IV and V of the somatosensory cortex
(SSCIV-V) were counted using non-biased stereology. Data expressed as means ± SE (N = 6
for all groups). Significant differences were observed between K20 and vehicle
(p<0.001***) and between N10K20 vs K20 and N20K20 and K20 (p<0.01**; ANOVA;
Bonferroni post-test). No significant difference in the means was found when N5K20 was
compared to K20.
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Fig. 3. Vitamin D3 protects against ketamine-induced injury
P7 rat pups were injected with vehicle (sterile PBS), vitamin D3 (0.5 μg/kg; Vit D), 20 mg/
kg ketamine (4 doses over 3 hours, K20) or ketamine plus vitamin D3 (K20-Vit D). Vitamin
D3 was injected 15 min prior to ketamine exposure at P7 as well 24 hours earlier to allow
time for receptor internalization, translocation to the nucleus, transcription, translation and
protein synthesis. After 8h, animals were anesthetized, perfused with 4% PFA, brains
removed and 60 μm coronal sections were processed for AC3-ir. AC3-positive cells in the
SSCIV-V were counted using non-biased stereology. Data expressed as means ± SE (N = 5
for all groups); *** p<0.001 when comparing K20 to Veh or Vit D-K20 groups; * p<0.05,
when comparing Vit D-K20 to vehicle or Vit D groups (ANOVA, Bonferroni post-test
comparison). A significant difference (p<0.001) was also found between K20 and Vit D
groups (not indicated).
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Fig. 4. Preconditioning protects against ketamine-induced injury
Neonatal rats were injected with vehicle (sterile PBS) or ketamine (5 mg/kg, at 0, 1, 2, 3h)
on P6 and/or P7 as follows: P6 vehicle - P7 vehicle (vehicle control; veh); P6 5 mg/kg
ketamine - P7 5 mg/kg ketamine (K5K5); P6 5 mg/kg ketamine - P7 20 mg/kg ketamine
(K5K20); P7 20 mg/kg ketamine (K20). At 8h, the numbers of AC3 cells in the SSCIV-V
were estimated by non-biased stereology. Data show means ± SE (N = 3 for each group). A.
AC3 counts in the SSCIV-V. *** p<0.001, K20 vs veh; *p<0.05, K20 vs K5K5. Not
indicated are non-significant differences for K5K5 vs veh, and significant differences for
K5K20 vs veh (p<0.05). B. AC3 counts in the Retrosplenial cortex. ***p<0.001 K20 vs veh,
**p<0.01 K20 vs K5K20. Not indicated are significant differences between K5K5 vs veh,
K5K20 vs veh, and K5K20 vs K5K5 (p<0.05). Statistical analyses performed using one-way
ANOVA with Bonferroni post-test comparison of means.
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Fig. 5. Aspirin enhances ketamine-induced injury
P7 rats were injected with vehicle (sterile PBS; Veh), aspirin (30 mg/kg; A30), 20 mg/kg
ketamine (at 0, 1, 2, and 3h; K20) or aspirin plus ketamine (A30-K20). At 8h brains were
fixed and sectioned for AC3 estimations. Data show means ± SE (N = 5 for each group). A.
AC3 counts in the SSCIV-V .*** p<0.001, A30-K20 vs veh; ns not significant K20 vs A30-
K20. Not indicated are significant differences between K20 vs veh (p<0.01) and K20 vs A30
(p<0.05) as well as non-significant differences between A30 vs veh. B. AC3 counts in the
cingulate cortex. ***p<0.001 A30-K20 vs veh and A30-K20 vs K20. Not indicated are
significant differences between K20 vs veh (p<0.01) and K20 vs A30 (p<0.05). Statistical
analyses performed using one-way ANOVA with a Bonferroni post-test comparison of
means.
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