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1 Recently, it was reported that anesthetizing infant rats for 6 h with a combination of anesthetic
drugs (midazolam, nitrous oxide, isoflurane) caused widespread apoptotic neurodegeneration in the
developing brain, followed by lifelong cognitive deficits. It has also been reported that ketamine
triggers neuroapoptosis in the infant rat brain if administered repeatedly over a period of 9h. The
question arises whether less extreme exposure to anesthetic drugs can also trigger neuroapoptosis in
the developing brain.

2 To address this question we administered ketamine, midazolam or ketamine plus midazolam
subcutaneously at various doses to infant mice and evaluated the rate of neuroapoptosis in various
brain regions following either saline or these various drug treatments. Each drug was administered as
a single one-time injection in a dose range that would be considered subanesthetic, and the brains were
evaluated by unbiased stereology methods 5h following drug treatment.

3 Neuroapoptosis was detected by immunohistochemical staining for activated caspase-3. It was
found that either ketamine or midazolam caused a dose-dependent, statistically significant increase
in the rate of neuroapoptosis, and the two drugs combined caused a greater increase than either
drug alone. The apoptotic nature of the neurodegenerative reaction was confirmed by electron
microscopy.

4 We conclude that relatively mild exposure to ketamine, midazolam or a combination of these

drugs can trigger apoptotic neurodegeneration in the developing mouse brain.
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Introduction

Recent studies have shown that transient exposure of infant
rats or mice to several classes of drugs, including those that
block NMDA glutamate receptors, those that activate
GABA, receptors, and ethanol (which has both NMDA
antagonist and GABAmimetic properties), triggers widespread
neurodegeneration in the developing brain (Ikonomidou et al.,
1999; 2000; Jevtovic-Todorovic et al., 2003). The window of
vulnerability to these agents coincides with the developmental
period of synaptogenesis, also known as the brain growth
spurt period, which in mice and rats occurs primarily
postnatally, but in humans extends from about midgestation
to several years after birth (Dobbing & Sands, 1979).

The cell death process triggered by these drugs has been
studied histologically and found at both light and electron
microscopic levels to have classical morphological character-
istics of apoptosis (Dikranian et al., 2001; Olney et al., 2002a).
Studies examining gene-regulated biochemical pathways have
revealed that the cell death process involves translocation of
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Bax protein to mitochondrial membranes where it disrupts
membrane permeability, allowing extramitochondrial leakage
of cytochrome ¢, followed by a sequence of changes culminat-
ing in activation of caspase-3. Commitment to cell death
occurs prior to the caspase-3 activation (C3A) step (Young
et al., 2003; 2005); therefore, immunohistochemical detection
of neurons positive for C3A provides a reliable means of
mapping and quantifying dying cells that have already
progressed beyond the point of cell death commitment.

As ethanol acts by a combination of both NMDA and
GABA, receptor-mediated mechanisms, it triggers a particu-
larly robust neuroapoptotic response. This is important in a
human context because ethanol is known to have deleterious
effects on the developing human brain (fetal alcohol syndrome,
FAS) (Jones & Smith, 1973; Jones et al., 1973; Clarren et al.,
1978; Swayze et al., 1997). However, human relevance is not
limited to ethanol and FAS. There are many agents in the
human environment that have NMDA antagonist or GABA-
mimetic properties. Such agents include drugs that may be
abused by pregnant mothers (ethanol, phencyclidine (angel
dust), ketamine (Special K), nitrous oxide (laughing gas),
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barbiturates, benzodiazepines), and many medicinals used in
obstetric and pediatric neurology (anticonvulsants) (Bittigau
et al., 2002), and anesthesiology (the majority of general
anesthetics are either NMDA antagonists or GABAmimetics).
In pediatric anesthesia, drugs in both of these categories
are often administered in combination, which signifies that
the patient is being exposed to the same combination of
mechanisms by which ethanol damages the human fetal brain.
In a recent study (Jevtovic-Todorovic et al., 2003), infant rats
were exposed for 6h to a clinically relevant cocktail of
anesthetic drugs having both NMDA antagonist and GABA-
mimetic properties, and it resulted in an extensive pattern of
neuroapoptosis affecting many brain regions, and subsequent
cognitive deficits that were particularly severe in preadolescent
rats, and still detectable in adulthood.

Of the above individual drugs, ketamine is of special
interest, because it is used very widely throughout the world
in both emergency and operating room settings, and also is
being used with increasing frequency as a recreational drug,
sometimes abused by pregnant mothers. Ketamine is viewed as
a safe drug, especially for children; in fact, it has been used in
recent years with increased frequency in pediatric medicine,
because of the observation that children are less susceptible to
the psychotomimetic effects that ketamine causes in human
adults (Reich & Silvay, 1989; Gilman et al., 1990). Ketamine is
popular because it is easy to administer for either sedative or
anesthetic purposes, and has a low incidence of cardiorespira-
tory depression. It is used to induce anesthesia in both
obstetric and pediatric medicine, and very frequently is used to
sedate pediatric patients undergoing procedures such as
angiography, central line catheterization, endoscopy, intuba-
tion and fracture reduction (Bergman, 1999; Green et al., 2001;
Law et al., 2003). Owing to its bronchodilator property,
ketamine is also recommended for treating status asthmaticus
in children (Petrillo et al., 2001), and in many countries,
especially in remote areas where anesthesiologists are in short
supply, ketamine is viewed as an agent of choice for general
anesthesia (Pun et al., 2003).

Another anesthetic drug, midazolam, is of special interest
because of its widespread use in pediatric medicine and
because it is commonly used in combination with ketamine
for either sedative or anesthetic purposes. Since midazolam is a
GABAmimetic drug and ketamine an NMDA antagonist, the
combination exposes a pediatric patient to the same dual
mechanism by which ethanol damages the human fetal brain
(Ikonomidou et al., 2000).

In a prior study, we demonstrated that ketamine, when
administered subcutaneously to infant rats in a series of
injections spaced evenly apart over a 9-h period, caused a
robust pattern of apoptotic neurodegeneration (Ikonomidou
et al., 1999). We did not study the effects of a single ketamine
injection. Hayashi et al. (2002) recently confirmed our findings
with respect to multiple ketamine injections, but reported that
a single injection of ketamine to 7-day-old rats at doses from
25 to 75mgkg~" did not trigger neuroapoptosis. Midazolam
has not been studied for its ability, either alone or in
combination with ketamine, to induce neuroapoptosis in the
developing brain. To further clarify the brain damaging
potential of ketamine and midazolam, we exposed infant mice
to clinically relevant doses of these drugs, either individually or
in combination, and evaluated the brains for evidence of acute
neuroapoptosis 5h following drug exposure.

Methods
Animal treatment and handling

All animal care procedures were in accordance with standards
approved by the Animal Studies Committees of Washington
University and University of Virginia. C57BL6 mice (7 days
old) were used for all experimental procedures, in that mice at
this age are at peak sensitivity to the neuroapoptogenic action
of NMDA antagonist or GABAmimetic drugs. The study was
conducted in three parts. Initially we performed a dose—
response study to determine the lowest dose of ketamine
effective in causing an increased number of neurons showing
C3A compared to saline-treated controls. This study revealed
that a single subanesthetic dose of ketamine was sufficient
to trigger a significantly increased C3A response. We then
administered midazolam in a single clinically relevant sub-
anesthetic dose and determined that this also resulted in a
significantly increased C3A response. Finally, we combined
this dose of midazolam with a subanesthetic dose of ketamine
to assess the potential of these two anesthetic drugs to trigger
an exaggerated response when used in combination.

In previous studies we have observed that ethanol triggers
neuroapoptosis in some brain regions earlier than in others.
For example, in the caudate nucleus and certain regions of the
cerebral cortex, neurons begin showing a robust display of
C3A as carly as 3-4h following subcutaneous treatment,
and the reaction reaches a peak in these brain regions at 5-6h
post-treatment. Therefore, we elected to expose animals
subcutaneously to drugs (ketamine, midazolam or ketamine +
midazolam) at time zero and kill them 5 h later for quantitative
evaluation of the neuroapoptosis response in the caudate
nucleus and cerebral cortex.

In early studies, we observed that male and female mouse
pups were equally sensitive to injury induced by ketamine, but
there was substantial litter variability in the number of neurons
showing C3A, either on a spontaneous basis or in response to
drug treatment. To control for litter variability we divided the
litters as evenly as possible into groups of equal size, one group
receiving saline and the other groups an experimental drug
treatment. In most cases, we used only one or two pups for
each treatment condition from each litter, and the rest of the
pups were used for other experiments. We used animals of
both sexes and, to the extent possible, assigned an equal
number of male and female animals to each treatment
condition. This resulted in mean body weights that differed
very little across treatment groups (ranging from 3.31+0.11 to
3.44+0.10g in ketamine dose-response study and from
3.16+0.28 to 3.17+0.23 g in the ketamine plus midazolam
study). At the beginning of each experiment, the pups were
determined to be well nourished, as was evidenced by their
stomachs being full of milk (detectable through the transparent
abdominal wall). Both control and experimental pups after
treatment were maintained in a warm chamber (30°C) away
from their mother for a 5-h observation period, then were
deeply anesthetized and perfused transcardially with 4%
paraformaldehyde in Tris buffer (for C3A immunohistochem-
istry and silver stain) or 1% paraformaldehyde and 1.5%
glutaraldehyde in phosphate buffer (for electron microscopy).
For C3A immunohistochemistry or silver staining, the brains
were cut into 50-um-thick sagittal sections on a Vibratome and
further processed by methods described below. For electron
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microscopy, the brains were cut into 1 mm thick serial slabs,
postfixed in 1% osmium tetroxide, dehydrated in graded
concentrations of ethanol, cleared in toluene and embedded
flat in araldite.

Caspase-3 immunohistochemistry

C3A immunohistochemistry was performed by methods
recently described (Olney et al., 2002b). Briefly, vibratome
sections (50 um thick) were washed in 0.01 M PBS, quenched
for 10 min in a solution of methanol containing 3% hydrogen
peroxide, then incubated for 1h in blocking solution (2%
BSA/0.2% milk/0.1% Triton X-100 in PBS), followed by
incubation overnight in rabbit antiactive caspase-3 antiserum
(D175, Cell Signaling Technology, Beverly, MA, U.S.A.)
diluted 1:1500 in blocking solution. Following incubation
with D175 primary antibody, the sections were incubated for
1 h in secondary antibody (goat antirabbit 1:200 in blocking
solution), and then reacted in the dark with ABC reagents
(standard Vectastain ABC Elite Kit, Vector Labs, Burlingame,
CA, U.S.A)) for 1 h. The sections were then washed three times
with PBS, and incubated with VIP reagent (Vector VIP
substrate kit for peroxidase, Vector Labs, Burlingame, CA,
U.S.A)) to develop a purple color.

De Olmos cupric silver staining

We have found that the De Olmos cupric silver staining
method, while not useful for distinguishing between apoptotic
and nonapoptotic cell death processes, is an excellent method
for marking and mapping dead or dying neurons. For this
procedure we used a modified version (Corso et al., 1997) of
the method originally described by De Olmos & Ingram
(1972).

Combined light and electronmicroscopy

Tissue slabs flat embedded in araldite, as above described,
were cut 1um thick from the caudate nucleus and frontal
cortex, using glass knives (1/2 inch wide) and an MT-2B Sorval
ultratome. These sections were heat dried on glass slides and
stained with azure II and methylene blue for evaluation by
light microscopy. For electron microscopy, areas of special
interest from a given block were trimmed to a smaller size;
ultrathin sections were cut and suspended over a formvar
coated slot grid, stained with uranyl acetate and lead citrate
and viewed in a JEOL 100C transmission electron microscope.
Slot grids were used because they permit a continuous viewing
field (1 x 2mm?) uninterrupted by grid mesh bars.

Quantitative cell counts

The brains were bisected sagittally, sectioned serially in the
sagittal plane and stained immunohistochemically for C3A.
For quantitative counts, every eighth section was chosen in an
unbiased, systematically random sampling manner according
to the principle of stereology. This permitted sampling eight
to 10 sections from half of each brain. These sections were
imaged and quantitatively evaluated with the help of a
stereology system consisting of the following components:
Stereo Investigator (MicroBrightField, Inc., Colchester, VT,
U.S.A)) on a Pentium III PC, connected to a Prior Optiscan
motorized stage (ES103 XYZ system, Prior Scientific Inc.,
Rockland, MA, U.S.A.) mounted on a Nikon Labophot-2
microscope. The boundaries of the brain regions of interest
(cerebral cortex and caudate-putamen) were traced into the PC
and from the tracings Stereo Investigator calculated the area in
each section. In the cortex, the majority of C3A-positive
profiles were in layer II, but counts were performed across the
entire extent of the cerebral cortex. In the caudate-putamen,
C3A-positive profiles were present in scattered or loosely
clustered distribution throughout both the dorsal and ventral
portions. Caspase-3 positive neurons with dendrites or axons
visible were all counted. For those profiles without obvious
dendritic processes, only those with a size larger than 8 um
were counted. The population estimator function of Stereo
Investigator was used to mark each profile while it was
counted to ensure that no profile would be missed or counted
twice. To obtain an estimate of profile density (apoptotic
profiles per mm?), the total number of C3A-positive profiles
counted in each brain was divided by the total area within
which these profiles were present. The counts were performed
by an experienced histopathologist (CY), who was blind to the
treatment condition.

Blood gas measurements

In a separate study, designed to rule out hypoxia/ischemia
(H/I) as an explanation for the neurodegenerative response,
arterial blood was collected at various time points (15, 30, 60,
120, 180 and 240min) after ketamine at 40mgkg~'s. The
blood sample was obtained by transcardiac aspiration from
the left ventricle with a heparinized 32-gauge hypodermic
needle. Bicarbonate concentration (millimoles per liter),
oxygen saturation (Sa0,%), pH, PaCO, (partial pressure of
carbon dioxide in mmHg) and PaO, (partial pressure of
oxygen in mmHg) were measured immediately after blood
collection, using a Nova Biomedical blood gas apparatus.
Seven to nine animals were used for each time point.

Table 1 Blood gas profiles after a single injection of ketamine

Time (min) pH PaCO, (mmHg)
0(n="7) 7.64+0.01 18+2.0
15 (n=17) 7.57+0.04 17+£1.0
30 (m=9) 7.61+£0.03 1742.0
60 (n=06) 7.56+0.05 154+2.0
120 (n=06) 7.58+0.04 224+4.0
180 (n=06) 7.64+0.04 13+1.5
240 (n=0) 7.66+0.04 15+1.6

PaO, (mmHg) HCOj3 (mEql™) Sa0; (%)
145+15 20+2.0 99+0.7
107420 15+£2.0 97+2.0
111+14 17+1.3 98+1.0
106 +20 13+1.5 97+1.4
104+15 21+1.7 98+1.0

97+10 14+1.3 99+0.6
141+11 17+1.9 99+0.2
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Drugs

Ketamine hydrochloride (Vetalar IIT) was obtained from Fort
Dodge Animal Health (Fort Dodge, lowa, U.S.A.). Mid-
azolam (maleate salt) was obtained from Sigma (Saint Louis,
MO, U.S.A).

Statistical methods

All data are shown as mean +s.e.m. For statistical analysis, we
used InStat 3.0 (GraphPad Software Inc., San Diego, CA,
U.S.A)) running on a Macintosh PowerBook G4 with Mac OS
X system. Unpaired r-test with Welch correction, one-way
ANOVA or repeated measures ANOVA with Student—
Newman—Keuls multiple comparisons test were used where
appropriate to evaluate the effects of the various treatments.

Results
Behavior after drug treatments

Ketamine, at the highest dose administered (40mgkg™),
caused all infant mice to lie on their back with constant
paddling motions of their extremities, but did not immobilize
or fully anesthetize them. There were no signs of cardio-
respiratory impairment or skin discoloration. When their tails
were pinched, they squeaked and pivoted, indicating preserva-
tion of at least some pain sensation. They manifested paddling
movements of their paws for about 40—-60 min, at which time
the drug effects were beginning to wear off. At lower doses,
ketamine had similar, but less prolonged and less pronounced,
effects. Midazolam, at 9mgkg™"' caused all pups to become
somnolent, but without loss of righting reflex and they
remained responsive to pain (tail pinch). This is consistent
with the observations of Inada et al. (2004), who found that
young mice do not lose the righting reflex at doses of
Midazolam up to 25mgkg™"i.p. Paw paddling behavior was
not seen following treatment with midazolam alone. Following
ketamine (40 mgkg™') together with midazolam (9mgkg™),
the pups rapidly fell asleep and remained heavily sedated for
approximately 2 h. Upon awakening, some pups exhibited paw
paddling behavior prior to resuming normal ambulatory
movements.

Arterial oxygen saturation after ketamine

Blood gas values measured at periodic intervals following
administration of ketamine at 40mgkg~'s (Table 1) revealed
no deviations indicative of hypoxia or ischemia. Specifically,
PaCO, values remained low (no hypoventilation), PaO, and
Sa0, remained normal (no hypoxia) and the relatively high
pH/low bicarbonate values rule out hypoperfusion, hence no
ischemia.

Neuroapoptotic response to ketamine

Histological evaluation of the caudate/putamen and cerebral
cortex of pups treated with ketamine at 40 mgkg™' revealed a
visually impressive and statistically significant increase in
neuroapoptotic (C3A-positive) profiles in both brain regions
of the ketamine pups compared to the saline controls
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Figure 1 (a) Neuronal profiles showing caspase-3 activation
(C3A) in the neocortex (layer II) and caudate-putamen of the
7-day-old mouse brain 5h after a single subcutaneous injection
of saline or ketamine, 40 mg kg~'. In the neocortex and caudate-
putamen of the saline control pup, there are a few scattered
C3A-positive neuronal profiles, reflecting the normal rate of
physiological cell death at this developmental age. In the same
brain regions of the ketamine-treated pup, the number of
C3A-positive profiles is several-fold increased, consistent with
the quantitative data presented in Table 2. Extreme sensitivity of
layer II neocortical neurons, as shown here for ketamine, has
been reported previously (Ikonomidou ef al., 1999; 2000) as a
feature of the apoptogenic properties of other NMDA antago-
nists, including MK-801, phencyclidine and ethanol. Scale
bar =50 um. (b) The apoptosis-promoting effect of ketamine is
dose-dependent. At 5h after littermates were treated with saline
or ketamine, 10, 20, or 30mgkg~', the C3A positive profiles
in the caudate-putamen region showed a linear dose-depen-
dent increase (test for linear trend: P=0.0004, r>=0.1288).
Both ketamine 20mgkg™"' (P< 0.05) and 30mgkg™" (P<0.01)
induced a significant increase in C3A positive profiles compared
to their litter-matched controls (n = 10 for each treatment group,
P=0.0038, F (3,9, 27) = 5.671, repeated measures ANOVA with
Student-Newman—Keuls multiple comparisons test, comparing
saline,with ketamine 10, 20, and 30 mgkg™'). When the data for
Ketamine 40mgkg™' (from Table 2) are displayed on the same
graph, it is seen that, whereas the rate of apoptosis increased
approximately 23% with each stepwise increase in dose in the
zero to 30mgkg™' dose range, the rate of increase jumped by
100% as the dose was increased from 30 to 40mgkg~".

British Journal of Pharmacology vol 146 (2)



C. Young et al

Ketamine/midazolam-induced neuroapoptosis 193

(Figure la and Table 2). Dose-response data were then
generated from 10 litters of pups pertaining to the caudate/
putamen alone and this showed that ketamine, in a dose-
dependent manner, caused an increase in neuroapoptosis,
which was statistically significant at 20 and 30mgkg~', but
marginally nonsignificant at 10mgkg™' (Figure 1b). The
dose-response curve describing these data was linear with
a gradually increasing slope in the 10-30mgkg~' dose range,
but the slope became much steeper in the transition between
30 and 40 mgkg ™", suggesting that in immature mice ketamine
may become rapidly more toxic as the dose is increased from a
range that produces sedation to doses approaching the
anesthetic range.

Neuroapoptotic response to midazolam

Midazolam at 9mgkg™" induced a neuroapoptotic response in
both the cortex and caudate/putamen (Figure 2) that was not
obviously different from the response to ketamine, although
the pattern of C3A staining induced by midazolam tended to
include a larger number of neurons distributed in the deep
layers of the cortex. The apoptotic response to midazolam
was statistically significant in both the caudate/putamen
(24.15+5.77 profiles mm~2 vs 7.53+1.85 profiles mm™2,
n=12, P< 0.01, unpaired #-test with Welch correction) and
cerebral cortex (9.57+2.08 profiles mm—2 vs 2.9640.50
profiles mm™2, n=12, P<0.01, unpaired r-test with Welch
correction) and was roughly comparable in magnitude to the
response to ketamine at 40mgkg™' (Figure 3).

Neuroapoptotic response to ketamine plus midazolam

Combined administration of ketamine (40mgkg™') plus
midazolam (9mgkg™") triggered a significantly greater in-
crease in neuroapoptosis than either individual drug at these
doses (Figures 2 and 3). The increase was of a magnitude
suggestive of an additive mechanism.

Histological characteristics of the cell death response

In a separate group of mouse pups, we used the De Olmos
silver stain as a second method to document the pattern of
neuronal cell death following ketamine administration and
to compare this pattern with the pattern of C3A. The animals
were killed at 7h following ketamine administration
(40mgkg~'s) because it requires a longer time interval for
degenerating neurons to become silver positive than to show
evidence of caspase 3 activation. We found at 7h post-
treatment that the silver stain revealed the same pattern of
neurodegeneration that the caspase-3 stain had shown at 5h

post-treatment, indicating that a specific pattern of neuronal
degeneration occurs following ketamine administration, re-
gardless of the staining method used to detect the degenerative
response (Figure 4).
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Figure 2 Brains of 7-day-old mice treated with midazolam
9mgkg! (a, ¢) or midazolam plus ketamine 40mg kg~' (b, d)
showed robust C3A staining in cerebral cortex (c, d) and caudate-
putamen region (a, b) 5h after treatment. The combined treatment
of midazolam plus ketamine was more damaging in both regions
than midazolam alone.

Table 2 Activated caspase-3 profiles after one-time exposure to ketamine (40 mgkg™")

Region Treatment Section area examined (mm?) Profile count Profile density (mm~2)

Caudate-putamen Saline 20.14+1.88 132.6+13.9 7.10+0.93
Ketamine 18.56+1.36 466.0+69.2* 26.80+4.33*

Cerebral cortex Saline 100.714+6.81 267.0+38.6 2.664+0.31
Ketamine 92.41+4.71 787.0+68.4° 8.634+0.74°

P < 0.005.

°P< 0.0001 compared to saline-treated controls, unpaired -test with Welch correction, n= 10 in each group.
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Figure 3 Quantitative analysis of C3A profile density revealed that
combined midazolam and ketamine treatment was more effective in
causing neuronal apoptosis than either drug alone. A total of 12
litters of pups were used for this analysis. (a) In caudate-putamen,
ketamine plus midazolam produced a C3A profile density of
35.74+4.5 profile mm~—2 (n=20), significantly higher than that of
the ketamine group (23.2+3.1 profile mm—, n=17, P<0.05 ) or
midazolam group (21.6+3.2 profile mm~2, n=21, P<0.05). One-
way ANOVA with Student-Newman—Keuls test, P=0.0162, F (2,
55)=4.447. (b) In the cerebral cortex, the C3A profile density for
the ketamine plus midazolam group was 16.0+ 1.0 profile mm™>
(n=20), significantly higher than that of the ketamine group
(7.640.6 profile mm™=, n=17, P<0.001) or midazolam group
(10.0+4.6 profile mm =2, n=21, P<0.001). One-way ANOVA with
Student—-Newman—Keuls test, P<0.0001, F (2, 55)=21.209.

The brains of an additional group of mouse pups treated
with ketamine (40 mgkg™') were evaluated by electron micro-
scopy Sh post-treatment. Degenerating neurons in both the
cortex and caudate-putamen typically displayed ultrastructural
changes (Figure 5) meeting classical criteria for neuroapoptosis
(Wyllie et al., 1980; Ikonomidou et al., 1989; Dikranian et al.,
2001).

Discussion

Here we demonstrate that a single subcutaneous injection of
ketamine (20-40mgkg™") or midazolam (9mgkg™") triggers
apoptotic neurodegeneration in the caudate nucleus and
cerebral cortex of 7-day-old mice and that the two drugs
together cause a more severe neuroapoptotic response than

SALINE

KETAMINE

NEOCORTEX

CAUDATE-PUTAMEN
»

Figure 4 Sections stained by the De Olmos silver method from the
neocortex (layer II) and caudate-putamen of the 7-day-old mouse
brain 7 h after a single subcutaneous injection of saline or ketamine,
40mgkg™". The silver stain, which marks neurons that are dead or
dying, reveals the same pattern of neurodegeneration that was
observed in C3A-stained sections in Figure 1. At 7h post-treatment,
the affected neurons are in a more advanced stage of degeneration
and, therefore, have a more condensed and fragmented appearance.
Scale bar =75 ym.

either drug alone. Our primary method for detecting
the apoptotic response was C3A immunohistochemistry,
a method that has proven reliable for selectively staining
neurons that are undergoing apoptotic degeneration
following administration of various neuroapoptosis-promot-
ing drugs (NMDA antagonists, GABAmimetics, sodium
channel blockers, ethanol) to immature rodents. In prior
studies (Dikranian et al., 2001; Olney et al., 2002a), we have
evaluated by both light and electron microscopy this neuro-
degenerative process in every stage of its evolution and
demonstrated that the affected neurons, after becoming
C3A-positive, progress to an advanced stage of cell death
and degradation over a period of several hours. In the present
study, we also determined that the degenerating neurons were
selectively stained by the De Olmos silver method, which
distinguishes dying or dead neurons from normal healthy
neurons. Moreover, finally, we confirmed by electron micro-
scopy that the affected neurons were dying and that the cell
death process was apoptotic in nature.

In experiments with animals as small as infant rodents, it
is difficult to exercise precise control over cardiorespiratory
function, and this automatically raises a question whether
hypoxic/ischemic mechanisms may have contributed to brain
changes observed. To provide objective evidence ruling out H/
I, we analyzed blood gases on arterial blood samples obtained
by cardiac puncture at periodic intervals following ketamine
administration. We did not detect any signs of hypoxia,
hypoventilation or metabolic acidosis, and oxygen saturation
remained within normal limits throughout the ketamine
post-treatment period. An additional compelling reason for
not attributing ketamine or midazolam-induced cell death
to H/I is that this cell death response occurs very acutely
(within 5h) and meets all classical criteria for apoptosis (Wyllie
et al., 1980; Dikranian ez al., 2001), whereas when one exposes
an infant rodent to H/I, the acute early cell death response
(within 4-6h) is excitotoxic and not apoptotic (Ikonomidou
et al., 1989; Ishimaru et al., 1999; Young et al., 2004).
Ultrastructural analysis is the most reliable method for
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Figure 5 Ultrastructural appearance of a normal neocortical neuron (a), a neocortical neuron undergoing hypoxia/ischemia-
induced acute excitotoxic degeneration (b) and neurons in the neocortex (c) or caudate/putamen (d) undergoing acute apoptotic
degeneration 5 h following exposure to ketamine. All photos are from the 7-day-old mouse brain. The earliest changes in excitotoxic
neurodegeneration (b) are swelling and disintegration of cytoplasmic constituents, primarily mitochondria and endoplasmic
reticulum. This is followed by formation of multiple small clumps of nuclear chromatin that distribute around the perimeter of the
nucleus in a clockface configuration. These clumps then coalesce into larger irregularly shaped chromatin masses (large arrow) that
migrate to the center of the nucleus, causing the nucleus to appear pyknotic. In contrast to hypoxic/ischemic excitotoxic changes,
ketamine exposure causes developing neurons to display a sequence of classical changes characteristic of apoptosis. The earliest
changes associated with apoptosis are relatively inconspicuous mitochondrial defects (MD) in the cytoplasm and very conspicuous
formation of large spherical chromatin balls (CB) in the nucleus. These early changes are followed by fragmentation or
disappearance of the nuclear membrane (thin arrow), disaggregation of the nucleolus into granular (G) and filamentous (F)
components and condensation of the entire cell. The changes associated with hypoxic/ischemic neurodegeneration and apoptotic
neurodegeneration are different both in nature and in sequence. Scale bar =1 um.

distinguishing excitotoxic from apoptotic neurodegeneration,
and by ultrastructural analysis the acute cell death response to
anesthetic drugs is apoptotic and not excitotoxic, whereas the
acute cell death response to H/I is excitotoxic and not
apoptotic (Figure 5; also see Ikonomidou et al., 1989; Ishimaru
et al., 1999; Dikranian et al., 2001; Young et al., 2004). In
addition, anesthesia-induced cell death is heralded by a robust
C3A response (Olney et al., 2002b), and the acute cell death
response to H/I is not accompanied by C3A (Price et al., 2001;
Young et al., 2004).

There is an apparent contradiction between our ketamine
findings and those of Hayashi et al. (2002), who reported that
repeated treatment of infant rats with ketamine triggered
neuroapoptosis, but a single treatment at doses from 25 to
75mgkg~" did not. While it may be relevant that our present
findings are in mice and theirs were in rats, we suspect that the
discrepancy is more likely due to differences in methodology
than to a species effect. To detect increases in neuroapoptosis,
Hayashi et al. applied the De Olmos silver staining method
24h following ketamine treatment. While this is an appro-
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priate method for mapping patterns of neurodegeneration
(argyrophylia) resulting from prolonged or very high drug
exposure, it is not reliable for detecting or quantifying subtle
increases in neuropoptosis that occur at approximately 4-5h
following low-dose treatments. Neurons that die within this
early period are degraded rapidly into particulate debris. The
debris particles remain visible for many hours and contribute
to argyrophylia of the region, but at 24h they are not
recognizable or countable as dying neurons. In the present
study, we demonstrated that C3A staining at 5h or silver
staining at 7h documents the early neurodegenerative
response, but at 24h, the early-responding neurons would
not be detectable by either method.

Since ketamine has a very short half-life, only the most
sensitive neurons — those that are prone to die after only a brief
apoptogenic stimulus — are likely to be affected by a single
subanesthetic dose of ketamine. Although the present study
was not designed to address this issue, it is possible that the
combination of ketamine plus midazolam might prolong the
time interval during which neuronal activity is suppressed, and
thereby cause additional neurons to be killed, neurons that
would not have been killed by ketamine alone. For example,
we know that a high dose of ethanol causes caudate neurons to
die within 3-4h, but thalamic neurons do not begin to die until
about 8 h post-treatment. A likely interpretation would be that
thalamic neurons are less sensitive and do not succumb unless
neuronal activity is suppressed for a longer period of time. To
study this it would be necessary to examine the brain at both
early and late post-treatment intervals following both brief and
prolonged exposure.

Are doses of ketamine and midazolam used in the present
experiments relevant to those used in human anesthesia? Doses
of ketamine administered to children are in the range of 2—
3mgkg~!i.m. for sedation, and 5-10 mgkg~! i.m. for induction
of anesthesia. However, there is an important difference
between children and neonates. Ketamine is often used in
neonates to prevent gross movements, and the dose required to
achieve this purpose is four times greater in infants under 6
months of age than in children 6 years of age (Motoyama &
Davis, 1996). Thus, it is not uncommon for neonates to
be exposed to a relatively high dose of ketamine. The EDs
dose of ketamine required to induce anesthesia in mice is
>80mgkg!s.c. (Green et al., 1981), which is 8-16 times
higher than the anesthesia-inducing/immobilizing dose for
human infants. The highest dose used in our experiments
(40mgkg~'s.c.) would be the equivalent of a 2.5-5mgkg~'i.m.
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